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Abstract 

 

Tendon mechanical properties have been frequently investigated in recent years in order to evaluate 

tendon adaptations to training and to pathology. With the development of different technologies able 

to measure tendon mechanical properties, highly heterogeneous values have emerged in the literature, 

sometimes even contradicting one another. The overall aim of this thesis was to assess the available 

technologies for evaluating the mechanical properties of the Achilles tendon (AT) to understand their 

clinimetric properties and determine their ability to assess tendons during loaded tasks. 

This thesis consists of nine studies. A systematic review identified that strain elastography (SE) and 

shear wave elastography (SWE) have highly variable reliability results between studies with a high 

risk of bias within the individual studies. Furthermore, six observational studies using different 

technologies (SE, SWE, myotonometry and shear wave tensiometry) reported the clinimetric 

properties and the capability of the technologies to detect loading changes. Finally, two observational 

studies describe the implementation of a novel technology, shear wave tensiometry, to assess the AT 

in patients after Achilles tendon rupture (ATR). The results showed that shear wave tensiometry is a 

reliable tool and is able to detect changes between the ruptured and uninjured AT in both patients 

treated surgically and conservatively. Implementing shear wave tensiometry in clinical settings could 

be helpful to understand the behaviour of pathological tendon during load. 
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CHAPTER 1  

INTRODUCTION 

 
1.1 Tendinopathy and tendon rupture 

 

Tendon pathologies are a very common musculoskeletal condition, especially in the 

lower limb where tendinopathies have an incidence of 10.52 per 1000 person-years (Albers et 

al., 2016, Riel et al., 2019). Among these, the Achilles is one of the most affected tendons with 

a prevalence of 2.01 per 1000 persons experiencing tendinopathies (de Jonge et al., 2011) and 

an annual incidence of 5-50 events of tendon rupture per 100,000 persons (Huttunen et al., 

2014, Sheth et al., 2017, Ganestam et al., 2016), numbers that have risen over the past decades 

(Jarvinen et al., 2005). 

The generic term ‘tendinopathy’ refers to an overuse syndrome associated with a failed 

healing response of the tendon (Cook and Purdam, 2009). A change in tendon composition, 

separation and disruption of collagen fibers and proliferation of tenocytes (Maffulli et al., 2010, 

Maffulli et al., 2008, Maffulli et al., 2011) occurs when a tendon is repetitively put under load 

beyond its physiological threshold. Changes occur not only at a cellular level, but there are also 

changes in tendinopathic structure and an increase in vascularization and neoinnervation which 

lead to changes in tendon material properties and the presence of pain (Millar et al., 2021). On 

the other hand, when considering tendon ruptures due to an acute injury, the extrinsic factors 

are predominant since 90% of Achilles tendon ruptures (ATR) in sports injuries are due to an 

acceleration-deceleration mechanism (Sharma and Maffulli, 2006). Tendon injuries can occur 

when the normal protective mechanism, which usually inhibits excessive or uncoordinated 

muscle contraction, fails to function properly (Sharma and Maffulli, 2006). Possibly, a pre-
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existing degenerative tendinopathy can lead to a reduced tensile strength of the tendon and thus 

predispose it to rupture. In fact, some studies show degenerative changes preceding 

spontaneous ATR (Kannus and Jozsa, 1991, Arner et al., 1959).  

Achilles tendon (AT) tendinopathy as well as ATR are long lasting painful conditions. 

The recovery period can last more than a year for tendinopathies (Silbernagel et al., 2020) with 

a high reinjury rate which is between 27 and 44% (Silbernagel et al., 2020, Gajhede-Knudsen 

et al., 2013, Hagglund et al., 2007). A long rehabilitation period is also required following the 

repair of an ATR in order to reach normal function and in some cases, permanent functional 

deficits may remain (Mortensen et al., 1999, Eliasson et al., 2016).  

Given the high incidence and prevalence of these conditions and the associated pain and 

disability that may occur, understanding the risk factors is crucial for the prevention of further 

AT injuries. Achilles tendinopathies and ATR share some risk factors, such as prolonged use 

of steroids, antibiotic use (i.e., floroquinalones) and previous lower limb tendinopathy which 

predisposes the AT to injury (O'Neill et al., 2016, van der Vlist et al., 2019, Xergia et al., 2022). 

According to a recent systematic review, limited evidence suggests that prior lower limb 

tendinopathy or fracture, the use of antibiotics, moderate alcohol use, decreased plantar flexor 

strength are among the most frequent risk factors described in the literature (van der Vlist et al., 

2019). For ATR the most common risk factors are steroids or antibiotic intake, previous 

Achilles tendinopathies, diabetes, hyperparathyroidism, renal failure, regular participation in 

athletic activity and genetic factors. However, for ATR the evidence comes from low quality 

studies and therefore such results should be cautiously interpretated (Xergia et al., 2022). 

Moderate evidence from two systematic reviews suggests that decreased tendon fibril size 

increases the risk of ATR (Xergia et al., 2022, Claessen et al., 2014), yet the relationship 

between tendon mechanical properties and ATR are underexplored in literature.  
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Understanding if mechanical properties could increase the risk of developing tendon 

pathologies and if mechanical properties of the tendon are modifiable through therapeutic 

interventions could help prevent tendon injuries in athletes and in the general population. 

 

1.2 Mechanical properties of tendon 

 

Tendons are responsible for force transmission from the muscle to the bone and their 

role in the energy storage and release during the stretch shortening cycle is paramount 

(Magnusson et al., 2008, Fukunaga et al., 2001). Tendons were once believed to be an inert 

system, but nowadays it is clear that tendons respond to the mechanical load to which they are 

subjected (Bohm et al., 2015a, Magnusson et al., 2008, Wiesinger et al., 2015, Heinemeier and 

Kjaer, 2011). The AT is subjected to considerable changes in length for a given tensile load and 

plays a critical role in energy storage and release during human walking, (Lichtwark and 

Wilson, 2007) as well as during other daily life activities (Lichtwark et al., 2013, Obst et al., 

2013, Obst et al., 2016). This constant mechanical loading and repeated strain over time may 

alter the mechanical properties of the tendon structure and leave it more vulnerable to overload 

and degeneration. (Obst et al., 2018).  

Any possible change in tendon mechanical properties can have different implications: 

firstly a positive adaptation, a tissue that becomes more load tolerant and increases its load 

capacity could potentially perform better and theoretically decrease the likelihood of 

developing tendon pathology (Docking and Cook, 2019); secondly a negative adaptation, where 

repeated mechanical stimuli that exceeds a certain intensity or the absence of mechanical 

stimulus may lead to changes in homeostasis and consequently a maladaptive response with 
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damage accumulation and degeneration of the tendon tissue (Lavagnino and Arnoczky, 2005, 

Lavagnino et al., 2003, Wang et al., 2003) (Figure 1.1). 

 

 

Figure 1.1: Schematic representation of how mechanical stimulus can promote adaptive 

or maladaptive response of the tendon. Figure from Docking and Cook (2019) 

 

This homeostasis in the tendon is regulated by the collagen synthesis and turnover. The 

mechanical loading put on the tendon is one of the main drivers for the upregulation or 

downregulation of the collagen-inducing growth factors and therefore crucial for the tendon 

adaptation (Kjaer, 2004, Magnusson and Kjaer, 2018). In tendon cell culture, it has been 

demonstrated that an application of tensile strain at different magnitude can potentially lead to 

adaptation or maladaptation via an increased or reduced collagen expression (Lavagnino and 

Arnoczky, 2005, Lavagnino et al., 2003). Altered tendon stiffness could also impact the muscle 

force production in terms of efficiency and magnitude by modifying the force-length 

relationship of the muscle-tendon complex (Maganaris et al., 2008).  
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In the AT, that is considered a compliant tendon, (Lichtwark and Wilson, 2007) a lower 

stiffness could be a positive factor in the calibration of the length of the muscle-tendon complex 

in order to optimise the force production of the muscle at different stages of the stretch-

shortening cycle (Lichtwark and Barclay, 2010). Conversely, from an injury perspective a 

tendon with lower stiffness could strain more for the same amount of stress, increasing the 

possibility to have tissue damage due to the frictional forces and heat production during the 

repeated cyclic loading (Maganaris et al., 2008, Farris et al., 2011). Thus, the balance between 

a compliant or a stiff tendon seems to play an important role not only from a biomechanical-

performance perspective but also for a clinical perspective. For that reason, the relationship 

between tendon health status and mechanical properties has recently been more thoroughly 

investigated.  

 

1.3 Mechanical properties of pathological tendon 

 

From a pathology perspective, it is currently unknown whether changes in mechanical 

properties are linked to an increased risk of tendon pathology, or whether these changes precede 

the onset of the problem and therefore act as a cause, or if they are solely the consequence of 

the pathological condition. 

Not only do tendinopathic changes alter the mechanical properties of the tissues, but 

acute injuries such as ATR could also lead to tissue modification and therefore changes in 

tendon mechanical properties. In cases of ATR, the prolonged immobilization period and the 

formation of scar tissue after surgery can significantly impact collagen synthesis and 

degradation within the tendon. This results in a higher proportion of type III collagen in the 

operated tendon, which weakens the tendon and reduces its tensile strength (Geremia et al., 
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2015, Kannus et al., 1997). However, there are few studies reported in the literature regarding 

the mechanical properties of AT after rupture and the results are conflicting with some studies 

demonstrating a decrease in tendon stiffness, (Chen et al., 2013, Frankewycz et al., 2018, 

Geremia et al., 2015, McNair et al., 2013, Wang et al., 2013) while others show an increase in 

stiffness (Agres et al., 2015, Bravo-Sanchez et al., 2021) compared to the unaffected side when 

assessed up to 2-6 years after the rupture. With the limited data available, it appears that in the 

post-surgery healing phase (less than 1 year), where remodelling is ongoing, (Voleti et al., 

2012) the tendon exhibits reduced stiffness, which gradually increase over time, reaching a 

value comparable to or even exceeding that of the unaffected tendon in the later stages (Agres 

et al., 2015). 

In summary, the behaviour of the mechanical properties of the AT in the presence of 

pathology has not been fully examined, and results in the literature are conflicting. This is likely 

due to the large heterogeneity between studies including the use of different technologies to 

assess tendon mechanical properties. 

 

1.4 Tendon mechanical properties and exercise 

 

The cellular and molecular response to load of different musculoskeletal structures is a 

process called mechanotransduction and is at the basis of the majority of the physical 

interventions in physical therapy (Khan and Scott, 2009). The duration, magnitude and type of 

load applied to the target structure triggers a response at a cellular level (Wall and Banes, 2005). 

When this stimulus is applied, the loading message is distributed by the cell throughout the 

target tissue producing a local cellular response as well as a remote response to distant cells not 

directly receiving the mechanical stimulus (Wall and Banes, 2005). These signals stimulating 
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cells to produce and accumulate the required proteins in the appropriate structure (Arnoczky et 

al., 2002, Khan and Scott, 2009) by increasing protein synthesis. Increased production of 

growth factors occurs when fibroblasts are mechanically stimulated resulting in increased 

collagen expression and synthesis (Chiquet et al., 2009).  

Different types of force can be applied to the tendon solely or in combination, in 

particular: tensile strain, shear and compression forces. Among them, tensile strain is the most 

studied either in vitro and in vivo showing that tendon tissue can adapt to the application of 

different amounts of tensile strain by inducing collagen synthesis or degradation (Lavagnino 

and Arnoczky, 2005, Lavagnino et al., 2003). The capability of the tendon to react to the 

mechanical stimuli produced by different daily activities or sport activity and the modification 

to the mechanical properties of the tendon are not only important from a clinical-diagnostic 

perspective but could have an impact on the prescription of exercises-based treatments. 

Recommendations exist in clinical guidelines (Carcia et al., 2010, de Vos et al., 2021) 

in favour of exercise therapy to treat tendon pathology and therefore an abundance of research 

has attempted to understand how tendons adapt to the different activities or type of exercises. 

In the following sections, evidence about the impact of physical activity and exercise on tendon 

mechanical properties will be summarized. 

 

1.4.1 Immediate effect of exercise on mechanical properties 

 

Evaluating alterations in tendon structure and mechanical characteristics immediately 

after exercise is fundamental to the understanding of the physiological and therapeutic effect of 

the intervention proposed. This understanding forms the basis for delivering efficient treatment 

strategies applicable to both patients and athletes and for implementing preventive measures. 
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Baseline mechanical properties of the tendon can encounter immediate changes 

following activities or exercises (Obst et al., 2013) predisposing the tendon to fatigue and 

reduced tensile strength. It is known that the AT responds to an acute bout of exercise by 

reducing its stiffness especially after isometric exercises and static stretching (Obst et al., 2013) 

but not after exercises or activities involving the stretch-shortening cycle. This different 

response is thought to be due to the intrinsic function on the AT that is routinely involved in 

the stretch-shortening cycle and therefore more resistant to fatigue during this type of activity 

rather than in activities that do not involve stretch-shortening cycle.  

A reduction of tendon stiffness following exercise could also provide an explanation for 

recent findings that maximum muscle performance is temporarily reduced after a single session 

of static stretching (Kay and Blazevich, 2012). When the tendon is more compliant for a given 

muscle-tendon unit length, it would demand muscle fibers to work at relatively shorter lengths 

and take comparatively more time to generate equivalent tension in the absence of other 

adaptations. Consequently, this would lead to a decrease in both the strength magnitude and the 

rate of force development during exercises that do not involve stretch-shortening cycle (Barrett 

and Lichtwark, 2008, Maganaris et al., 2002, Narici et al., 2008, Wang et al., 2012). The 

aforementioned reduction of stiffness following exercise is not only attributed to the exercise 

mode but also to the exercise dose. Indeed, isometric contractions at a higher maximal voluntary 

contraction (MVC), and static stretching for a prolonged time has been shown to lead to a 

greater reduction of tendon stiffness (Obst et al., 2013). 

A combination of duration, magnitude and mode of exercise should be taken into 

consideration when prescribing exercises oriented towards modifying the immediate 

mechanical properties of tendons. Despite the ongoing growth of experimental and clinical 

studies evaluating mechanical properties of tendons, understanding the connection between 
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acute exercise and tendon health remains unclear due to methodological variations, as well as 

differences in exercise modes and doses used in studies. 

 

1.4.2  Long-term effect of exercise on mechanical properties 

 

The importance of understanding the effect of exercise on tendon mechanical properties 

becomes even more important when considering the long-term effect of rehabilitation or 

exercise programs. Therapeutic approaches for addressing tendon complaints often involve 

extended programs of exercises (>12 weeks) expected to significantly impact clinical variables 

also by modifying tendon mechanical properties. The relationship between these two factors 

however is not yet clear but a deeper understanding of how tendons adapt with exercise could 

help to establish optimal exercise parameters and identify more effective therapeutic 

interventions.  

In the literature, there is more evidence on how exercises can modify the morphological 

and structural parameters of pathological tendons, and a tendon that heals clinically after 

eccentric exercises may remain "altered" structurally (Drew et al., 2014, Farnqvist et al., 2020). 

Conversely, the relationship between clinical improvement and changes in mechanical 

properties is not clear and is currently limited to only a few studies that have attempted to 

understand whether changes in tendon mechanical properties due to exercise are correlated with 

clinical improvement in populations with tendon disease. A recent study confirmed that this 

relationship is not yet clear (Radovanovic et al., 2022). In a cohort of participants with Achilles 

tendinopathy, this study examined the clinical improvement and mechanical adaptations of the 

AT. They showed that the induced adaptations were more marked when the tendon was 

subjected to high load protocols. However clinical improvements were independent of the type 
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of protocol proposed (high load, eccentric or passive therapy) leaving doubt about the interplay 

between clinical improvement and mechanical changes. The authors concluded that even if 

there is not a clear link between clinical improvements and mechanical adaptations, a high load 

protocol could potentially enhance tissue integrity by increasing tendon stiffness and reduce the 

risk of further strain injuries to the tendon. Further studies analysing this relationship are needed 

to understand if tendon mechanical properties should be used as a parameter to detect if tissue 

loading capacity is related to changes in clinical features. 

Several studies have investigated how the mechanical properties of tendons change 

following exercise protocols in healthy subjects. To date, the available literature seems to agree 

that tendon stiffness increases after training interventions especially if high intensity or high 

strain is provided to the tendon (Lazarczuk et al., 2022, Ramirez-delaCruz et al., 2022, Bohm 

et al., 2015a, Wiesinger et al., 2015). Extensive research has demonstrated that tendons are 

responsive to mechanical stimuli and can adapt significantly when subjected to prolonged 

changes in mechanical load, by increasing stiffness (Bohm et al., 2015a, Wiesinger et al., 2015). 

These changes in the tendon's mechanical properties could alter its functionality, indeed a stiffer 

tendon undergoes less strain when subjected to a specific load and can store more energy at a 

given strain. Additionally, a stronger tendon can withstand higher external loads before failure 

occurs. Studies indicate that stiffer tendons in the lower limbs are associated to enhanced rates 

of force development (Bojsen-Moller et al., 2005, Kubo et al., 2007, Secomb et al., 2015), 

improved sprint performance (Stafilidis and Arampatzis, 2007), enhanced running efficiency 

(Albracht and Arampatzis, 2013, Arampatzis et al., 2006, Bohm et al., 2021), and reduced 

vulnerability to tendon injuries (Mersmann et al., 2021).  

Some authors suggest that mechanical and morphological changes are related to the 

increment of collagen synthesis, to changes in the collagen fibril morphology and to the 
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different collagen molecular cross-linking (Heinemeier and Kjaer, 2011, Kjaer et al., 2009). 

More precisely, the increase of collagen synthesis could increase collagen total content and 

fibrils size (diameter). This change in the morphology of the tendon (increased thickness and 

cross-sectional area CSA) may be related to changes in the mechanical and material properties 

change (increased stiffness and modulus). Indeed, as stiffness is directly dependent on CSA, 

hypertrophy of the tendon should induce greater stiffness. However, controversial results were 

found in literature when analysing material properties, with some in-vivo studies showing an 

increase in modulus without any change in CSA (Arampatzis et al., 2010, Reeves et al., 2003) 

and others showing an increase of both modulus and CSA (Kongsgaard et al., 2007, Arampatzis 

et al., 2007a, Seynnes et al., 2009). Recent studies suggest that the primary driver to these 

changes seems to be a change in the material properties (i.e., increase in extracellular matrix 

proteins and collagen remodelling) which appear early after the application of load (Lazarczuk 

et al., 2022). Changes in tendon morphology (i.e., thickness and CSA) could contribute to the 

increase of tendon stiffness but this seems to be a long-term effect of sustained mechanical 

loading. Apparently, the magnitude of loading is an important component to promote adaptive 

changes. Indeed, exercises with high loading intensities are more likely to induce adaptive 

responses when compared to low intensities loads (Bohm et al., 2015a, Radovanovic et al., 

2022, Wiesinger et al., 2015). These results are confirmed by other studies that suggest the 

importance of high muscle contraction intensities to promote AT adaptations (Arampatzis et 

al., 2007a, Arampatzis et al., 2010, Lazarczuk et al., 2022). 

Overall, the available evidence indicates that the adaptation of tendons is not notably 

affected by the duration of the intervention protocol, the intensity relative to the protocol, the 

mode of contraction, or the volume of training. As a result, resistance training protocols with 

high strain are likely to be most advantageous when tendon adaptation is the intended goal 
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(Lazarczuk et al., 2022). These studies allow us to assert that tendons adapt to the proposed 

exercises and that certain types of exercises are more suitable if the goal is to modify tendon 

mechanical properties. 

 

1.5 Measurement of tendon mechanical properties 

 

It is known that tendon disorders affect the morphological characteristics of tendons 

(Cook and Purdam, 2009). Tendinopathies, for instance, lead to an increase in thickness, CSA, 

and internal composition of tendons (Cook and Purdam, 2009). Tendon ruptures, whether 

treated surgically or conservatively, result in an enlargement of tendon dimensions (Geremia et 

al., 2015). Numerous studies demonstrate that evaluating morphological parameters of tendons, 

such as via ultrasound, can confirm the diagnoses of tendinopathies (Matthews et al., 2018). 

However, these morphological parameters do not seem to be as sensitive in assessing the 

temporal changes of a condition. In fact, tendons that have undergone ruptures or have been 

subjected to overload, showing morphological alterations in the acute phase of the pathology, 

may not change their characteristics over time, maintaining pathological appearances even 

when the pathology is clinically resolved (Drew et al., 2014, Farnqvist et al., 2020). This has 

prompted several researchers to question the utility of tendon morphology measurements 

(Docking and Cook, 2019, Docking et al., 2015, Drew et al., 2014) and to adopt a different 

approach, assessing whether mechanical properties could provide a more comprehensive 

perspective on this complex phenomenon. Considering the main functions of tendons, such as 

transmitting forces from the muscular system to the skeletal system to facilitate movement, 

(Maffulli et al., 2005, Kvist, 1991, Benjamin et al., 1995) storing and releasing energy during 

daily activities, and contributing to postural control (Benjamin et al., 1995), it is evident that 
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tendons act as springs or shock absorbers. Consequently, it is relevant to consider the 

mechanical properties of tendons in addition to their dimensions. 

In recent years, the interest in measuring mechanical properties of tendons has grown. 

The assumption that altered mechanical properties can be related to tendon pathology has 

gained ground, and as a result, numerous technologies aiming to assess these properties have 

been rapidly developed. The first attempts to assess the mechanical properties of tendons in 

vivo date back to the studies by Kubo et al. (Kubo et al., 2001) who, using a combination of 

ultrasonography and dynamometry evaluated muscle-tendon unit elongation during 

contractions and estimated the stiffness and Young's modulus of patellar tendons (PT). Later, 

several research groups replicated these measurements in different contexts, observing the 

behaviour of other tendons (Arampatzis et al., 2005, Fukashiro et al., 1995, Kubo et al., 2002, 

Maganaris, 2002, Maganaris and Paul, 2000, Maganaris and Paul, 2002, Magnusson, 2002). 

This methodology has some considerable advantages and has been used to evaluate the effect 

of different rehabilitation protocols (Arya and Kulig, 2010, Geremia et al., 2015) as well as 

examining tendons with aging and pathology (Magnusson et al., 2003, Kubo et al., 2003, 

Couppé et al., 2014). However, some methodological issues are related to this type of analysis. 

Firstly, the complexity of the experimental setup that requires the synchronization of different 

devices can limit the usability of this technique in clinical settings. Secondly, tendon strain is 

measured by tracking the displacement of the intra-muscular aponeurosis (myotendinous 

junction MTJ). Some authors suggest that changes in the aponeurosis could not be directly 

translated to the free-tendon given that this structure behaves differently when put under load 

(Obst et al., 2015, Magnusson et al., 2003). Thirdly, CSA is often arbitrary chosen or measured 

in only one site of the free tendon. Given that the CSA is not homogeneous along the tendon 
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(Foure, 2016, Bohm et al., 2015b), this measure may not be representative resulting in a 

misleading calculation of tendon stiffness. 

Subsequently, with the aim to simplify and make this assessment more clinically 

applicable, other technologies have been developed. Among these there is sonoelastography, 

myotonometry, and tensiometry. All of these technologies have been implemented in tendon 

assessment with varying degrees of success, and each technology comes with its own 

advantages and disadvantages. In the following sections, the strengths and weaknesses of some 

of the most widely used technologies in assessing the mechanical properties of tendons will be 

briefly summarized. 

 

1.5.1 Sonoelastography (strain and shear wave) 

 

Developed about three decades ago with the aim of analysing the elastic properties of 

tissues, especially in gynaecological and oncological medicine (Ophir et al., 1991, Bercoff et 

al., 2004), ultrasound elastography (or sonoelastography) has also gained ground in the 

musculoskeletal field with a wide variety of clinical applications (De Zordo et al., 2009, Klauser 

et al., 2013, Prado-Costa et al., 2018). This technology is based on the principle that, in response 

to the application of a stimulus (stress force), the underlying tissues undergo internal 

displacement, allowing the description of the elastic properties of the material (Ophir et al., 

1991). Three mayor steps are needed to obtain sonoelastography values: 1) the application of a 

defined force (stress); 2) the measurement of the tissue response (strain) to the applied force 

and 3) the estimation of the mechanical parameters.  

Given its applicability and relative cost-effectiveness, the development of this 

technology has been very rapid, generating various techniques for assessing elasticity through 
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the ultrasound signal, including SWE and SE (Prado-Costa et al., 2018) (see Figure 1.2). The 

main difference between these two techniques is the use of different sources to generate the 

required stress on the tissue and allow its displacement. The first, SWE, uses an ultrasound 

source called focused radiation force (Bercoff et al., 2004, Sandrin et al., 2002), which travels 

in the tissues and generates a shear wave within the tissue. On the contrary, the source that 

generates stress and thus tissue displacement in SE is manual; the application occurs through 

brief and rapid compressions of the tissue using the ultrasound probe (Drakonaki et al., 2009) 

Different estimation of the elastic properties of the tissue distinguishes the two technologies 

with SWE providing values of shear-wave velocity, that is directly correlated to the shear 

modulus (G) and Young’s elastic modulus (E) and SE providing a colour-coded elastogram 

(from blue to red) indicating hard to soft tissue. 

 

Figure 1.2: Example of the different sonoelastography technologies. 

Left panel represent a SE image of an Achilles tendon using an external reference 

material, right panel represent SWE images of Achilles tendon using two different 

ultrasound devices. 



 

 16 

 

In the characterization of tendon mechanical properties, SWE can provide objective and 

quantitative values while the values obtained with SE are qualitative, due to the evaluation of 

colours within the elastogram. Some studies (Drakonaki et al., 2012, Schneebeli et al., 2016, 

Yamamoto et al., 2016) have tried to obtain objective values derived from SE by performing a 

semi-quantitative analysis (strain ratio) where ratio between colour in different region of 

interest (ROI) are computed. 

Sonoelastography has been employed in various contexts, particularly to assess 

potential changes in tendon elasticity during pathological processes such as tendinopathies (De 

Zordo et al., 2009, Klauser et al., 2013) and tendon ruptures (Frankewycz et al., 2018, Zellers 

et al., 2019, Bravo-Sanchez et al., 2021, Chen et al., 2013, Busilacchi et al., 2016). Some authors 

suggest that alterations in mechanical properties, detectable through sonoelastography, might 

be visible even before morphological changes, as assessed by ultrasound (De Zordo et al., 2009, 

Hsiao et al., 2015), enabling an early diagnosis of tendinopathy. However, this cannot be 

asserted with certainty as only a few studies attempt to evaluate this hypothesis. 

Compared to the approach proposed by Kubo et al. (Kubo et al., 2001) involving 

dynamometry and ultrasound, sonoelastography has the advantage of a more direct measure of 

the tendon. Measurements taken with sonoelastography are focused on the tendon of interest, 

allowing for a comprehensive evaluation not limited to the analysis of the intra-muscular 

aponeurosis. According to some studies (Obst et al., 2015, Kubo et al., 2006, Kubo et al., 2009, 

Magnusson et al., 2003), the behaviour of the free tendon (the central part of the tendon) may 

differ from the aponeurosis when subjected to a load. Therefore, more direct measurements on 

the tendon could provide a better understanding of its mechanical behaviours. Moreover, 

sonoelastography can be easily applicable in a clinical setting as it is user-friendly and does not 
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require the patient to perform high-intensity contractions using a dynamometer, which may not 

be possible in some painful conditions or in post-surgical patients. However, these ultrasound 

technologies have disadvantages and limitations. Firstly, analysis through sonoelastography 

requires trained operators with some competence in ultrasound imaging. Indeed, probe 

handling, setting adjustment and experience in the image interpretation can influence the use 

of this type of technology. Secondly, to date this type of technology, especially SWE, seems to 

be limited to an analysis of the tendon in relaxed position, high stiffness values cannot be 

evaluated for technical reasons. These limitations could impact on the clinimetric properties of 

these instruments, such as reliability, accuracy, and responsiveness, thereby hindering their 

clinical applicability. 

 

1.5.2 Myotonometry 

 

Myotonometry is a recently developed technology that uses accelerometers to measure 

mechanical properties of soft tissues. Developed for the evaluation of superficial muscles, this 

technology, and in particular the MyotonPRO device (Myoton AS, Tallinn, Estonia), has been 

successfully transferred to the evaluation of other musculoskeletal structures like tendons 

(Orner et al., 2018, Morgan et al., 2018, Liu et al., 2018, Feng et al., 2018). This device is a 

simple and ready to use handheld myotonometer that generates a mechanical impulse on the 

skin above the target structure. The oscillation of the tissues beneath the probe generates an 

acceleration graph representing the damped natural oscillation and allows the calculation of the 

tissue’s viscoelastic properties (Gervasi et al., 2017, Fröhlich-Zwahlen et al., 2014, Agyapong-

Badu et al., 2016). Different parameters (i.e. oscillation frequency, stiffness and mechanical 

stress relaxation time) can be extracted from this oscillation graph representing different 
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mechanical properties of the tissues. Between these parameters the most commonly used to 

characterise tendon mechanical properties is dynamic stiffness (N/m). Dynamic stiffness 

describes the resistance to deformation under oscillatory or time-varying loads and depends on 

frequency, evaluating both elastic and damping effects. These parameters have already been 

assessed both in vivo, in vitro and in phantom tissues (Sohirad et al., 2017, Bartsch et al., 2023, 

Shan et al., 2024). When compared to elastography measures of AT a strong association was 

demonstrated between Young modulus measured with SWE and stiffness measured with 

MyotonPRO (Feng et al., 2018). 

The reliability of MyotonPRO has been largely demonstrated for skeletal muscles 

(Ortega-Cebrian et al., 2016, Kelly et al., 2018, Fröhlich-Zwahlen et al., 2014, Bizzini and 

Mannion, 2003) but less investigated in tendons. (Liu et al., 2018) Compared to 

sonoelastography and to ultrasound with dynamometry, MyotonPRO has the significant 

advantage of being a very affordable instrument, it is easy to use, and, due to its compact size 

and portability, it is applicable in all clinical settings. The size of the probe allows only the 

assessment of a small region, but due to the quick execution of the measurements, an extended 

area of the target tissue can be evaluated easily. 

This technology does have its limitations. Firstly, it can only assess superficial structures 

because the impulse induced by the device is small (about 0.58 N), limiting propagation to the 

most superficial layers. Therefore, evaluating muscles or tendons located deeper or beneath 

other structures may not be possible. Secondly, the limited force of the impulse can also be a 

hindrance in measuring structures with high stiffness. For example, some stiffer tendon areas 

like the osteotendinous junction or tendons under load may reach stiffness values that cannot 

be accurately measured. 
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1.5.3 Tensiometry 

 

Tensiometry is a technology that has been developed in recent years and allows the 

evaluation of the mechanical properties of tendons, particularly tendon loading, thanks to the 

analysis of the shear wave propagation speed within the tendon. This technique is related to 

SWE where the impulse to generate the shear wave is created by the ultrasound devices and the 

high frame rate allow an evaluation of the wave speed within the tendon and subsequently the 

estimation of tissue elasticity (Bercoff et al., 2004).  

In shear wave tensiometry, the impulse is mechanically generated by an actuator and 

the wave speed propagation is detected by small accelerometers attached in series on the tendon 

(Martin et al., 2018). Based on a tensioned beam model the wave speed within the tendon varies 

in proportion to the axial stress in the tissue (Martin et al., 2018) and can be estimated based on 

the delay between the waveforms detected by adjacent accelerometers (Figure 1.3). 

 

 

Figure 1.3: Schematic of the shear wave tensiometry device. 
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The development of this technology is ongoing and therefore some technical aspects 

need to be investigated in more detail, among these are how adjacent tissues can influence the 

propagation of the shear wave (Blank and Thelen, 2023) and how the tendon geometry can vary 

the tensiometry values. However, this technology has already been implemented in different 

clinical contexts to assess the relationship with ankle kinematics during walking (Ebrahimi et 

al., 2020, Keuler et al., 2019) and to evaluate the tendon loading in children with cerebral palsy 

(Ebrahimi et al., 2023). Moreover, shear wave tensiometry is a suitable technology that can 

measure the axial strain of the tendon at high level of loading for example with muscle MVC 

(Keuler et al., 2019) or during running (Reiter et al., 2024b). However, this technology is not 

widely available, except for a few research groups that are developing prototypes, thus its 

clinical applicability is not yet assured. 

 

1.6 Measurement of tendon during loading tasks 

 

As mentioned in the earlier sections of this Chapter, the AT acts like a shock absorber 

and transmits extremely high forces from the muscle to the bone. Therefore, high levels of load 

have to be tolerated by this structure in order to perform physical activities. For example, during 

running the AT is subjected to tensile forces of up to 12 times the body weight, approximately 

a stress of 110 MPa in each stride (Komi et al., 1992, Paavola et al., 2002). Given its function, 

closely linked to load absorption and release, evaluating the AT during tasks that stress the 

musculotendinous system could allow better characterization of the behaviour of this structure 

and understand both its capabilities and vulnerabilities. Therefore, the majority of the studies 

presented in this thesis are based on a concept that the tendon is not only measured in a relaxed 

position but also during different controlled isometric loads. Fixed loads were selected to ensure 
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a more standardized contraction in the reliability studies and avoid potential bias due to the 

calculation of the maximal voluntary contraction. 

Isometric contraction of the ankle plantar flexors of increasing intensity gradually put 

load on the whole musculotendinous complex resulting in an increased tension of the AT 

(Maganaris, 2002, Maganaris and Paul, 1999). The use of this approach of measuring 

mechanical properties during loading tasks could potentially give us more information about 

the loading status and possibly detect adaptation or maladaptation resulting from exercises or 

pathology. 

 

1.7 Thesis aims and objectives 

 

The overall aim of this thesis is to assess the available technologies in the detection of 

AT mechanical properties and to characterise the tendon mechanical properties in healthy 

participants and participants with AT injuries during loading tasks. 

In order to pursue the overall aim of the thesis, nine studies were conducted. More 

specifically, technologies ranging from ultrasound-based imaging to newer technologies based 

on the response to mechanical stimuli have been employed to understand their applicability in 

assessing tendons during contractions. The clinimetric properties as well as strength and 

weakness of each technology has been evaluated. 

The specific objectives of the thesis are: 

 

1. Chapter Two - To assess the capability of SE to detect AT changes in mechanical 

properties during contraction.  

2. Chapter Three - To compare SWE and SE in assessing the elasticity of the AT. 
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3. Chapter Four - To assess the reliability of the available sonoelastography technology 

in the assessment of AT and PT. 

4. Chapter Five - To evaluate the reliability and construct validity of myotonometry in 

the evaluation of AT in different position and during contraction 

5. Chapter Six and Seven - To present a newly developed technology using shear wave 

speed to detect AT loading and to evaluate its reliability and clinical implementation. 

6. Chapter Eight and Nine - To test the possibility to implement this technology in a 

clinical population with ATR and evaluate its capability in detect loading changes. 

7. Chapter Ten - To evaluate strengths and weaknesses of these technologies. 

A visual representation of the thesis objectives is presented in the Figure 1.4. 
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Figure 1.4. Visual representation of the thesis chapters with the objectives. Blue boxes 

represent the studies done with sonoelastography, the green box refers to an evaluation 

with myotonometry and orange boxes are studies using shear wave tensiometry. 

 

1.8 Thesis chapters overview 

 

In the current Chapter - Chapter one - an overview of the available technologies for 

measuring tendon mechanical properties has been presented and the importance of tendon 

mechanical properties in the clinical assessment of tendon disease has been highlighted. This 

chapter has established the context for the following chapters. Chapter two and three are 
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observational studies that evaluate the capability of different sonoelastography technologies to 

detect AT mechanical properties during isometric contraction and to determine the consistency 

between the two technologies (SE and SWE). Chapter four reports the results of a systematic 

review on the reliability of SE and SWE applied in the detection of mechanical properties of 

lower limb tendons. This systematic review was conducted based on the results of Chapter two 

and three since the use of SE and SWE had raised doubts about its applicability. Chapter five 

describes an observational study done on healthy AT with an innovative, ready to use device, 

called MyotonPRO. The aim was to test its reliability and construct validity in the detection of 

AT stiffness during load. In Chapter six and seven, a promising technology based on the 

tensiometry principle has been presented and evaluated through a reliability study (Chapter six) 

and a pilot laboratory study (Chapter seven) with the aim to test the possibility to implement 

this technology in the evaluation of a clinical population. Chapter eight reports the results of a 

cross-sectional study that uses tensiometry to detect differences in tendon loading between a 

surgically treated AT after rupture and the contralateral healthy side, whereas Chapter nine 

describes the use of the same technology in another population: participants with ATR treated 

conservatively. Finally, Chapter ten, summarizes and discuss the findings of the preceding 

chapters. In particular, a general discussion on the clinical utility of mechanical properties 

measurement is presented with a special focus on the strengths and limitations of the different 

technologies used. Suggestions for future research in the field is also provided. 
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CHAPTER 2  

A NOVEL APPLICATION OF STRAIN SONOELASTOGRAPHY 

CAN DETECT CHANGES IN ACHILLES TENDON ELASTICITY 

DURING ISOMETRIC CONTRACTIONS OF INCREASING 

INTENSITY 

 
 
This chapter reports in full the contents of a published manuscript by the thesis author 

(Schneebeli et al. 2019). It includes verbatim text from the published manuscript and some 

changes employed for the purpose of this thesis. 

 

Publications and Presentations 

1. Schneebeli A., Del Grande F., Falla D., Cescon C., Clijsen R., Barbero M. 2019. A 

novel application of strain sonoelastography can detect changes in Achilles tendon 

elasticity during isometric contractions of increasing intensity. Journal of Foot and 

Ankle Research. 21;12:30. (Appendix 1) 

2. Schneebeli A., Falla D., Del Grande F., Cescon C., Clijsen R., Barbero M. Evaluation 

of Achilles tendon stiffness during contraction using strain sonoelastography. 

Physiotherapy UK conference, Birmingham. November 2018 
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2.1 ABSTRACT 

 

Mechanical and morphological properties of the AT are altered in disease and in 

response to changes in mechanical loading. In the last few years different ultrasound-based 

technologies have been used to detect tendon mechanical properties changes mainly in resting 

condition. The aim of this chapter was to evaluate if SE can identify changes in AT elasticity 

during isometric contractions of increasing intensity. 

This cross-sectional study enrolled 37 healthy volunteers (19 women) with mean (±SD) 

age of 27.1 (±7.0) years between January and June 2017. SE images of the AT were acquired 

during an isometric ramp force (0 kg, 0.5 kg, 1 kg, 2 kg, 5 kg and, 10 kg). An external reference 

material was used to provide a comparison between the examined tissue and a material of 

constant elasticity. Friedman test with post hoc pairwise comparison were used to determine 

the correlation between the difference contraction levels. 

The median and interquartile range (IQR) values for the strain ratio were 1.61 (1.5–2.9) 

in a relaxed state and 1.30 (1.07–2.02), 1.00 (0.76–1.66), 0.81 (0.70–1.19), 0.47 (0.39–0.73) 

and 0.33 (0.28–0.40) for 0.5 kg, 1 kg, 2 kg, 5 kg and 10 kg, respectively revealing increased 

tendon hardness with increasing contraction intensities. Friedman test revealed 

significant differences (p < 0.05) in the strain ratio between all contractions except between 0.5 

kg – 1 kg (p = 0.41); 1 kg – 2 kg (p = 0.12) and 5 kg – 10 kg (p = 0.12). 

SE can detect changes in AT elasticity between different contraction intensities. The 

results provide an original force-elasticity curve for the AT in a healthy, asymptomatic 

population. 
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2.2  Introduction 

 

As discussed in Chapter one, mechanical and morphological properties of the AT are 

altered in tendon pathology and in response to changes in mechanical loading, including a 

reduction in tendon stiffness and a softening of the tendon measured with SE in individuals 

with chronic tendinopathy (Arya and Kulig, 2010, Aubry et al., 2015). 

A healthy AT with intact mechanical and morphological properties is expected to 

become stiffer and harder with increased tensile load during isometric contraction (Muraki et 

al., 2015, Schneebeli et al., 2016). As shown by Magnusson et al. (Magnusson et al., 2003), 

both deformation and strain of a healthy AT increase with an increase in tendon isometric force. 

Similarly, Lersch et al. (Lersch et al., 2012) demonstrated increased strain of the AT when the 

tendon was subjected to an increased load. Wren et al. (Wren et al., 2001) showed an increased 

Young’s modulus in a similar in vitro investigation using a servo-hydraulic materials testing 

machine, and although in vivo and in vitro results are not directly comparable, the AT seems to 

behave similarly. 

SWE is based on acoustic radiation force impulses through tissue to obtain the elastic 

modulus (Young modulus, kPa) and is typically employed to measure AT elasticity. However, 

given that the upper limit of 800 kPa of Young modulus is often reached in the AT when the 

ankle is near 0° of plantar flexion, this measurement technique is not suitable for the evaluation 

of the tendon in a functional position (near 0° plantar flexion), during usual movement or with 

additional load (Aubry et al., 2013). Moreover, signal saturation occurs when the AT 

approaches the 0° plantar flexion or a dorsiflexed position and leads to an underestimation of 

the shear wave speed (DeWall et al., 2014). 
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SE is another ultrasound-based technique that enables the elasticity of musculoskeletal 

structures to be evaluated (De Zordo et al., 2009, Yanagisawa et al., 2011). Tissue compression 

with an ultrasound probe is applied to a surface producing a displacement within the tissue. The 

displacement, which is less pronounced in harder than in softer materials, is calculated by 

comparing B-mode image pairs before and after compression (Ophir et al., 1991). A novel 

method using SE and calculation of a strain ratio was recently developed and provides a semi-

quantitative evaluation of the tendon based on the elastography colour scale (Schneebeli et al., 

2016). Combined with an external reference material, this approach can identify changes 

between a contracted and relaxed state (Schneebeli et al., 2016), however the accuracy of this 

novel method to detect small changes in tendon mechanical properties due to load, needs further 

investigation. The use of an external reference material with known elasticity properties allows 

the computation of the strain ratio between the tendon colour scale and the external material 

which is not affected by changes during contraction. This method has established reliability 

(Schneebeli et al., 2016, Yamamoto et al., 2016). The added value of this methods is the 

combination of a measure of elasticity, provided by the transverse compression force of the 

probe, and the progressive longitudinal mechanical load given by the contraction of the triceps 

surae muscle. 

A more comprehensive analysis of the AT with evaluation of the tendon under load is 

warranted as this approach could provide a clearer indication about the functional impairment 

of tendon structure. Therefore, together with clinical history and standard imaging this 

technology could ultimately lead to an enhancement of the diagnosis and management of 

tendinopathy. 
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This chapter addresses the thesis objective number one as follows: the aim was to 

evaluate if SE using the strain ratio, can accurately detect changes in AT elasticity during 

isometric contractions of varying intensity in healthy volunteers.  

 

2.3 Methods 

 

The study was approved by the Ethics Committee of Canton Ticino (CE 2752 see 

Appendix 9), conducted according to the Declaration of Helsinki and written informed consent 

forms were signed by participants. The report of this study adheres to STROBE (Strengthening 

The Reporting of Observational Studies in Epidemiology) guidelines (von Elm et al., 2007). 

 

2.3.1 Study population 

 

Thirty-seven healthy participants (19 women) were prospectively enrolled in the study 

between January to June 2017. The mean (±SD) age, height and weight were 27.1 (±7.0) years, 

172.2 (±9.8) cm and 67.5 (±13.2) kg, respectively. Inclusion criteria for the selection of the 

sample were: no history of tendon and/or foot injury or surgery; any painful episodes in the 

lower limb in the last year. Exclusion criteria were: history of connective tissue, endocrine or 

metabolic diseases; systemic inflammatory disorder; spondyloarthropathy, rheumatoid arthritis, 

or hypercholesterolemia. Furthermore, those usually taking oestrogen or steroid treatment were 

excluded.  

Mean and standard deviation values of relaxed and contracted strain ratios from a 

previous study (Schneebeli et al., 2016) using the same experimental setup were used to 

calculate the minimal sample size necessary to ensure a statistical power of 90% at the 5% 
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significance level for a two-tailed hypothesis test. The Cohen’s d effect size has been calculated 

using the pooled standard deviation of the previous study (Schneebeli et al., 2016). Effect size 

was very large (d = 1.69). The calculation, performed with STATA 14 (College Station, TX, 

USA), showed that the minimal sample size of n = 32 was required. 

 

2.3.2 Ultrasound and sonoelastography 

 

A MyLab Class C ultrasound device (Esaote, Genoa, Italy) with a linear probe (3–

13MHz) and elastography software were used to perform the measurements. The AT was 

visualized through a custom-made external material (Zerdine® CIRS, Norfolk, VA, USA). The 

properties of the reference material were tested by the manufacturer, the elasticity was 102 kPa, 

speed of sound was 1580 m/s, and the attenuation coefficient was 0.5 dB/cm/MHz. The external 

reference material was utilized to guarantee a comparison between the AT and a material with 

known elasticity (102 kPa). Furthermore, the reference material was used as stand-off pads to 

create a steady contact between the transducer and the skin and to enhance the stability of the 

sonographer’s hand (Drakonaki et al., 2012).  Light and rhythmic perpendicular compression 

was applied by the operator with the ultrasound probe on the reference material. A quality 

indicator graph on a screen in front of the operator was controlled to regulate the amount of the 

compression across condition and participants. Compression–relaxation cycles were provided 

for 5 s (approximately 100 frames) for each acquisition, during this time the sonoelastogram 

remained as stable as possible. 
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2.3.3 Dynamometry 

 

The torque of the ankle was assessed using a dynamometer connected to a force sensor 

that operated linearly in the range between 0 and 100N (Mod. TF2/S; CCT Transducers, Turin, 

Italy). The force sensor was attached to a wooden board connected to a hinge that allowed 

natural dorsiflexion and plantar flexion of the ankle (Figure 2.1). The board was fixed in order 

to permit isometric contractions only at a fixed angle of 0° dorsiflexion. The force measured by 

the force sensor was proportional to the torque exerted at the ankle level. Force signals were 

amplified using MISO-II (OT Bioelettronica, Turin, Italy; bandwidth 0– 80 Hz) and presented 

to the participants as real time visual feedback (60 Hz refresh rate) on a PC monitor positioned 

50 cm in front of the subjects. 

 

 

Figure 2.1 Schematic of the experimental setup. The foot was securely attached to a 

dynamometer with a wooden board at a fixed angle of 0° of dorsiflexion. The force 

measured by the load cell was proportional to the torque exerted at the ankle level. The 

ultrasound probe was placed in a longitudinal scan at the level of the medial malleolus. 
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2.3.4 Procedures 

 

Participants were asked to lie in a prone position with the foot tightly secured within the 

dynamometer with the ankle in a neutral position (0° of plantarflexion). Prior to the recordings, 

the participants practiced the contraction with the instruction to “push on the board as if you 

were pushing onto the top of your toes”) and a contraction of 10 kg (maximum strength 

required) was performed to verify that the heel remained in contact with the dynamometer and 

to familiarize the participant with the visual feedback. Heel movement was prevented during 

the contraction by firmly securing the foot in the dynamometer with two belts over foot and 

ankle.  

Both the left and right AT of each participant were evaluated during isometric plantar 

flexion under increasing contraction intensities (0 kg, 0.5 kg, 1 kg, 2 kg, 5 kg and, 10 kg) 

performed in a randomized order. SE of the AT was performed in a longitudinal scan using the 

Elasto-Dual software (Figure 2.3). The external reference material was included in the image 

and the measurement were performed at the level of the medial malleolus applying an 

established and reliable method (Schneebeli et al., 2016). To guarantee the evaluation of the 

same tendon part under the different conditions, a reference point on the medial malleolus was 

drawn and the ultrasound transducer was aligned with the point each time. All the ultrasound 

procedures were conducted by the same, well-trained operator, with 8 years of ultrasound and 

elastography experience.  

The colour scale of the elastograms ranged from red, showing soft tissue, to blue 

showing hard tissue, whereas green to yellow indicating medium tissue elasticity. The 

elastograms were automatically constructed maintaining the same ideal settings during the 

entire study, as recommended by Havre et al. (Havre et al., 2008) in a previous study. 
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2.3.5 Image analysis 

 

The analysis of the 5 s ultrasound clip was leaded using a customized MATLAB® 

software (MathWorks, Natick, MA, USA). Two different ROI were drawn on the 

sonoelastographic images, including the reference material and the AT (Figure 2.3). The range 

between soft and hard (from red to blue) was divided into 256 levels (0–255) according to the 

depth of colour of the sonoelastographic image where blue corresponds to 0 and red to 255. 

The frames of the entire clip were averaged to extract a single image where the colour 

distribution was calculated. The median and interquartile range of colours was computed for 

each acquisition. Strain ratios were calculated between the AT median range of colours and the 

external reference material median range of colours, comparisons between the different 

contraction levels were computed for each tendon. 

 

2.3.6 Statistical analysis 

 

Statistical Package for the Social Sciences (SPSS) version 22 (SPSS, Chicago, IL, USA) 

was used to perform statistical analysis. Descriptive statistics (mean ± SD) were used to 

describe the characteristics of the sample. Shapiro-Wilk test was used to evaluate if the data 

were normally distributed. Non-parametric, independent samples, Mann-Whitney test was then 

used to assess whether there were significant differences in AT elasticity between men and 

women and between the right and left AT. 

Since the data were not normally distributed, Friedman test with post hoc pairwise 

comparison (Wilcoxon signed-rang test) were used to determine the correlation between 

elasticity measured at different contraction levels. Bonferroni correction was applied and 
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statistical significance was set to α = 0.05. Data are presented as median and interquartile range 

(IQR). 

 

2.4 Results 

 

No significant difference in AT strain ratios was observed between men median (IQR) 

1.31 (0.96–1.81) and women 2.00 (1.19–2.81) (p = 0.6) or between the left 1.48 (1.13–2.06) 

and right AT 1.71 (0.94–2.91) (p = 0.5), therefore the data were pooled and further analysed as 

an entire sample. The median (IQR) values for the strain ratio were 1.61 (1.5–2.9) in a relaxed 

state and 1.30 (1.07–2.02), 1.00 (0.76–1.66), 0.81 (0.70–1.19), 0.47 (0.39–0.73) and 0.33 (0.28–

0.40) for 0.5 kg, 1 kg, 2 kg, 5 kg and 10 kg, respectively. Friedman test for related samples 

showed significant (p < 0.01) differences between all contraction levels except for 0.5 kg – 1 

kg (p = 0.41); 1 kg – 2 kg (p = 0.12) and 5 kg – 10 kg (p = 0.12) (Figure 2.2)  

Detailed pairwise comparison for all the contraction levels are presented in Table 2.1. 
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0 - 0.5 p < 0.01 0.5 - 1 p = 0.41 1 - 2 p = 0.12 2 - 5 p < 0.01 5 - 10 p = 0.12 

0 - 1 p < 0.01 0.5 - 2 p < 0.01 1 - 5 p < 0.01 2 - 10 p < 0.01 - - 

0 - 2 p < 0.01 0.5 - 5 p < 0.01 1 - 10 p < 0.01 - - - - 

0 - 5 p < 0.01 0.5 - 10 p < 0.01 - - - - - - 

0 - 10 p < 0.01 - - - - - - - - 

 

Table 2.1 Pairwise comparison for the different contraction levels. Statistically 

significant results (p < 0.01) are represented in bold 
 



 

 35 

 

Figure 2.2. Force-elasticity curve. Box plot showing the median and interquartile range 

of values of the entire sample during the different contraction levels. The orange line 

represents the force-elasticity curve. * p < 0.01; statistically significant difference 

between the different contraction levels 

 

2.5 Discussion 

 

This is the first study to evaluate changes in AT elasticity using strain sonoelastography 

during progressive increases in contraction force. The results provide an original force-

elasticity curve for the AT in a healthy, asymptomatic population (Figure 2.2).  

This study confirms that SE can detect changes in AT elasticity between a relaxed state 

and all the examined contraction levels; the AT progressively become harder across the 

different contraction levels, and this increment was seen as a reduction of the strain ratio as 

previously reported in other studies (Muraki et al., 2015, Schneebeli et al., 2016). A previous 

study (Schneebeli et al., 2016) with a similar experimental setup showed large variability of the 
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AT strain ratio between healthy subjects when measured in the resting state. This variability, 

similarly to our study, is reduced when load is put on the tendon (Figure 2.2). The large 

variability seen between participants when the tendon is measured in the relaxed state is likely 

related to variation in physical activity levels, age and individual anatomical differences. 

Although tendon elasticity changed across contraction intensities, the contraction levels with 

similar intensity (0.5 kg – 1 kg (p = 0.41); 1 kg – 2 kg (p = 0.12) and 5 kg – 10 kg (p = 0.12)) 

revealed similar measures of elasticity thus likely the difference in load was insufficient to 

change tendon mechanical properties to a significant extent. 

Previous studies (Busilacchi et al., 2016, Drakonaki et al., 2009, Ooi et al., 2015, Ozturk 

and Sayinbatur, 2018) used the Kager Fat pad (KFP) as a medium to calculate the strain ratio 

in the evaluation of AT elasticity. The results showed moderate to good reliability (Drakonaki 

et al., 2009) and the authors suggested the use of SE in the evaluation of the AT following 

surgery (Busilacchi et al., 2016). However, caution should be taken when measuring strain ratio 

with a biological tissue such as KFP since other tissues could encounter changes in elasticity 

due to pathology, recovery or to different measurement conditions. The mechanical properties 

of the KFP changes following the hardening of the AT and this change is not always linear, 

likely because of anatomical differences between subjects e.g. longer soleus muscle, more 

connective tissue, or due to the compression of the AT on the underlying tissues. In the current 

study, we used an external material with a constant elasticity. Figure 2.3 shows an apparent 

softening of the reference material as the tendon became harder. The sonoelastography 

algorithm implemented in the ultrasound machine display the elasticity of the tendon with an 

“auto-scale” colour range. The softest and the hardest structure visible in each of the ROI 

analysed are displayed in red and blue respectively. For this reason, we can observe a 

progressive colour change of the reference material (green at 0 kg, red at 10 kg) (see Figure 
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2.3) because the tendon progressively becomes the harder structure within the ROI. However, 

strain ratios (i.e. ratios between the median colours) have been used as an index of elasticity 

which is not affected by the “auto--scale” colour range. 

 

 

 

Figure 2.3. Achilles tendon sonoelastography during an isometric ramp contraction. 

Elasto-Dual images of the Achilles tendon during the isometric ramp contraction; the 

regions of interest (i.e., yellow boxes) define the two tissues examined for the calculation 

of the strain ratio. The six different boxes represent the different contraction levels 

 

The findings of the present study are supported by other investigations which measured 

strain of the AT using a strain tracking procedure during MVC (Arampatzis et al., 2007b, 

Magnusson et al., 2003). However, in these studies tendon displacement and tendon strain were 

measured using the aponeurosis-tendon complex while in the present study we have 

characterised changes in tendon elasticity with a direct measure of the free tendon. Other 
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ultrasound-based techniques with direct measures of the tendon (i.e. SWE) have measured an 

increase of Young modulus (kPa) while the tendon is tensioned by changing the degree of ankle 

flexion (Aubry et al., 2013, DeWall et al., 2014). However, in those studies it was suggested 

that the use of SWE should be limited to the relaxed tendon to avoid saturation of the signal. 

Another promising 2D ultrasound technology, based on a speckle tracking algorithm 

(Bogaerts et al., 2017) has been proposed. A non-uniform regional strain behaviour of the 

different layers of the AT has been observed. However given the different nature of SE 

measurement compared to the speckle tracking technique, the results cannot be directly 

compared. 

Future studies which apply SE to evaluate the free tendon in different ankle positions or 

under different conditions (i.e. varying contraction intensity; functional tasks) are now 

warranted to better understand and characterise the behaviour of the AT. Moreover, the addition 

SE measures of the AT during loaded contractions may increase diagnostic capability in 

Achilles tendinopathy and future research is needed to explore this. SE requires manual 

compression and therefore variation in the level of pressure of the transducer on the skin may 

affect the results. To reduce such variability, both very high and low pressure was avoided as 

proposed by Itoh et al. (Itoh et al., 2006) and visual feedback of the applied pressure was 

provided so that it could be constantly controlled by the experienced operator. 

Furthermore, strain ratio employed in this study offers a measure of elasticity provided by a 

transverse compression force of the ultrasound probe on the tendon structure. Further research 

is needed to establish the relationship between strain ratio and tendon longitudinal mechanical 

properties. 
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2.6 Conclusions 

 

In this chapter, the use of SE to detect changes in AT elasticity during isometric 

contraction is presented. SE can detect changes in AT elasticity between different contraction 

intensities. It was observed that tendon elasticity was not modified between some contraction 

intensities. The reduction of the strain ratio between the tendon and the reference material 

indicates a constant increase of tendon elasticity during contractions of increasing intensity and 

provides an original force-elasticity curve. Based on the findings of this chapter, the third 

chapter evaluates the differences between SE and SWE in AT mechanical properties during 

isometric contractions. 
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CHAPTER 3 

SHEAR WAVE AND STRAIN SONOELASTOGRAPHY FOR THE 

EVALUATION OF THE ACHILLES TENDON DURING 

ISOMETRIC CONTRACTIONS 

 

This chapter reports in full the contents of a published manuscript by the thesis author 

(Schneebeli et al. 2021). It includes verbatim text from the published manuscript and some 

changes employed for the purpose of this thesis. 

 

Publications and Presentations 

 

1. Schneebeli A., Fiorina I., Bortolotto C., Barbero M., Falla D., Cescon C., Raciti MV., 

Tarantino F., Preda L. 2021. Shear wave and strain sonoelastography for the evaluation 

of the Achilles tendon during isometric contractions. Insights Into Imaging. 17;12(1):26 

(Appendix 2) 
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3.1 ABSTRACT 

 

Changes in mechanical loading as well as pathology can modify the AT mechanical 

properties and therefore detection of these changes is relevant for the diagnosis and 

management of Achilles tendinopathy. This chapter presents a comparison between SE and 

SWE and evaluates their ability to detect changes in the AT mechanical properties during a 

series of isometric contractions.  

Longitudinal sonoelastography images of the AT were acquired from 20 healthy 

participants using four different ultrasound devices: two implementing SE technology (SE1, 

SE2) and two SWE technology (SWE1, SWE2).  

SE1 showed a decreasing strain ratio (tendon become harder) during the different 

contraction levels from 1.51 (0.92) to 0.33 (0.16) whereas SE2 showed a decreasing strain ratio 

from 1.08 (0.76) to 0.50 (0.32). SWE1 measured decreasing tendon stiffness during 

contractions of increasing intensity from 33.40 (19.61) to 16.19 (2.68) whereas SWE2 revealed 

increasing tendon stiffness between the first two contraction levels from 428.65 (131.5) kPa to 

487.9 (121.5) kPa followed by decreasing stiffness for the higher contraction levels from 459.35 

(113.48) kPa to 293.5 (91.18) kPa. 

SE used with a reference material was able to detect elasticity changes between the 

different contraction levels whereas SWE was less able to detect changes in AT stiffness when 

under load. Inconsistent results between the two technologies should be further investigated. 
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3.2 Introduction 

 

The findings presented in Chapter two confirmed the possibility to use SE using an 

external reference material in the evaluation of AT during contractions. In addition, other 

studies have evaluated AT stiffness and elasticity not only with SE but also using SWE (Aubry 

et al., 2013, Bercoff et al., 2004, De Zordo et al., 2009, DeWall et al., 2014, Ophir et al., 1991). 

SE provides qualitative data of tissue elasticity on colour elastograms, exploiting the 

displacement determined by the operator through repeated compressions and de-compressions 

with the probe (Ophir et al., 1991). Given that the force applied by the operator to the tissue is 

unknown, in order to obtain a semi-quantitative evaluation of tissue elasticity, the ratio between 

two different ROI within the tissue is calculated. This “strain ratio”, is often obtained by using 

subcutaneous fat (Drakonaki et al., 2012) or external material (Schneebeli et al., 2016, 

Yamamoto et al., 2016) as a reference tissue. In contrast, SWE applies an acoustic radiation 

force via the ultrasound beam to the tissue, in which the propagation velocity correlates with 

the tissue elasticity which can be quantified (in m/s or kPa) (Bercoff et al., 2004, Sandrin et al., 

2002).  

Ultrasound-based elastography offers both researchers and clinicians a fast, non-

invasive, quantitative assessment of tendon mechanical properties. It can be applied in the 

evaluation of acute and chronic Achilles tendinopathy (De Zordo et al., 2009, Klauser et al., 

2013) or to define the response to several different mechanical loads, (Coombes et al., 2018) 

and additionally has the potential to improve the diagnosis of tendon disorders (Dirrichs et al., 

2016). 

Although these technologies have been commonly used in research and clinical settings, the 

reliability of measurements from the AT is still debated (Corrigan et al., 2019, Payne et al., 
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2017). Limits and constraints of both SWE and SE have been reported (Prado-Costa et al., 

2018) especially when used to analyse the tendon structure, indicating the importance of a 

systematic and structured approach. Nevertheless, some studies have confirmed the superiority 

of SE and SWE in terms of specificity, sensitivity and accuracy compared to conventional 

ultrasound for diagnosing Achilles tendinopathy (Prado-Costa et al., 2018).  

Surprisingly, there has been no attempt to compare the available sonoelastography 

techniques. Therefore, the aim of this chapter was to evaluate and compare in-vivo mechanical 

properties of the AT measured during contractions of increasing intensity when using three 

different SE/SWE devices to address thesis objective number 2. In addition, this chapter aims 

to establish if there is a correlation between the strain ratio methods and SWE in the evaluation 

of AT stiffness. 

 

3.3 Methods 

 

Twenty asymptomatic volunteers (12 males, 8 females, mean age 28.95±4.16 years) 

were recruited for this repeated measures study. Height (centimetres) and weight (kilograms) 

were recorded, and the body mass index (BMI) was calculated.  

Subjects with a history of tendon injury and/or previous foot surgery or any painful 

episodes in the lower limbs in the last year, or systemic inflammatory disorders such as 

rheumatoid arthritis, spondyloarthropathies and hypercholesterolemia were excluded. All 

participants were informed about the content of the study and signed the informed consent form 

prior to the experimental procedure. The study was approved by the Ethics Committee of the 

Policlinico San Matteo, Pavia. (ID:0579) (Appendix 10) 
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Longitudinal sonoelastography images of the left and right AT was performed with three 

ultrasound devices, using two different systems of SE and SWE technologies. The systems with 

SE were: Resona 7, Mindray, Shenzhen, China (SE1) and Aplio 500, Toshiba Medical Systems 

Corp., Tokyo, Japan (SE2). The systems with SWE were: Resona 7, Mindray, Shenzhen, China 

(SWE1) and Aixplorer; SuperSonic Imagine, Aix-En-Provence, France (SWE2). 

All examinations were performed bilaterally using multifrequency linear transducers (14L5 

probe for Toshiba, L14-6VU for Mindray and 4-15 MHZ, SL15-4 for Aixplorer). The 

participants were asked to lie in a prone position, exposing both AT, with the legs extended and 

the feet placed over the examination couch, in contact with a dynamometer (Figure 3.1). 

Figure 3.1 Schematic of the experimental setup. a) SE with reference material b) SWE. 

Ultrasound probe was placed in a longitudinal scan at the level of the medial malleolus 

 

The examination included AT long axis evaluation using B-mode, SE and SWE. Images were 

acquired at the level of the medial malleolus in order to minimize “bone proximity” hardening 

artefacts (Bhatia et al., 2012, Bortolotto et al., 2017). The participants were instructed to 

perform contractions of different intensities (0 kg, 0.5 kg, 1 kg, 2 kg, 5 kg, and 10 kg) in plantar 
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flexion using an ankle ergometer; the examiner performed one measurement on each tendon at 

every load. The side of the tendon as well as the sequence of the isometric contractions were 

randomized. All evaluations were performed by an experienced musculoskeletal radiologist 

with 7 years of experience with elastography and experience with all devices used. 

 

3.3.1 Data acquisition 

 

Specific musculoskeletal pre-sets were used and no ultrasound setting changes were 

allowed during the study; only simple tuning was allowed (e.g. depth, brightness and contrast) 

in order to obtain the best possible image. For the SE analysis, we used an external reference 

material (Zerdine®, CIRS, Inc., Norfolk) with known elastic properties (elasticity - 102 kPa, 

speed of sound - 1,580 m/s, and attenuation coefficient - 0.5 dB/cm/MHz). The external 

reference material was placed on the participant’s AT, included in the B-mode scans, and used 

to provide a comparison between the examined tendon and a material in which a constant 

elasticity was present.  

SE images were analysed using a custom-made software; colour scale pixel count was 

made and colour histograms were extracted from two regions of interest (the reference material 

and AT). The range between soft and hard (from red to blue) was divided into 256 steps (0-

255) according to the ultrasound image colour depth. Strain ratios between the tendon and the 

reference material were calculated and the comparison between different contraction levels 

were made. Higher strain ratio between the AT and the reference material indicates a softer 

tendon. This method has been validated, and reliability established in a previous study 

(Schneebeli et al., 2016, Schneebeli et al., 2019). The use of strain ratios with a reference 
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material with known elasticity properties becomes even more relevant when comparing 

different ultrasound devices. 

SWE images were analysed on the ultrasound device, ROI were manually drawn in post 

processing and included the full extent of the examined tendon displayable in the saved image. 

Reliability maps were available in dual screen for both systems and were used to check the 

quality of the obtained images. The acquired SWE information was evaluated quantitatively; 

the shear elastic modulus (Young modulus) was calculated by the measuring tools of the 

ultrasound systems in kPa. This procedure was repeated for both AT and at different contraction 

levels. A higher value obtained with the SWE correspond to a harder tendon. All images and 

data were stored in the ultrasound workstations. The comparison between different contraction 

levels for each of the ultrasound devices were made. Figure 3.2 showed an example of SE and 

SWE images for the AT for the 0 kg load condition. 

 

 



 

 47 

 

Figure 3.2. Example of the Achilles tendon mechanical properties at 0 kg measured with 

the different sonoelastography devices. SE1, strain elastography Resona 7, Mindray; 

SE2, strain elastography Aplio 500, Toshiba Medical Systems Corp.; SWE1, shear wave 

elastography Resona 7, Mindray; SWE2, shear wave elastography Aixplorer; 

SuperSonic Imagine. RM, reference material; AT, Achilles tendon 

 

3.3.2 Statistical Analysis 

 

The Shapiro-Wilk test was used to test the normal distribution of quantitative variables. 

Non-parametric, independent samples, Mann-Whitney test was used to assess differences in 

stiffness of the AT between the left and right side and between men and women. A non-

parametric test (Friedman test with post hoc pair wise comparison) was used to compare 

differences of stiffness for each of the ultrasound devices. Bonferroni correction was applied 

and an overall p value less than .05 was considered a significant difference. Medians and 

interquartile ranges (IQR; 25th and 75th percentile) were used to report the results. Statistical 

analysis was performed using Statistical Package for the Social Sciences (SPSS) version 22.0 

software (SPSS, Chicago, IL, USA).  

 

3.4 Results 

 

There were no significant differences in elastographic parameters between genders or 

between the left and right AT, therefore the data were pooled and further analysed as an entire 

sample. The median age of the participants was 28 years (range 26-41 years), with a sex ratio 

(M:F) of 12:20. The mean ± SD height, weight and BMI were 173.6 (±7.4) cm, 68.2 (±10.5) kg 

and 22.5 (±2.35) respectively. 
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3.4.1 Comparison of the SE strain ratio values 

 

The median (IQR) values for the strain ratio measured at difference contraction levels 

are represented in Table 3.1.  

  0 kg 0.5 kg 1 kg 2 kg 5 kg 10 kg 
SE 1 
(TE/REF) 1.51 (0.92) 1.12 (0.49) 0.99 (0.33) 0.91 (0.37) 0.50 (0.32) 0.33 (0.16) 

SE 2 
(TE/REF) 1.08 (0.76) 1.02 (0.48) 1.02 (0.26) 0.97 (0.18) 0.79 (0.37) 0.50 (0.32) 

SWE 1 
(kPa) 33.40 (19.61) 23.75 (10.12) 19.54 (6.48) 17.33 (4.41) 16.56 (4.09) 16.19 (2.68) 

SWE 2 
(kPa) 

428.65 
(131.5) 487.9 (121.5) 459.35 

(113.48) 393 (83.83) 319.7 (94.75) 293.5 (91.18) 

 
Table 3.1. Median (IQR) of the strain ratio (tendon/reference material) and Young’s 

modulus (kPa) at different contraction levels. 

 

Evaluation with SE1 revealed a strain ratio of 1.51 (0.92) for the AT in the relaxed 

position and a progressive decrease of tendon strain ratio (the tendon became progressively 

harder) during increasing contraction levels, with median (IQR) values of 1.12 (0.49) at 0.5 kg, 

0.99 (0.33) at 1 kg, 0.91 (0.37) at 2 kg, 0.50 (0.32) at 5 kg, and 0.33 (0.16) at 10 kg. Friedman 

test for related samples, revealed a significant difference (p<0.01) between all contraction levels 

except for the adjacent levels (Table 3.2 and Figure 3.3a). Evaluation with SE2 revealed a strain 

ratio of 1.08 (0.76) for of the AT in the relaxed position, and a progressive decrease of the 

tendon strain ratio during contractions of increasing intensity, with median values of 1.02 (0.48) 

at 0.5 kg, 1.02 (0.26) at 1 kg, 0.97 (0.18) at 2 kg, 0.79 (0.37) at 5 kg, and 0.50 (0.32) at 10 kg. 

Friedman test for related samples, revealed a significant difference (p<0.01) between the 

highest contraction levels (10 kg and 5 kg) and the other contractions but no difference (p>0.05) 

between the adjacent and the lowest contraction levels (Table 3.2 and Figure 3.3b). 

 



 

 49 

3.4.2 Comparison of the SWE Young modulus (kPa) 

 

Evaluation with SWE1 revealed a median (IQR) elastic modulus of 33.40 (19.61) kPa 

for the AT in the relaxed position and a progressive decrease of Young modulus (indicating 

reduced stiffness) during the progressive contraction levels, with median values of 23.75 

(10.12) kPa at 0.5 kg, 19.54 (6.48) kPa at 1 kg, 17.33 (4.41) kPa at 2 kg, 16.56 (4.09) kPa at 5 

kg, and 16.19 (2.68) kPa at 10 kg. Friedman test for related samples, revealed a significant 

difference (p<0.01) between the lowest contraction levels (0 kg and 0.5 kg) and the other 

contractions but no difference (p>0.05) between the adjacent and the highest contraction levels 

(Figure 3.4a). 
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 0 kg 0.5kg 1 kg 2 kg 5 kg 10 kg 

0 kg - 1.000 0.405 0.000 0.000 0.000 

0.5 
kg 1.000 - 1.000 0.002 0.000 0.000 

1 kg 1.000 1.000 - 0.632 0.000 0.000 

2 kg 1.000 1.000 1.000 - 0.062 0.000 

5 kg 0.004 0.001 0.000 0.015 - 0.062 

10 kg 0.000 0.000 0.000 0.000 0.128 - 

 

 0 kg 0.5kg 1 kg 2 kg 5 kg 10 kg 

0 kg - 0.073 0.000 0.000 0.000 0.000 

0.5 
kg 0.625 - 0.475 0.011 0.000 0.000 

1 kg 1.000 1.000 - 1.000 0.127 0.106 

2 kg 1.000 0.053 0.735 - 1.000 1.000 

5 kg 0.000 0.000 0.000 0.008 - 1.000 

10 kg 0.000 0.000 0.000 0.001 1.000 - 

 

Table 3.2. Friedman test p values between the different contraction levels for the 

different technologies. Bold values indicate statistically significant difference between 

the different contraction levels p < 0.05 

 

Evaluation with SWE2 showed median (IQR) elastic modulus of 428.65 (131.5) kPa for 

the AT in the relaxed position and an increase of Young modulus (higher stiffness) to 487.9 

(121.5) kPa at 0.5 kg followed by a progressive decrease of tendon modulus (reduced stiffness) 

during higher contraction levels, with median values of 459.35 (113.48) kPa at 1 Kg, 393 

CE 2 

SE 1  SE 2  

SWE 1 
 SWE 2 
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(83.83) kPa at 2 Kg, 319.7 (94.75) kPa at 5 Kg, and 293.5 (91.18) kPa at 10 Kg. Friedman test 

for related samples revealed a significant difference (p<0.01) between the highest contraction 

levels (10 kg and 5 kg) and the other contractions but no difference (p>0.05) between the 

adjacent and the lowest contraction levels (Figure 3.4b). 

 

 

 

Figure 3.3. Strain sonoelastography. Box plot showing the median and IQR strain ratio 

(TE/REF) values of the entire sample for the different contraction levels a) SE1 and b) 

SE2. *p < 0.05; statistically significant difference between the different contraction levels 
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Figure 3.4. Shear wave sonoelastography. Box plot showing the median Young’s 

modulus and IQR values of the entire sample for the different contraction levels a) 

SWE1 and b) SWE2. *p < 0.05; statistically significant difference between the different 

contraction levels. 

 

3.5 Discussion 

 

This chapter assessed the consistency of SE and SWE in the evaluation of the AT at 

different contraction levels, compared elasticity results using commercially available scanners 

and explored the performances using different ultrasound imaging. Different behaviour was 

observed for the two sonoelastography techniques as well as for the different devices indicating 

limitations of both techniques. The observed differences can be explained by the inconsistent 

methodological and computational approaches used to estimate tissue stiffness/elasticity. This 
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has important consequences for both researchers and clinicians. Secondary research such as 

systematic reviews or meta-analysis are also hindered due to the limitations when pooling 

datasets from different studies. The lack of a reference standard constitutes a barrier for a diffuse 

application of SE/SWE the clinical practice. 

The behaviour of both SE1 and SE2 are similar to previous published studies showing 

a decrease of the strain ratio values when the tendon becomes harder due to an increase in 

plantarflexion strength (Schneebeli et al., 2019) or with supraspinatus contraction (Muraki et 

al., 2015) and similar results were obtained using a semiquantitative method with SE (Minafra 

et al., 2020). Moreover, these results are in line with a myotonometry evaluation of the AT 

(Schneebeli et al., 2020) which showed increased stiffness when the tendon is under load. 

As showed by Schneebeli et al. (Schneebeli et al., 2019), higher variability of strain ratio 

values between the participants was present in the relaxed position and at low levels of 

contraction. This variability is reduced when the tendon is put under load. This behaviour is 

clearly visible in both SE techniques (Figure 3.3) and could be explained by inter-individual 

difference in age, level of activity and anatomical differences (gastrocnemius and soleus 

length). A lack of accuracy of these techniques in the relaxed position, leading to a large 

variability in the strain ratio results, cannot be excluded. However, this method has high intra-

rater reliability when used in both a relaxed and contracted state (Schneebeli et al., 2016). 

Strain ratio values between SE1 and SE2 appear to be different with SE1, showing a 

relaxed value of 1.51 (0.92) and a rapid decrease in strain ratio when the tendon is put under 

load (Figure 3.3), while SE2 showed a starting value of 1.08 (0.76) and similar values at the 

low contraction levels. Values of SE1 are highly comparable with another study (Schneebeli et 

al., 2019) reporting a strain ratio of 1.61 (1.5-2.9) in the relaxed state, 1.30 (1.07–2.02) at 0.5 

kg, 1.00 (0.76–1.66) at 1 kg, 0.81 (0.70–1.19) at 2 kg, 0.47 (0.39–0.73) at 5 kg and 0.33 (0.28–
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0.40) at 10 kg. Pairwise comparison between different contraction levels showed that SE1 could 

not detect changes between contraction levels of similar intensity and at the beginning of the 

isometric contraction (0 kg-0.5 kg (p=1.000), 0 kg-1 kg(p=0.405)). Similarly, SE2 could not 

distinguish the adjacent contraction levels but additionally, differences between low level 

contraction levels were not detected by this device. Differences were only observed at the 

higher contraction levels (5kg, 10kg). This low sensitivity in the initial phase of the contraction 

could be attributed to a different colour scale implemented in the device that considers mid-

range values (green levels) more so than the higher or lower values. 

Conversely, SWE using two different devices showed a different result compared to SE 

and to the expected biomechanical behaviour. Previous studies evaluating AT at different ankle 

angles indicate an increase of the shear modulus and shear wave velocity with an increase of 

ankle dorsiflexion (Aubry et al., 2013, DeWall et al., 2014, Corrigan et al., 2019). 

In this study SWE 1 showed the opposite behaviour with a decrease of shear modulus with an 

increase in the contraction level and thus tension on the AT. It could be that the upper limit of 

the device (66.7 kPa) was surpassed. The implemented algorithm in SWE 1 does not present 

saturated values as a loss of signal (as for SWE 2) (Appendix 3). Moreover, the values obtained 

with SWE 1 at 0° of ankle plantar flexion (33.40 (19.61)) are extremely low compared to values 

reported in other studies, (Aubry et al., 2013, Chino and Takahashi, 2015, Siu et al., 2016) 

questioning the possibility of using Mindray shear wave sonoelastography to analyse tendon 

mechanical properties. 

Values reported in Table 3.2 and Figure 3.4 which indicate a significant difference 

between different contraction levels, should be interpreted cautiously given the unusual shear 

modulus values indicating an opposite behaviour of this technology compared to SE and 
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biomechanical studies. Further studies using SWE 1 are needed to evaluate the feasibility of 

this technology to measure mechanical properties of tendinous structures. 

SWE 2 measured an increase of tendon stiffness during isometric plantar flexion from 

0 Kg to 0,5 Kg load with shear modulus median values ranging from 428.65 (131.5) to 487.9 

(121.5). This increment is followed by a progressive decrease of the Young modulus for 

isometric plantar flexion at 1, 2, 5 and 10 Kg (Table 3.1). This behaviour does not reflect tendon 

biomechanics, and it appears that the upper limit of the device (800 KPa) was reached. SWE 2 

images of isometric contraction higher than 0.5 kg, revealed signal saturation with a signal loss 

within the elastogram. This signal loss is probably due to the alignment or the displacement of 

the fibrillary structure within the AT that could increase the speed of the shear waves or could 

generate an abnormal propagation of the shear wave that cannot be registered by the device. 

The absence of signal within some portion of the AT could have led to a miscalculation of the 

shear modulus resulting in a reduction of the kPa which was not attributed to the actual 

behaviour of the tendon. (Appendix 3). Given the upper limit of the shear modulus in these 

technologies, some authors suggested (Aubry et al., 2013, Chino and Takahashi, 2015) to limit 

the evaluation of AT to a relaxed or plantar flexed position and to not put tendon under load by 

means of a dorsiflexed position or any additional weight. 

SWE has been largely used to evaluate the AT, a in natural relaxed position. In 1165 

healthy Chinese adults, a Young modulus of 374.24 ± 106.12 kPa was reported (Cao et al., 

2019). However, inconsistency between studies exists when tendon is analysed at 0° of plantar 

flexion as in the present study. Shear modulus varied from 723.1 (kPa) (Aubry et al., 2013) to 

174.1 (kPa) (Corrigan et al., 2019) with one study reporting 322 (kPa) for the dominant leg and 

320 (kPa) for the non-dominant (Siu et al., 2016). Chino et al. (Chino and Takahashi, 2015) 

reported values to those measured with SWE2 in the present study with 430 (±96) kPa at 
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measured at 10% of the lower limb length and 470 (±151) kPa at 15% of the lower limb length. 

The present study reported a median (IQR) value of 428.65 (131.5). Even though, these studies 

evaluated AT in the free tendon part, differences between results could be attributed to the 

transducer position along the free tendon or to challenges using this technology to evaluate the 

tendon under tension as in the 0° ankle position. 

Using SWE 1, we measured median (IQR) values of 33.40 (19.61) at 0° of plantar 

flexion. Since this device, to our knowledge, has never been used to analyse tendinous 

structures, there are no data to compare to. However, considering the values obtained with other 

devices, these results appear to be far below the expected kPa values questioning the possibility 

to compare results between different ultrasound devices. The lack of relationship between these 

two methods may be related to the inherent differences in the parameters measured. SE 

evaluates tissue elasticity before and after manual compression, while SWE estimates Young 

modulus on the basis of the ultrasound propagation shear wave velocity. In addition, SWE is 

more susceptible to measurement interference due to the anisotropic nature of the tendon. 

Considering the fundamental role of load in the development of tendon pathology as 

well as in the management of tendon rehabilitation, by means of loaded-based exercises, a 

device which is able to detect changes in the mechanical properties of tendon during tasks that 

directly challenge the tendinous structure (i.e., contraction) could provide a better 

understanding of tendon injury and rehabilitation effects. Strain evaluation appears to be the 

best technique to assess the elastic changes of the AT during isometric plantar flexion, 

nevertheless SE provides only semi-quantitative values (strain ratios) and this data, unlike 

Young’s modulus, does not represent the tissue intrinsic properties (Prado-Costa et al., 2018). 

Moreover, the use of manual compression and reference material required higher technical 

skills leading to a more operator-dependent procedure. 
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There are some limitations to the current study. Firstly, the selection of the devices and 

technology used was limited to those available. Secondly, the application of SE and SWE was 

limited to the evaluation of the AT. Generalizability of these findings to other devices and other 

tendons may not be possible. Further studies, which also evaluate the mechanical properties of 

pathological tendons, are necessary.  

 

3.6 Conclusion 

 

SE with the use of reference material is able to detect changes in AT elasticity when 

measured in ankle plantar flexion during different contraction levels and the results are in line 

with the expected physiological and mechanical behaviour. Nevertheless, SE can only provide 

semi-quantitative (i.e. strain ratio) values and requires higher technical skills for operation. 

Conversely, SWE measured changes in tendon stiffness which were contradictory to the 

mechanical characteristics of the AT, probably due to the propagation shear wave velocity and 

the fibrillary structure in the AT. SE appears more suitable for the evaluation of the AT when 

under load. Caution should be taken when comparing results of different devices on the AT. 

The inconsistency of the results between the different devices presented in this chapter may 

hinder the clinical applicability of SE and SWE. 
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CHAPTER 4 

RELIABILITY OF SONOELASTOGRAPHY MEASUREMENTS 

OF LOWER LIMB TENDON PROPERTIES: A SYSTEMATIC 

REVIEW 

 

This chapter reports in full the contents of a published manuscript by the thesis author 

(Schneebeli et al. 2020). It includes verbatim text from the published manuscript and some 

changes employed for the purpose of this thesis. 

  

Publications and Presentations 

 

1. Schneebeli A., Folli A., Falla D., Barbero M. 2020. Reliability of Sonoelastography 

Measurements of Lower Limb Tendon Properties: A Systematic Review. Ultrasound in 

Medicine & Biology. 47(5):1131-1150. (Appendix 5) 

 

 

 



 

 59 

4.1 ABSTRACT 

 

This chapter investigated the reliability of sonoelastography techniques in quantifying 

lower limb tendon elasticity. A literature search was conducted using PubMed, Web of Science 

and CINAHL. The quality of the selected papers was evaluated using the Guidelines for 

Reporting Reliability and Agreement Studies (GRRAS) and the Quality Appraisal Tool for 

Studies of Diagnostic Reliability checklist. Reliability (QAREL) values were extracted and 

synthesized.  

Twenty-four studies were included and were divided by the two main technologies used: 

SE and SWE. The overall methodological quality was questionable; all studies were at risk of 

bias. Highly variable results ranging from poor to excellent reliability were found for both 

technologies and for all tendons considered. Intra-rater reliability of SE on the AT and SWE on 

the patellar and quadriceps tendon (QT) was adequate. Inter-rater, inter-session and inter-

machine reliability was insufficient.  

Caution should be used when interpreting results from sonoelastography studies 

measuring lower limb tendon elasticity. 
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4.2 Introduction 

 

As extensively described in Chapter one, the relationship between tendon mechanical 

changes and pathology or performance is still debated, however the importance of measuring 

these parameters is well established (Docking and Cook, 2019). Clinicians would benefit from 

technologies that measure mechanical changes during or after their treatments, and this would 

lead to (case-by-case optimisation) tailoring of the interventions according to objective 

measurements. 

Currently, many different measurement techniques are used to measure tendon 

mechanical properties, with sonoelastography being the most common technique because it can 

be used to directly assess free tendons (Coombes et al., 2018, Prado-Costa et al., 2018). A 2018 

review by Prado-Costa et al. (Prado-Costa et al., 2018) analysing the feasibility and 

applicability of SWE and SE to assess tendon pathology and injury showed potential application 

in the evaluation of tendinopathies. However, the authors suggest that a more structured and 

systematic approach is needed to overcome the limitations of both technologies. Even if these 

technologies have been largely used to describe elasticity in different tendons and in different 

conditions, methodological studies aiming to evaluate the reliability of these techniques are 

scarcely present in the literature, and results are often conflicting. 

Reliability, as well as other measurement properties, must be determined before any 

measurement device or assessment tool can be applied in a clinical or research setting (Koo and 

Li, 2016). When no accepted reference standard is available, as for in vivo tendon elasticity 

measures, and validity or accuracy measures are not possible, reliability studies of high 

methodological quality become crucial to guarantee the applicability of these measures. Criteria 

for conducting and reporting robust reliability studies are present within the literature (Kottner 
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et al., 2011, Lucas et al., 2010, Mokkink et al., 2010a), and guidelines for the interpretation of 

results are also available (Koo and Li, 2016, Shrout and Fleiss, 1979). Nevertheless, to date no 

attempt to synthesize current knowledge on reliability of sonoelastography measurement has 

been done. Therefore, to address thesis objective number 3, the aim of this chapter was to 

determine the reliability of sonoelastography techniques for measuring lower limb tendon 

elasticity and to investigate the quality of these studies. 

 

4.3 Methods 

 

4.3.1 Registration  

 

The present systematic review was performed according to the Preferred Reporting 

Items for Systematic Reviews and Meta-analysis (PRISMA) statement (Moher et al., 2009) 

(Appendix 5) and was registered in the International Prospective Register of Systematic 

Reviews (PROSPERO nr. CRD42020148572) on February 3, 2020. 

 

4.3.2 Eligibility criteria 

 

The population, intervention, comparator, outcome and study design (PICOS) 

framework was used and adapted for this type of study (Akers, 2009). Articles were included 

if the full text article was published in a peer-reviewed journal, if one of the aims of the study 

was to investigate the reliability of sonoelastography on lower limb tendons, and if the 

population included healthy individuals or patients with tendon disease (i.e., patients with lower 

limb tendinopathies or tendon rupture). Studies using animal models were excluded. We also 
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excluded studies using ex vivo or human models because this review is focused on the clinical 

application of the technology. We included observational studies, such as cross-sectional 

studies and repeated measurement studies. Studies were included if an ethics committee or 

institutional review board approved the protocol. Observational studies were excluded when 

reliability was not the primary aim but was investigated in a preliminary or pilot study and was 

not described in the methods. Randomized controlled trials were excluded. A PRISMA 

flowchart illustrating the study screening and selection process is presented in Figure 4.1. 

 

Figure 4.1. Preferred Reporting Items for Systematic Reviews and Meta-analysis 

(PRISMA) flowchart of study identification, screening and eligibility. LL, lower limbs. 
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4.3.3 Search strategy 

 

A comprehensive search of the databases MEDLINE (PubMed), Web of Science and 

CINHAL was conducted by the first reviewer (A.S.) the February 26, 2020. The full electronic 

search strategy used for PubMed is presented as an example: (“Achilles tendon” OR (“Achilles” 

AND “tendon”) OR (“calcaneal” AND “tendon”) OR (“triceps surae” AND “tendon”) OR 

(“gastrocnemius” AND “tendon”) OR (“soleus” AND “tendon”) OR (“plantarflexor” AND 

“tendon”) OR (“calf” AND “tendon”) OR (“patellar” AND “tendon”) OR (“patellar” AND 

“ligament”) OR (“hamstring” AND “tendon”) OR (“lower extremities” AND “tendon”) OR 

(“lower limb” AND “tendon”) OR “tendons”) AND (“Elastic modulus” OR “Elasticity” OR 

“Elastic” OR “viscoelastic” OR (“visco” AND “elastic”) OR (“young” AND “modulus” OR 

“moduli”) OR “compliance” OR “lengthening” OR “stiffness” OR “properties” OR “strain” 

OR “mechanical”) AND (“reliability” OR “reliabilities” OR “reproducibility” OR “test-

retest”). Additionally, the search strategy was adapted for Web of Science and CINAHL 

databases. To avoid the exclusion of relevant papers, search filters (i.e., animal studies, type of 

study, in vitro) were not included (Doust et al., 2005). No publication date or language 

restrictions were applied. Moreover, reference lists of included studies were checked. Studies 

obtained using the search strategies were exported to EndNote X9 (Clarivate Analytics, 

Philadelphia, PA, USA) by the first reviewer (A.S.), and duplicates were removed. 

 

4.3.4 Study selection 

 

Two reviewers (A.S. and A.F.) independently screened titles and abstracts to determine 

which studies met the inclusion and exclusion criteria. Studies whose eligibility could not be 
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established from the screening of title or abstract were searched for full-text review. Any 

disagreement between reviewers were resolved by consulting a third reviewer (M.B.). 

 

4.3.5 Quality assessment 

 

The included studies were assessed using two different quality assessment tools for 

reliability studies. To assess the quality of the reporting of the included studies, the GRRAS 

(Kottner et al., 2011) checklist was used. To guarantee the correct interpretation and synthesis 

of the results of other studies, adequate and clear reporting was mandatory. 

The items covered by GRRAS evaluate if the information about the sample selection, 

study design, rater characteristics and statistical analysis are properly reported. This 15-item 

checklist was used, and a quality score was given depending on the number of items reported 

in the correct section of the article. GRRAS items are the following. Title/abstract; item 1: 

Identify in title or abstract that inter-rater/intra-rater reliability or agreement was investigated. 

Introduction; item 2: Name and describe the diagnostic or measurement device of interest 

explicitly. Item 3: Specify the subject population of interest. Item 4: Specify the rater population 

of interest (if applicable). Item 5: Describe what is already known about reliability and 

agreement and provide a rationale for the study (if applicable). Methods; item 6: Explain how 

the sample size was chosen. State the determined number of raters, patients/objects, and 

replicate observations. Item 7: Describe the sampling method. Item 8: Describe the 

measurement/rating process (e.g., time interval between repeated measurements, availability of 

clinical information, blinding). Item 9: State whether measurements/ratings were conducted 

independently. Item 10: Describe the statistical analysis. Results; item 11: State the actual 

number of raters and patients/objects that were included and the number of replicate 
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observations that were conducted. Item 12: Describe the sample characteristics of raters and 

patients (e.g., training, experience). Item 13: Report estimates of reliability and agreement 

including measures of statistical uncertainty. Discussion; item 14: Discuss the practical 

relevance of results. Auxiliary material; item 15: Provide detailed results if possible (e.g., 

online) (Figures 4.2 and 4.3). 

The quality in the design and conduct (internal quality) of the studies was assessed using 

the quality appraisal tool for studies of diagnostic reliability (QAREL). This checklist was 

developed by Lucas et al. (Lucas et al., 2010) with the aim to critically appraise reliability 

studies. Previous checklists investigating diagnostic accuracy (i.e., the Quality Assessment of 

Diagnostic Accuracy Studies [QUADAS]) (Whiting et al., 2006) have been developed, 

nevertheless, when there is no accepted reference standard to relate to, as in the case of elasticity 

measures, reliability studies become crucial. 
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Figure 4.2. Bar chart showing the presence of the different Guidelines for Reporting 

Reliability and Agreement Studies (GRRAS) items in the selected studies (n = 24). 

 

 

Figure 4.3. Bar chart showing the total Guidelines for Reporting Reliability and 

Agreement Studies (GRRAS) score of the different selected studies. 

 

The QAREL is an 11-item checklist covering the spectrum of patients, examiners, 

appropriate test application and statistical analysis specific for reliability studies. QAREL items 

can be answered as “no,” “unclear” and “yes”; additionally, the option “not applicable” can be 

used in some items. The more “yes” responses, the higher the quality of the study; conversely, 

a single “no” answer may invalidate the study findings. Five out of 11 items can be scored as 

“not applicable,” therefore the final score of the article will take into account the real total value 

(11 items, not applicable [N/A]). QAREL items are the following. Item 1: Was the test 

evaluated in a sample of patients who were representative of those to whom the authors intended 

the results to be applied? Item 2: Was the test performed by raters who were representative of 
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those to whom the authors intended the results to be applied? Item 3: Were raters blinded to the 

findings of other raters during the study? Item 4: Were raters blinded to their own prior findings 

of the test under evaluation? Item 5: Were raters blinded to the results of the reference standard 

for the target disorder (or variable) being evaluated? Item 6: Were raters blinded to clinical 

information that was not intended to be provided as part of the testing procedure or study 

design? Item 7: Were raters blinded to additional cues that were not part of the test? Item 8: 

Was the order of the examination varied? Item 9: Was the time interval between repeated 

measurements compatible with the stability (or theoretical stability) of the variable being 

measured? Item 10: Was the test applied correctly and interpreted appropriately? Item 11: Were 

appropriate statistical measures of agreement used? (Figure 4.4). Disagreements in the ratings 

of the QAREL and the GRRAS checklists among the two reviewers (A.S. and A.F.) were 

discussed and resolved after consulting with the third reviewer (M.B.). 
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Figure 4.4. Bar chart showing the presence of the different QAREL items in the selected 

studies (n = 24). N/A, not applicable. 
 
 

 

Figure 4.5. Bar chart showing the total QAREL score of the different selected studies. 

 

4.3.6 Data extraction 

 

Information was independently extracted by a reviewer (A.S.) and was controlled by a 

second reviewer (A.F.). Study characteristics, including number of participants, tendons 

analysed, ultrasound device and technique used, reliability type, operators experience and 

measurement protocol were extracted and collected in a descriptive table (Table 4.1). Study 

results are reported in separate tables divided by the type of sonoelastography technique. These 

tables summarize the condition evaluated and the relative and absolute reliability results.  

Relative reliability calculated with intraclass correlation coefficient (ICC) was interpreted as 

follows: 
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• ICC values less of than 0.5 indicate poor reliability, values between 0.5 and 0.75 

indicate moderate reliability, values between 0.75 and 0.9 show good reliability and 

values greater than 0.9 indicate excellent reliability (Portney and Watkins, 2015). 

• As suggested by Koo and Li (Koo and Li, 2016), where 95% confidence interval (CI) 

of ICC were reported, the rating considers not only the point estimation but the lower 

and upper limit of the 95% CI. 

• A cut-off point of ICC of >0.6 was used to consider the clinical relevance of the 

measurements (Chinn, 1990, Munro, 2005). 

Where present, agreement or correlation were interpreted as follows: 

• Cohen’s kappa value for categorical data were interpreted according to the Landis and 

Koch scale (Landis and Koch, 1977), where <0 indicates poor agreement, 0.00-0.20 

indicate slight agreement, 0.21-0.40 indicate fair agreement, 0.41-0.60 indicate 

moderate agreement, 0.61-0.80 indicate substantial agreement and 0.81-1.00 indicate 

almost perfect agreement. 

• Correlation between measures using Spearman’s rank was considered weak when rs 

<0.3, moderate when rs = 0.31-0.70 and strong when rs >0.71 (Dancey and Reidy, 

2002). 

Absolute reliability by mean of standard error of measurement (SEM), coefficient of variation 

(CV) and Bland and Altman plots were reported in the Tables 4.2-4.5 when presented in the 

studies. 
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4.4 Results 

 

4.4.1 Literature search and selection of studies. 

 

The initial electronic search through MEDLINE, Web of Science and CINHAL 

identified 828 potentially eligible articles. After the removal of duplicates, 626 articles were 

screened by title and abstracts with an agreement between the two reviewers of K = 0.73. 

Eighty-nine full text articles were assessed for eligibility. Twenty-four studies met all the 

inclusion criteria and were included in the final qualitative synthesis (Figure 4.1). The 

agreement on the full-text screening between the two reviewers was K = 0.97. The majority of 

the studies were excluded after full-text screening for the following reasons: not using 

sonoelastography, not assessing reliability and not examining a tendon of the lower limb. 

 

4.4.2 Characteristics of included studies 

 

Characteristics of included studies are presented in Table 4.1. The number of 

participants included in the included studies ranged from a minimum of 5 to a maximum of 50. 

In the majority of the studies, participants were healthy (n = 23). Only one study evaluated 

reliability in patients with Achilles tendinopathy (Ooi et al., 2015). In the included studies, the 

following tendons were evaluated: AT (n = 15); PT (n = 5); PT and QT (n = 3); and AT, PT 

and QT (n = 1). 

Two major sonoelastography techniques were evaluated: SE (n = 11) and SWE (n = 13). 

Nine out of 11 studies using SE analysed the values by mean of the strain ratio. Strain ratio is 

defined as the elasticity ratio between the tendon and another material (i.e., fat tissue [n = 5], 
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subcutaneous tissue [n = 2] and an external reference material [n = 2]). Of those, three studies 

added the evaluation of the colour scale by mean of the colour grading. 

One study used only colour grading (Capalbo et al., 2016), and another study used the 

percentage of displacement between the compressions (Payne et al., 2017). 

Nine out of 13 studies using SWE calculated the elasticity values by the mean of shear modulus 

measured in kPa or mPa, whereas 2 studies used velocity of the shear-wave propagation (m.s-

1). Two studies (Aubry et al., 2013, Hsiao et al., 2015) used both parameters; shear modulus 

and shear-wave speed. 
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Authors (y) Subj. Tendon SE/SWE Device Reliability type Protocol (measure distance) Operators (experience) 

Drakonaki et al. (2009) 50 AT SE Hitachi  Intra-Inter rater  1 session 
2 measurements (2 h) 

2 musculoskeletal 
radiologists (NR) 

Aubry et al. (2013) 30 AT SWE Aixplorer  Inter-rater 1 session 
3 measurements (NR) 

3 medical doctors (>6 yr) 

Peltz et al. (2013) 12 AT 
PT 
QT 

SWE Aixplorer  Intra-rater 2 sessions  
D1: 2 measurements (4 h) 
D2: 2 measurements (4 h) 
2 days between D1 and D2 

1 trained operator (NR) 

Zhang and Fu (2013) 11 PT SWE Aixplorer  Intra-Inter rater  1 session 
2 measurements (1 h) 

1 operator (5 yr) and 1 
physical therapist (2 yr) 

Porta et al. (2014) 11 PT SE Esaote Intra-Inter rater  1 session 
3 measurements (NR) 

2 medical doctors (>8 yr) 

Hsiao et al. (2015) 5 PT SWE Aixplorer  Intra-Inter rater  2 sessions 
D1: 1 measurement  
D2: 1 measurement  
1 week between D1 and D2 

2 operators (>1 yr) 
  

Ooi et al. (2015) 10 AT SE Philips  Intra-Inter rater  2 sessions 
D1: 1 measurement  
D2: 1 measurement  
1 week between D1 and D2 

2 sonographers (>10 and 
>20 yr) 

Capalbo et al. (2016) 40 AT SE Hitachi  Inter-rater NR 2 radiologists (10 and 4 yr) 

Helfenstein-Didier et al. (2016) 7 AT SWE Aixplorer  Intra-rater 1 session 
5 measurements (immediate) 

1 operator (NR) 

Schneebeli et al. (2015) 24 AT SE Esaote  Intra-rater 1 session  
2 measurements (1 min) 

1 Physical therapist (NR) 

Siu et al.(2016) 36 AT SWE Aixplorer  Intra-Inter rater  1 session 
3 measurements (NR) 

3 sonographers (>1 yr) 
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Yamamoto et al. (2017) 25 AT SE Hitachi Intra-Inter rater 1 session 
3 measurements (NR) 

2 medical doctors (7 and 8 
yr) 

Lima et al. (2017) 24 AT SWE Aixplorer Intra-rater 
Inter-session 

2 sessions 
D1: 1 measurement  
D2: 1 measurement  
1 week between D1 and D2 

1 operator (NR) 

Payne et al. (2017) 8 AT SE Siemens Intra-rater 
Inter-session 

6 sessions 
D1: 5 measurements (1 h) 
D2-D6: 1 measurement 

1 operator (NR) 

Tas et al. (2017) 12 PT SWE Siemens Intra-rater 
Inter-rater 
Inter-session 

2 sessions 
D1: 2 measurements (20 min) 
D2: 1 measurement  
1 week between D1 and D2 

1 radiologist and 1 physical 
therapist with different 
experience (5-1 yr) 

Mannarino et al. (2018) 23 PT SWE Aixplorer Intra-rater  
Inter-session 

2 sessions 
D1: 2 measurements  
D2: 2 measurements  
1 week between D1 and D2 

1 operator (NR) 

Payne et al. (2018) 14 AT SWE Siemens Intra-rater 
Inter-session 

6 sessions 
D1: 5 measurements (1 h)  
D2-D6: 1 measurement 

1 sport scientist (3 yr) 

Petitpierre et al. (2018) 15 AT SWE Aixplorer Inter-rater 1 session  
2 measurements (NR) 

2 radiologists (6 and 3 yr) 

Corrigan et al. (2019) 20 AT SWE Ultrasonix  Intra-rater 2 sessions 
D1: 4 measurements (30 min; 2 
/ 4 h)  
D2: 1 measurement  
2 weeks between D1 and D2 

1 operator (NR) 

Dickson et al. (2019) 20 PT 
QT 

SE GE  Intra-Inter rater  1 session 
6 measurements (NR) 

3 operators (12, 7 and 0 yr) 

Unal et al. (2019) 42 AT SE Toshiba 
and 
Hitachi  

Intra-Inter rater  
Inter-machine 

2 sessions 
D1: 2 measurements with 2 
devices 
D2: 2 measurements with 2 

2 operators (NR) 
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devices 
10 days between D1 and D2 

Zardi et al. (2019) 18 PT 
QT 

SWE Esaote Intra-rater 1 session 
2 measurements (15 min) 

1 sonographer (>10 yr) 

Alsiri et al. (2020) 18 AT SE GE  Intra-rater 1 session 
2 measurements (1 h) 

1 Physical therapist (4 yr) 

Dickson et al. (2020) 20 PT 
QT 

SE GE 
and 
Esaote 

Intra-Inter rater  
Inter-machine 

1 session 
8 measurements (15 min) 

2 operators (12 and 0 yr) 

 
Table 4.1. Study characteristics of included articles. AT, Achilles tendon; PT, patellar tendon; QT, quadriceps tendon; SE, strain 

elastography; SWE, shear wave elastography; NR, not reported; D, day. 
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4.4.3 Type of reliability and raters 

 

In 19 of 24 studies, the primary study aim was to test the reliability, whereas in five of 

24 studies, reliability was a secondary aim. In these latter studies, the primary aim was 

quantification of tendon elasticity (n = 4) and the effect of exercise on tendon elasticity (n = 1). 

Intra-rater reliability was assessed in 21 studies, inter-rater reliability was assessed in 14 studies, 

intra-rater inter-session reliability was assessed in five studies and inter-machine reliability was 

assessed in two studies. In the majority of the studies (n = 22), ICC was used to analyse the 

relative reliability, while in two studies (Capalbo et al., 2016, Petitpierre et al., 2018) reliability 

was assessed using Cohen k or p values. Of the 22 studies using ICC, only 12 studies reported 

the 95% CI despite the recommendation to do so in reporting guidelines (Koo and Li, 2016). 

Other studies used p values (n = 4), only the point value of ICC (n = 6) or the ICC range (n = 

1). After formal request of additional data, authors of five studies (Dickson et al., 2020, Dickson 

et al., 2019, Helfenstein-Didier et al., 2016, Payne et al., 2018, Payne et al., 2017) provided 

95% CI for ICC values. 

Absolute reliability was assessed in 13 of 24 studies, with SEM (n = 4), CV (n = 9), 

mean difference (MD) with upper and lower limit of agreement (n = 2) and smallest detectable 

changes (n = 1). 

In the majority of studies, the rater was described as a general operator, and their 

profession was not reported (n = 11), whereas seven studies declared the raters to be a 

radiologist or sonographer, four studies involved medical doctors as raters, two studies involved 

a physical therapist, and one study involved a sport scientist. The years of ultrasound experience 

of the raters ranged from 0 y (novice) to more than 20 y (senior). Ten of 24 studies did not 

report the raters’ years of experience. 
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4.4.4 Methodological and reporting quality 

 

Reporting quality (GRRAS). The mean score for all the selected studies was 7.9 out of 

15 items, with a lowest score of 5/15 (Aubry et al., 2013, Mannarino et al., 2018, Petitpierre et 

al., 2018) and a highest score of 12/15 (Alsiri et al., 2020). None of the included studies 

provided auxiliary material to detail the results of the study; therefore item 15 was not reported 

in any article. 

Item 12, regarding the description in the results section of the rater and subject 

characteristics, was not reported in any of the included studies. However, in 15 of the selected 

studies, this information was reported in the methods section.  

There were a high number of studies missing on one or more of the following items: 

item 4: only one study (Dickson et al., 2020) specified the rater population of interest in the 

introduction; item 6: only three studies (Alsiri et al., 2020, ÜNal et al., 2019, Yamamoto et al., 

2016) explained in the methods how sample size was chosen; item 7: eight of 24 studies 

described the sampling methods; item 11: five of 24 studies stated, in the results section, the 

actual number of raters and patients included. 

Detailed scores for each item are reported in Figure 4.2. Conversely, a large amount of 

the studies included (>21) reported the items regarding the description of the study design (item 

1) and of the technology included (item 2), specified the subject population of interest (item 3), 

described the statistical analysis (item 10) and discussed the practical relevance of the results 

(item 14). All the items of the GRRAS scale divided for each study are reported in the Figure 

4.3. The mean agreement between the two reviewers scoring on the GRRAS scale was 95.8%. 

Disagreement on one item of three different studies were resolved by the third reviewer. 
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4.4.5 Methodological quality (QAREL).  

 

The QAREL checklist was used to appraise the methodological quality of the included 

studies. Item 5 regarding the blinding of the disease status was rated N/A in all studies whereas 

item 7 regarding the blinding of additional cues was rated as unclear in all studies. Once the 

N/A score was removed, the maximum score possible ranged from 7-10. The maximum of 

“yes” answers were obtained by Siu et al. (Siu et al., 2016) with a score of 7 of 9. A minimum 

of one and a maximum of six “unclear” answers were reported in all 24 studies selected, 

indicating uncertainty in the methodological quality, exposing all the studies to a possible risk 

of bias. Detailed scores for each item are reported in Figure 4.4. 

The study that presented with the highest “yes” answers net of the total score is the study 

of Alsiri et al. (Alsiri et al., 2020), with only one “unclear” answer. One study (Petitpierre et 

al., 2018) obtained a “no” answer for the item 11 regarding the appropriate statistical analysis. 

As defined by Lucas et al. (Lucas et al., 2010), the items rated as “no” can invalidate the study 

and compromise the findings. Therefore, the aforementioned study was not included in the 

qualitative syntheses of the present review.  

QAREL items divided for each study are reported in Figure 4.5. The mean agreement 

was 96.2% between the two reviewers scoring on the QAREL checklist. Disagreement on one 

item of two different studies were resolved by the third reviewer. 

 

4.4.6 Reliability 

 

The heterogeneity of the analysed studies precluded a quantitative analysis; therefore, a 

qualitative analysis was performed, dividing the studies by the type of technology used (SE or 
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SWE) and the tendon analysed (AT, PT and QT). Relative and absolute reliability for the 

different tendons and technologies are reported in Tables 4.2-4.5. A visual representation of 

relative reliability with ICC values is presented in Figures 4.6-4.9. 

The qualitative synthesis of the studies was performed considering the following criteria: 

• The ICC punctual value has to be ≥ 0.6. 

• The lower limit of the 95% CI has to exceed 0.5. 

If one of these criteria was not fulfilled, this study was considered to have inconclusive 

reliability. Moreover, where 95% CI were not reported, the study was cautiously evaluated.  
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Authors (y) Parameters Conditions Intra-rater reliability Inter-session reliability Inter-rater reliability 

      Relative  Absolute  Relative  Absolute  Relative  Absolute  
Drakonaki et 
al. (2009) 

Strain ratio 
(Tendon/fat) 

 
Axial  
 
 
Longitudinal 

ICC   
 0.43 ● OP1 
 0.45 ● OP2 

  
 0.78 ● OP1 
 0.66 ● OP2 

CV %   
39%  
37% 

  
30.5%  
30.1% 

  
ICC  

0.41 ● 
 
 

0.51 ● 

CV % 
30% 

 
 

29.6% 

Ooi et al. 
(2015) 

Strain ratio 
(Tendon/fat) 
Colour grading 

Longitudinal 
Strain ratio 
 
Colour grading 

ICC 
0.87 ● 

 
Cohen K 

0.70  

   
ICC 

0.79 ● 
 

Cohen K 
 0.70  

 

Capalbo et al. 
(2016) 

Colour grading  Longitudinal 
Left 
Right 

    
Cohen K 

0.89  
0.91   

 

Schneebeli et 
al. (2016) 

Strain ratio 
(Tendon/ 
reference 
material) 

Longitudinal  
Relaxed  
Contracted 

ICC (95%CI) 
0.87 (0.75-0.93) ● ● 
0.94 (0.90-0.97) ● ● 

MD (LoA) 
0.13 (0.73/-0.47) 
0.00 (0.16/-0.17) 

    

Yamamoto et 
al. (2016) 

Strain ratio 
(Tendon/ 
reference 
material) 

Longitudinal ICC (95%CI) 
 0.93 (0.89-0.96) ● ● OP1 
 0.87 (0.80-0.92) ● ● OP2 

SEM 
0.06  
0.07 

  
Spearman rank 

0.61  

 

Payne et al. 
(2017) 

% of 
displacement 

Longitudinal 
Fixed  
Relaxed 
 
Axial 
Fixed 
Relaxed 

ICC 
0.11 (-0.07-0.54) ● ● 
0.06 (-0.12-0.49) ● ●  

 
 

0.00 (-0.16-0.38) ● ● 
0.00 (-0.19-0.31) ● ● 

CV% 
111.5% 
105.7% 

 
 

112.4% 
53.6% 

ICC  
0.01 (-0.14-0.40) ● ● 
0.10 (-0.08-0.53) ● ● 

 
 

0.02 (-0.14-0.43) ● ● 
0.11 (-0.10-0.55) ● ● 

CV% 
92.8% 
80.8% 

 
 

80.4% 
60.9% 
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Table 4.2. Strain sonoelastography reliability results on Achilles tendon. Colour dots in the table describes the ICC value. ● poor 

reliability, ● moderate reliability, ● good reliability, ● excellent reliability. When 2 dots are present they indicate the lower and 

upper limit of the 95%CI. ICC, Intraclass correlation coefficient; CI, confidence interval; CV, coefficient of variation; OP, operator; MD, 

mean difference; LoA, limit of agreement; SEM, standard error of measurement; SI, strain index; M, measurement. 

 
 
 
 
  

Unal et al. 
(2019) 

Strain ratio 
(tendon/fat) 

Longitudinal 
Hitachi 
 
Toshiba 
 
 
Hitachi-Toshiba 

ICC (95%CI) 
0.98 (0.95-0.99) ● ● OP1  
0.98 (0.96-0.99) ● ● OP2  
0.97 (0.92-0.99) ● ● OP1 
0.96 (0.93-0.98) ● ● OP2 

  
 
 
 
 
 

ICC(95%CI) 
0.85 (0.26-0.95) ● ● 

 ICC (95%CI) 
0.84 (0.74-0.89) 

● ● M1 
0.81 (0.70-0.88) 

● ● M2 
0.73 (0.57-0.83) 

● ● M1 
0.75 (0.61-0.84) 

● ● M2 

 

Alsiri et al. 
(2020) 

Strain ratio 
(tendon/subc. fat) 
Strain index 
 
Colour Pixel % 

Longitudinal 
Strain ratio 
Lower SI 
Higher SI 
 
Red pixel % 
Green pixel % 
Blue pixel % 

ICC (95%CI) 
0.82 (0.53-0.93) ● ● 
0.91 (0.76-0.97) ● ● 
0.91 (0.78-0.97) ● ● 

 
0.99 (0.97-1.00) ● ● 
0.91 (0.77-0.97) ● ● 
0.94 (0.85-0.98) ● ● 

MD (LoA) 
-0.33(2.70/-3.24)  
0.00(0.03/-0.02) 
0.02(0.15/-1.12) 

 
-0.33(3.51/-4.17) 

-2.07(20.07/-
24.21) 

2.41(25.36/-20.54) 
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Authors 
(y) 

Parameters Conditions Intra-rater reliability Inter-session reliability Inter-rater reliability 

      Relative  Absolute  Relative  Absolute  Relative  Absolute  
Porta et al. 
(2014) 

Strain ratio 
(tendon/subcuta
neous tissue) 

Longitudinal  
Proximal  
 
Middle 
 
Distal 

ICC (95%CI) 
0.79 (0.63-0.90) ● ● OP1  
0.75 (0.56-0.88) ● ● OP2 
0.65 (0.43-0.83) ● ● OP1 
0.74 (0.55-0.87) ● ● OP2 
0.71 (0.50-0.85) ● ● OP1 
0.67 (0.44-0.83) ● ● OP2 

   
ICC (95%CI) 

0.64 (0.31-0.84) ● ● 
 

0.59 (0.24-0.81) ● ● 
 

0.53 (0.15-0.77) ● ● 

 

Dickson et 
al. (2019) 

Strain ratio 
(tendon/fat) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Colour grading 
 
 
 
 
 

Longitudinal 
Strain ratio  
PQT 
DQT 
PPT 
MPT 
DPT 
 
PQT 
DQT 
PPT 
MPT 
DPT 
 
PQT 
DQT 
PPT 
MPT 
DPT 
 
Colour grading 
PQT 
DQT 
PPT 
MPT 
DPT 
 

 
ICC  

0.49 (0.07-0.76) ● ● OP1 
0.43 (0.00-0.73) ● ● OP1 
0.85 (0.66-0.94) ● ● OP1 
0.13 (-0.33-0.53) ● ● OP1  
0.91 (0.78-0.96) ● ● OP1 

 
0.30 (-0.16-0.65) ● ● OP2 
-0.20 (-0.58-0.26) ● ● OP2 
0.49 (0.07-0.76) ● ● OP2 
0.44 (0.01-0.74) ● ●OP2 
0.41 (0.08-0.76) ● ● OP2 

 
0.17 (-0.29-0.56) ● ● OP3 
0.01 (-0.43-0.44) ● ● OP3 
0.40 (-0.01-0.72) ● ● OP3  
0.21 (-0.24-0.59) ● ● OP3 
0.22 (-0.24-0.60) ● ● OP3 

 
Mean % agreement 

72% 
77% 
83% 
82% 
93% 

    
ICC 

0.10 (-0.05-0.34) ● ● M1 
0.25 (-0.60-0.39) ● ● M1 
0.15 (-0.07-0.45) ● ● M1 
0.08 (-0.10-0.35) ● ● M1 
0.10 (-0.05-0.33) ● ● M1 

 
0.14 (-0.14-0.50) ● ● M2 
0.38 (-0.08-0.45) ● ● M2 
0.11 (-0.10-0.40) ● ● M2 
0.18 (-0.02-0.45) ● ● M2 
0.22 (0.00-0.50) ● ● M2 

 
 
 
 
 
 
 

Mean % agreement 
60% M1 / 57% M2 
50% M1 / 48% M2 
83% M1 / 83% M2 
68% M1 / 80% M2 
87% M1 / 93% M2 
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Dickson et 
al. (2020) 

Strain ratio 
(tendon/fat) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Colour grading 

Longitudinal 
Strain ratio 
PQT 
DQT 
PPT 
MPT 
DPT 
 
PQT 
DQT 
PPT 
MPT 
DPT 
 
PQT 
DQT 
PPT 
MPT 
DPT 
 
PQT 
DQT 
PPT 
MPT 
DPT 
 
Colour grading 
PQT 
DQT 
PPT 
MPT 
DPT 

 
ICC  

0.49 (0.07-0.76) ● ● OP1 G * 
0.43 (0.00-0.73) ● ● OP1 G * 
0.85 (0.66-0.94) ● ● OP1 G * 
0.13 (-0.33-0.53) ● ● OP1 G * 
0.91 (0.78-0.96) ● ● OP1 G * 

 
0.17 (-0.30-0.56) ● ●OP2 G *  
0.01 (-0.43-0.44) ● ● OP2 G * 
0.40 (-0.01-0.72) ● ● OP2 G * 
0.21 (-0.24-0.59) ● ● OP2 G *  
0.22 (-0.24-0.60) ● ● OP2 G * 

 
0.27 (-0.19-0.63) ● ● OP1 E 
0.51 (0.10-0.77) ● ● OP1 E 
0.48 (0.05-0.75) ● ● OP1 E 
0.67 (0.32-0.85) ● ● OP1 E 
0.15 (-0.31-0.60) ● ● OP1 E  

 
0.35 (-0.10-0.68) ● ● OP2 E  
0.20 (-0.26-0.58) ● ● OP2 E  
0.46 (0.04-0.75) ● ● OP2 E  
0.41 (-0.03-0.71) ● ● OP2 E  
0.57 (0.18-0.80) ● ● OP2 E 

 
Mean % agreement 

81% G / 63% E 
85% G / 75% E 
80% G / 80% E 
83% G / 88 % E 
95% G / 80 % E 

 
 Pearson and Spearman  

(p values)& 
0.575 OP1 M1 
0.794 OP1 M1 
0.267 OP1 M1 
0.711 OP1 M1 
0.138 OP1 M1 

 
0.574 OP2 M1  
0.846 OP2 M1 
0.122 OP2 M1 
0.901 OP2 M1 
0.493 OP2 M1 

 
0.963 OP1 M2  
0.324 OP1 M2 
0.224 OP1 M2 
0.369 OP1 M2  
0.619 OP1 M2  

 
0.983 OP2 M2 
0.964 OP2 M2 
0.092 OP2 M2 
0.756 OP2 M2 
0.441 OP2 M2 

 
Mean % agreement 

58% 
64% 
86% 
81% 
64% 

 
t-Test #  

(p values) 
<0.001 G M1 
<0.001 G M1 
0.896 G M1 
0.03 G M1 
0.36 G M1 

 
0.086 G M2 

<0.001 G M2 
0.765 G M2 
0.048 G M2 
0.09 G M2 

 
0.575 E M1 
0.213 E M1 
0.455 E M1 
0.035 E M1 
0.25 E M1 

 
0.533 E M2 
0.092 E M2 
0.615 E M2 
0.044 E M2 
0.145 E M2 

 
Mean % agreement 

68% G / 63% E 
53% G / 53% E 
80% G / 93% E 
73% G / 95 % E 
95% G / 70 % E 

 

 
Table 4.3. Strain sonoelastography reliability results on patellar and quadriceps tendon. 
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Colour dots in the table describes the ICC value. ● poor reliability, ● moderate reliability, ● good reliability, ● excellent reliability. 

When 2 dots are present they indicate the lower and upper limit of the 95%CI. & significant values indicated inter-machine 

association # significant values (bolt) indicated no inter-rater reliability. * Same dataset as Dickson et al. 2019 OP1 and OP3 

ICC, Intraclass correlation coefficient; CI, confidence interval; OP, operator; M, measurement; PQT, proximal quadriceps tendon; DQT, 

distal quadriceps tendon; PPT, proximal patellar tendon; MPT, mid patellar tendon; DPT, distal patellar tendon; G, GE ultrasound; E, 

Esaote ultrasound. 
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Authors (y) Parameters Conditions Intra-rater reliability Inter-session reliability Inter-rater reliability 

      Relative  Absolute  Relative  Absolute  Relative  Absolute  
Aubry et al. 
(2013) 

Velocity  
(m.s-1)  
 
 
 
 
 
 
 
 
 
 
Elasticity (kPa) 
 
 
 
 
 
 
 
 
 
 
Anisotropy 
Coefficient 
(A) 

Axial  
P1 max PF 
P2 45° PF 
P3 0° PF 
P4 45° DF 
 
Longitudinal 
P1 max PF 
P2 45° PF 
P3 0° PF 
P4 45° DF 
 
Axial  
P1 max PF 
P2 45° PF 
P3 0° PF 
P4 45° DF 
 
Longitudinal 
P1 max PF 
P2 45° PF 
P3 0° PF 
P4 45° DF 
 
Longitudinal 
P1 max PF 
P2 45° PF 
P3 0° PF 
P4 45° DF 

    
ICC  

0.15 ● 
0.06 ● 
0.29 ● 
0.19 ● 

 
ICC  

0.46 ● 
0.22 ● 
-0.01● 
0.03 ● 

 
ICC  

0.16 ● 
0.02 ● 
0.31 ● 
0.17 ● 

 
ICC  

0.43 ● 
0.01 ● 
-0.02 ● 
0.04 ● 

 
ICC 

0.21 ● 
0.10 ● 
0.23 ● 
0.20 ● 

 

Peltz et al. 
(2013) 

Elasticity (kPa) Longitudinal 
Achilles Left 
 
 

ICC  
0.54 ● D1 T1 
0.31 ● D1 T2 
0.66 ● D2 T1 
0.82 ● D2 T2 
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Achilles Right 
 

 
0.19 ● D1 T2 
0.00 ● D1 T2 
0.11 ● D2 T1 
0.37 ● D2 T2 

 
Helfenstein-
Didier et al. 
(2016) 

Compression 
modulus (MPa)  
 
 
Shear modulus 
(kPa) 

Longitudinal 
Compression modulus 
45° 
35° 
25° 
Shear modulus 
45° 
35° 
25° 

 
ICC 

0.42 (0.05-0.83) ● ● 
0.73 (0.40-0.94) ● ● 
0.85 (0.60-0.97) ● ● 

 
 1.00 (1.00-1.00) ● ● 
 1.00 (1.00-1.00) ● ● 
 1.00 (1.00-1.00) ● ● 

 
CV% and SEM 
0.81% and 2.14 
0.60% and 2.04 
0.48% and 1.37 

 
0.07% and 10.69 
0.05% and 6.45 
0.05% and 3.5         

Siu et 
al.(2016) 

Elasticity  
(kPa) 

Longitudinal ICC 
0.85 ● OP1 
0.84 ● OP2  
0.80 ● OP3 

CV % 
0.09%  
0.1%   
0.11% 

  ICC 
0.59 ● 

CV % 
0.13% 

Lima et al. 
(2017) 

Elasticity  
(kPa) 

Longitudinal 
Left 
Right 

ICC  
0.93 ● 
0.82 ● 

CV % 
23%  
25% 

ICC 
0.42 ● 
0.60 ● 

   

Payne et al. 
(2018) 

Velocity  
(m.s-1)  

Longitudinal 
Fixed  
Relaxed 
 
Axial  
Fixed 
Relaxed 

ICC 
0.71 (0.50-0.83) ● ● 
0.54 (0.21-0.73) ● ● 

 
 

0.62 (0.29-0.78) ● ● 
0.71 (0.50-0.82) ● ● 

CV%; SEM and 
MDC 

4.9%; 0.23 and 0.65 
2.9%; 0.19 and 0.51 

 
 

3.9%; 0.19 and 0.53 
6.0%; 0.26 and 0.71 

ICC  
0.67 (0.44-0.81) ● ● 
0.55 (0.24-0.73) ● ●  

 
 

0.78 (0.62-0.87) ● ● 
0.85 (0.74-0.91) ● ● 

CV%; SEM 
and MDC 
5.2%; 0.27 
and 0.76 

3.1%; 0.20 
and 0.55 

 
 

4.4%; 0.17 
and 0.46 

6.3%; 0.19 
and 0.53 

   

Petitpierre et 
al.(2018) 

Elasticity  
(kPa) 

Longitudinal PF 
MTJ 
Pre insertional 
Enthesis 
Longitudinal DF 

 

      

p values 
0.163 
0.153 
0.075 
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Body 
Pre insertional 
Enthesis 
 
Axial PF 
MTJ 
Body 
Enthesis 
Axial DF 
MTJ 
Body 
Enthesis 

0.236 
0.070 
0.096 

 
 

0.305 
0.304 
0.273 

 
0.134 
0.096 
0.169 

Corrigan et 
al. (2019) 

Elasticity (kPa) 
static and 
dynamic shear 
modulus. 
Viscosity 
(Pa*s) 

Longitudinal 
Static modulus 
Dynamic modulus 
Viscosity 

ICC (95%CI) 
0.70 (0.39-0.87) ● ● 
0.86 (0.72-0.94) ● ● 
0.86 (0.72-0.94) ● ● 

   

 

 
 
 

Table 4.4. Shear wave sonoelastography reliability results on Achilles tendon. Colour dots in the table describes the ICC value. ● 

poor reliability, ● moderate reliability, ● good reliability, ● excellent reliability. When 2 dots are present they indicate the lower and 

upper limit of the 95%CI. 

ICC, Intraclass correlation coefficient; CI, confidence interval; CV, coefficient of variation; SEM, standard error of measurement; MDC, 

minimal detectable change; OP, operator; PF, plantar flexion; DF, dorsi flexion; MTJ, musculotendinous junction. 
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Authors 
(y) 

Parameters Conditions Intra-rater reliability Inter-session reliability Inter-rater reliability 

      Relative  Absolute  Relative  Absolute  Relative  Absolute  
Peltz et al. 
(2013) 

Elasticity  
(kPa) 

Longitudinal 
Patellar Left 
 
 
 
Patellar Right 
 
 
 
Quadriceps Left 
 
 
 
Quadriceps Right 

ICC  
0.90 ● D1 T1 
0.49 ● D1 T2 
0.40 ● D2 T1 
0.67 ● D2 T2 
0.45 ● D1 T1 
0.74 ● D1 T2 
0.24 ● D2 T1 
0.23 ● D2 T2 
0.67 ● D1 T1 
0.80 ● D1 T2 
0.79 ● D2 T1 
0.81 ● D2 T2 
0.67 ● D1 T1 
0.61 ● D1 T2 
0.87 ● D2 T1 
0.67 ● D2 T2 

     

Zhang and 
Fu (2013) 

Elasticity  
(kPa) 

Longitudinal 
Proximal 

ICC (95%CI) 
0.98 (0.93-0.99) ● ● 

SEM / MDC (kPa) 
1.54 / 4.27 

    ICC (95%CI) 
0.97 (0.93-0.98) ● ● 

SEM / MDC (kPa) 
1.64 / 4.54 

Hsiao et al. 
(2015) 

Elasticity  
(kPa) 
  

Longitudinal  
Proximal  
 
Middle 
 
Distal 

ICC (95%CI) 
0.87 (0.58–0.97) ● ● OP1  
0.83 (0.32–0.96) ● ● OP2  
0.97 (0.87–0.99) ● ● OP1  
0.99 (0.96–1.00) ● ● OP2  
0.84 (0.47–0.96) ● ● OP1  
0.88 (0.51–0.97) ● ● OP2 

   ICC (95%CI) 
0.74 (0.04–0.94) ● ● 

 
0.82 (0.28–0.96) ● ● 

 
0.78 (0.13–0.95) ● ● 

 

Tas et al. 
(2017) 

Velocity  
(m.s-1) 

Longitudinal ICC (95%CI) 
0.92 (0.82-0.97) ● ● OP1  
0.91 (0.80-0.96) ● ● OP2 

CV% / SEM 
6.5% / 0.48 
5.9% / 0.44 

ICC (95%CI) 
0.83 (0.57-0.95) ● ● OP1 
0.81 (0.57-0.93) ● ● OP2 

CV% / SEM 
7.5% / 0.56 
7.1% / 0.51 

ICC (95%CI) 
 0.71 (0.32-0.88) ● ● 

CV% / SEM 
9.3% / 0.70 

Mannarino 
et al. (2018) 

Elasticity 
(kPa) 

Longitudinal  
Dominant 
 
Non-dominant 

ICC (95%CI) 
0.89 (0.55-0.92) ● ● D1  
0.93 (0.80-0.97) ● ● D2  

CV% 
40.19% 
62.79% 

ICC (95%CI) 
0.65 (0.09-0.87) ● ● 

 
0.63 (0.07-0.85) ● ● 

CV% 
41.26% 

 
48.19% 
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0.89 (0.61-0.97) ● ● D1  
0.90 (0.65-0.97) ● ● D2 

62.98% 
48.37% 

Zardi et al. 
(2019) 

Elasticity 
(kPa) 

Longitudinal 
Quadriceps 
Patellar 

ICC (95%CI) 
1.00 (0.99-1.00) ● ● 
0.99 (0.98-1.00) ● ● 

CV (M1/M2) 
0.527 / 0.528 
0.623 / 0.629 

    

 
Table 4.5. Shear wave sonoelastography reliability results on patellar and quadriceps tendon. Colour dots in the table describes the 

ICC value. ● poor reliability, ● moderate reliability, ● good reliability, ● excellent reliability. When 2 dots are present they indicate 

the lower and upper limit of the 95%CI. 

ICC, Intraclass correlation coefficient; CI, confidence interval; CV, coefficient of variation; SEM, standard error of measurement; MDC, 

minimal detectable change; OP, operator. 
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SE: Achilles tendon.  

 

Eight studies evaluated the reliability of AT elasticity measures using SE. Moderate to 

excellent intra-rater reliability was found for the longitudinal measurement of strain ratio; 

results ranged from an ICC of 0.66-0.99. Inter-rater reliability was moderate to good (ICC = 

0.51-0.84), with some studies showing values below the 0.6 threshold. 

A moderate inter-rater correlation was also found in one study (rs 0.61) (Yamamoto et al., 

2016). Another study (ÜNal et al., 2019) analysing the inter-machine reliability showed an ICC 

of 0.85 (0.26-0.95), indicating good reliability but with very large 95% CI. Agreement 

on the colour grading of SE images was considered substantial (k = 0.70) for intra-rater 

evaluation and was considered substantial to almost perfect (k = 0.70-0.91) for inter-rater 

evaluation.  

Poor reliability was found for intra-rater (ICC = 0.06-0.11) and for inter-session (ICC = 

0.01-0.10) when using the percent of displacement values (Payne et al., 2017). Axial scan using 

SE was evaluated in two studies (Drakonaki et al., 2009, Payne et al., 2017) showing poor intra- 

and inter-rater reliability (ICC < 0.45). 

Overall, intra- and inter-rater reliability for AT elasticity measured with SE strain ratios 

in a longitudinal scan was adequate. Inter-machine reliability tested in one study reported 

inconclusive results. Colour grading intra- and inter-rater agreement was substantial. 

 

SE: patellar and quadriceps tendons.  

 

Two studies (Dickson et al., 2020, Dickson et al., 2019) shared part of the data set; 

therefore, intra-rater reliability values obtained with the GE ultrasound device were reported 
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only for the study by Dickson et al. (Dickson et al., 2019), eliminating the other study (Dickson 

et al., 2020). 

PT strain ratio was evaluated in three studies, showing intra-rater reliability values 

ranging from poor to good (ICC = 0.40-0.85) for the proximal, (ICC = 0.13-0.67), middle (ICC 

= 0.15-0.91) and distal part of the tendon. Inter-rater reliability ranged from poor to moderate 

(ICC = 0.11-0.64) for the proximal (ICC = 0.08-0.60), middle (ICC = 0.22-0.96) and distal part 

of the tendon.  Inter-rater agreement of strain ratio using a t-test (p values) (Dickson et al., 2020) 

revealed mixed results with good values only documented for the proximal and distal part of 

the PT (Table 4.3). Inter-machine association using strain ratios was evaluated in one study 

(Dickson et al., 2020) showing significant results, indicating no association between the two 

ultrasound devices for the PT. Mean percent of agreement on the colour grading for PT was 

>80% for intra-rater, between 68% and 95% for inter-rater and between 64% and 86% for inter-

machine (Dickson et al., 2020, Dickson et al., 2019).  

QT strain ratio was evaluated in two studies revealing poor intra-rater (ICC<0.5) and 

inter-rater (ICC<0.5) reliability and no inter-machine association (p > 0.05). Mean percent of 

agreement on the colour grading for QT was between 63% and 85% for intra-rater, between 

48% and 68% for inter-rater and between 58% and 64% for inter-machine (Dickson et al., 2020, 

Dickson et al., 2019). 

Overall, reliability of SE measures using strain ratios on the PT was adequate only for 

intra-rater reliability when measured in the proximal part of the PT and if analysed by expert 

operators. QT measures were not reliable. Intra-rater agreement in the colour grading was good 

for the PT and QT. Inter-rater agreement was adequate in the PT and lower on the QT. 
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SWE: Achilles tendon.  

 

Eight studies evaluated the reliability of using SWE to measure AT elasticity in a 

longitudinal scan. Results indicated poor to excellent intra-rater reliability (ICC = 0.17-1.00) 

for the elasticity or shear modulus (kPa), moderate intra-rater reliability (ICC = 0.54-0.71) for 

velocity (m.s-1) and poor to good intra-rater reliability (ICC = 0.42-0.85) for compression 

modulus (MPa). In two studies (Aubry et al., 2013, Helfenstein-Didier et al., 2016), reliability 

results were also divided according to angle of the ankle when the measurements were 

performed (Table 4.4). Inter-rater reliability was poor to moderate (ICC = -0.02 to 0.59) for 

shear modulus (kPa) and poor (ICC < 0.5) for velocity (m.s-1). Inter-session reliability was poor 

to moderate (ICC = 0.42-0.60) for shear modulus (kPa) and moderate (ICC = 0.55-0.67) for 

velocity (m.s-1). 

One study (Payne et al., 2018) showed moderate to good intra-rater and inter-session reliability 

for velocity axial values (ICC = 0.62-0.85), whereas another study (Aubry et al., 2013) showed 

poor inter-rater axial values (ICC <0.5) for shear modulus and for velocity. 

Overall, inter-rater and inter-session reliability of SWE measures for AT was 

inconclusive. Intra-rater reliability was conflicting, with some studies indicating good 

reliability and others poor reliability. 

 

SWE: patellar and quadriceps tendon.  

 

Six studies evaluated intra-rater reliability of PT measurements with poor to excellent 

results (ICC = 0.45-1.00) for shear modulus (kPa) and excellent intra-rater reliability (ICC = 

0.91-0.92) for velocity (m.s-1). Inter-session reliability was moderate (ICC = 0.63-0.65) for 
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shear modulus (kPa) and good (ICC = 0.81-0.83) for velocity (m.s-1). Inter-rater reliability 

ranged from moderate to excellent (ICC = 0.71-0.97) for both shear modulus and velocity. 

Two studies evaluated the QT intra-rater reliability, one with moderate results (ICC = 0.72-

0.77) (Peltz et al., 2013) and the other with excellent results (ICC = 0.99-1.00) (Zardi et al., 

2019). Overall, intra-rater reliability of SWE was satisfactory for the PT and QT. Inter-rater 

and inter-session reliability results were conflicting. 
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Figure 4.6. Forest plot representing the intraclass correlation coefficient (ICC) values of 

the study analysing strain elastography (SE) reliability in the Achilles tendon in the 

longitudinal scan. Dotted line, ICC = 0.6 clinical relevance threshold. Red, orange, light 

green and dark green areas represent poor, moderate, good and excellent reliability 

values, respectively.  ■; Intra-rater reliability ▲; Inter-rater reliability ◆; Inter-session 

reliability ●; Inter-machine reliability. OP, operator; SI, strain index. 
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Figure 4.7. Forest plot representing the intraclass correlation coefficient (ICC) values of 

the study analysing shear-wave elastography (SWE) reliability in the Achilles tendon in 

the longitudinal scan. Dotted line, ICC = 0.6 clinical relevance threshold. Red, orange, 

light green and dark green areas represent poor, moderate, good and excellent values, 

respectively. ■; Intra-rater reliability ▲; Inter-rater reliability ◆; Inter-session 

reliability. A, anisotropy coefficient; D, day; DF, dorsi flexion; Mod., modulus; OP, operator; 

PF, plantar flexion; T, trial. 
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Figure 4.8. Forest plot representing the intraclass correlation coefficient (ICC) values of 

the study analysing strain elastography (SE) reliability in the patellar and quadriceps 

tendons in the longitudinal scan. Dotted line, ICC = 0.6 clinical relevance threshold. 

Red, orange, light green and dark green areas represent poor, moderate, good and 

excellent reliability values, respectively. ■; Intra-rater reliability ▲; Inter-rater 

reliability.  

D, day; Dist., distal; Dom., dominant; E, Esaote ultrasound, N-Dom, non-dominant; OP, 

operator; Prox., proximal; PT, patellar tendon; QT, quadriceps tendon. * For GE ultrasound 

values of this study, see Dickson et al. (I) OP1 and OP3. 
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Figure 4.9. Forest plot representing the intraclass correlation coefficient (ICC) values of 

the study analysing shear-wave elastography (SWE) reliability in the patellar and 

quadriceps tendons in the longitudinal scan. Dotted line, ICC = 0.6 clinical relevance 

threshold. Red, orange, light green and dark green areas represent poor, moderate, 

good and excellent reliability values, respectively. ■; Intra-rater reliability ▲; Inter-

rater reliability ◆; Inter-session reliability. 

D, day; Dist., distal; Dom., dominant; N-Dom, non-dominant; OP, operator; Prox., proximal; 

PT, patellar tendon; QT, quadriceps tendon; T, trial. 



 

 97 

4.5 Discussion 

 

The present chapter aimed to synthesize the evidence regarding the reliability of 

sonoelastography for the assessment of lower limb tendon mechanical properties. Reliability 

and validity are prerequisites to the clinical applicability of a measure. These measurement 

properties should be confirmed before this technology is used in clinical settings. The results 

of this systematic review suggest that reliability is highly variable across the studies, and 

therefore the use of this technology in a clinical setting should be further evaluated in high-

quality reliability studies. Furthermore, other clinimetric properties (i.e., validity and 

responsiveness) should be further investigated. 

Twenty-four articles were included and reviewed in subgroups of studies divided by 

technology used and tendons analysed. High heterogeneity was found between studies even 

when using the same technology on the same tendon. Different joint angles and position, 

different probe orientation (longitudinal or axial scan), different parameters used to calculate 

elasticity and different ultrasound devices used challenged the possibility of comparing results 

between studies. Nevertheless, a qualitative synthesis was conducted, and overall, there was a 

large variability of the results regardless of the technology used or the tendon analysed with 

variable reliability findings; these conflicting results could be attributed to the low 

methodological quality of the included studies. 

As expected, intra-rater reliability results were superior to inter-rater or inter-session 

values, confirming that this type of ultrasound-based technology, whether with qualitative or 

quantitative elastogram analysis, is particularly dependent on the operator’s manual skills and 

experience (Prado-Costa et al., 2018). However, we cannot exclude that the lower reliability 

found for inter-rater and inter-session is related to the paucity of studies analysing this type of 

reliability. Different results were found between the lower limb tendons, suggesting that the 
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reliability of sonoelastography could be influenced by the structural and morphologic 

characteristics of the tissues evaluated. Very wide 95% CI of the ICC values were found across 

the majority of the studies, questioning the sample size used. The use of inadequate sample size 

is confirmed by the low score on the GRRAS scale (item 6). 

The quality of the reporting in the selected papers was poor, with only two studies with 

more than 10 out of 15 points on the GRRAS scale (Alsiri et al., 2020, Dickson et al., 2020). 

The majority of the studies lacked a description of the raters and patients of interest in the 

definition of the sampling methods and the calculation of the sample size. 

Although the reviewed papers were designed specifically to evaluate reliability, many 

were not reported adequately. Moreover, the comparison between studies and the replication of 

an individual study is compromised by the lack of detailed reporting of the procedures. 

Furthermore, even the methodological quality of the studies included, screened with the 

QAREL checklist, showed a possible risk of bias owing to shortcomings in the study design. 

Considering the real total score without “N/A” answers, the majority of the included studies 

(17 out of 24) scored at maximum 2 or 3 points less than the possible highest value. 

Nevertheless, in almost all of the included studies, one or more items were scored as “unclear,” 

indicating possible methodological bias (Figure. 4.5). The lack of clarity in the experimental 

design mainly concerned the blinding of the raters to the finding of other raters (item 3), the 

blinding to their own prior findings (item 4), the blinding to additional cues that were not part 

of the test (item 7) and the varied order of examination (item 8). The “unclear” score did not 

invalidate the study but made it vulnerable to possible bias. These limitations may be attributed 

to insufficient reporting rather than real methodological bias. Given the low quality in reporting 

and the possible methodological bias present in all studies, caution should be used in the 

interpretation of the results. 
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Future studies evaluating reliability should adhere to validated quality assessment tools 

to improve methodological quality and reporting of the results. 

 

SE: Achilles tendon 

 

The majority of the included studies showed that SE has acceptable (ICC >0.6) intra-

rater reliability except for one study (Payne et al., 2017) that showed very low reliability values. 

High intra-rater reliability values were found when the AT was analysed using semi-

quantitative analysis using strain ratio with an external reference material (Schneebeli et al., 

2016, Yamamoto et al., 2016). Variable results (moderate to excellent) were obtained when 

using strain ratio for the KFP (Drakonaki et al., 2009, Ooi et al., 2015, ÜNal et al., 2019) or 

subcutaneous fat (Alsiri et al., 2020) and low results when using the percent of displacement 

calculation (Payne et al., 2017). 

Inter-rater results were variable (moderate to high) between studies, with one study 

presenting results lower than the threshold of 0.6 (Drakonaki et al., 2009) and two studies with 

moderate to good reliability (Ooi et al., 2015, ÜNal et al., 2019). Overall, both intra- and inter-

rater SE measurements of the AT appear reliable when using semi-quantitative strain ratio 

analysis. Conversely, calculating the percent of displacement in SE seems unreliable (Payne et 

al., 2017). When analysing the tendon qualitatively with colour grading, the agreement is 

substantial to almost perfect. 

In addition to strain ratio measurements, Alsiri et al. (Alsiri et al., 2020) presented 

another method to quantify SE images using the colour pixel analysis. This method is based on 

the quantification of the percentages of each colour in the SE image. Intra-rater reliability of 

this method on the AT appeared higher than the strain ratio measure. However, caution should 
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be used in the analysis of elastograms without an external reference material not affected by 

changes in elasticity owing to pathology, recovery or different measurement conditions. A 

simple count of the colour pixel within the same structure disregards the algorithm implemented 

in SE ultrasound devices that uses an “auto scale” colour range (Schneebeli et al., 2019). Ünal 

et al. (ÜNal et al., 2019) evaluated the inter-machine reliability, showing variable results 

ranging from ICC of 0.26-0.95. Given this result, the author suggests evaluating the tendon 

separately for each device. The latter study emphasizes one of the major limitations of SE. The 

semi-quantitative analysis obtained by a colour scale may differ depending on the algorithm 

implemented by different companies and from the amount of compression with the probe 

permitted by different devices. 

The differences between devices in the generation of the colour scale may hinder the 

clinical applicability of SE. Caution should be taken when comparing results obtained from 

different devices on the same structure. 

 

SE: patellar and quadriceps tendon 

 

In contrast to the AT, SE using strain ratios on the PT and QT have questionable intra- 

and inter-rater reliability results. 95% CI of the reliability measurement often fell below the 0.6 

threshold, indicating poor to moderate reliability and weak clinical relevance. 

Porta et al. (Porta et al., 2014) showed moderate to good intra-rater reliability with 

almost all the CI values below 0.6 and poor inter-rater reliability. Two studies (Dickson et al., 

2020, Dickson et al., 2019) reported mixed results with measurements on some part of the PT 

appearing to be reliable when measured by an expert rater. Overall, the results of those studies 

indicate poor reliability except for the proximal PT when analysed by expert operators. When 
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using colour grading, agreement between operators appears to be better compared with using 

semi-quantitative analysis (Dickson et al., 2020, Dickson et al., 2019). Operator experience 

seems to play an important role to be able to measure the PT and QT in a reliable way. The 

different reliability values obtained with SE on the AT, QT and PT could be attributed to 

differences in anatomy between tendons, where the first two are tendons with one bone insertion 

and muscle while the latter is attached to a bony structure on both sides. Compression with the 

ultrasound probe on a “free” tendon rather than on a more solid structure with the proximity of 

prominent bone projection, as for PT, could affect reliability results. Furthermore, the different 

structures used for the strain ratio, subcutaneous tissue (Porta et al., 2014) and Hoffa fat pad 

(Dickson et al., 2020, Dickson et al., 2019) could have led to a difference in reliability compared 

with AT measurements using an external reference material (Schneebeli et al., 2016, Yamamoto 

et al., 2016) or KFP (Alsiri et al., 2020, Drakonaki et al., 2009, Ooi et al., 2015, ÜNal et al., 

2019). 

To date, only three studies with a small sample size are present in the literature. Given 

the high variability of these results, further studies with high methodological quality are needed 

to establish the reliability of SE when measuring these tendons. 

 

SWE: Achilles tendon 

 

SWE measurements of the AT showed conflicting results with two studies (Aubry et 

al., 2013, Peltz et al., 2013) showing poor to moderate intra- and inter-rater reliability for 

longitudinal and axial scans. One of these studies (Peltz et al., 2013) indicated a reliability 

slightly over the 0.6 threshold but only for the left tendon. Two other studies (Corrigan et al., 

2019, Helfenstein-Didier et al., 2016) revealed moderate to excellent intra-rater reliability for 
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compression and shear modulus (Helfenstein-Didier et al., 2016) except for the compression 

modulus at 45° and 35° plantarflexion and moderate to excellent intra-rater reliability for 

dynamic modulus and viscosity (Corrigan et al., 2019) with inconclusive results for the static 

modulus. 

Furthermore, two studies (Lima et al., 2017, Siu et al., 2016) showed good to excellent 

intra-rater reliability but poor or moderate inter-rater (Siu et al., 2016) and inter-session 

reliability (Lima et al., 2017). Finally, Payne et al. (Payne et al., 2018) showed acceptable intra-

rater reliability in the longitudinal scan when the ankle was fixed at 0° plantarflexion, but 

doubtful reliability for the relaxed position. Surprisingly, this study showed higher values 

(moderate to high) when the tendon was analysed in the axial scan. 

Indeed, waves propagate along the fibers, as for longitudinal scan, more easily than 

across the fiber, as for axial scan. Moreover, during an axial scan, inhomogeneous compression 

with the edges of the probe could occur, which may affect the reliability. Considering these 

results, further studies are needed to better understand the value of axial scans in the analysis 

of tendon elasticity. 

Although the majority of the SWE studies used the Aixplorer ultrasound equipment, 

two studies (Corrigan et al., 2019, Payne et al., 2018) analysed AT with a different SWE device 

but obtained similar results to the other studies. Overall, the results indicated relatively good 

intra-rater reliability but poor inter-rater and intersession reliability. The main reasons for the 

lack of inter-rater reliability are, according to the authors, because of the difficulties in the 

stabilization of the ankle joint position (Aubry et al., 2013, Peltz et al., 2013) and measurement 

bias related to positioning, the direction of the transducer or to the positioning of the ROI 

(Aubry et al., 2013). Moreover, anisotropic changes of the tendon owing to a slightly different 

position of the ankle can occur. Furthermore, some authors (Aubry et al., 2013, Chino and 
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Takahashi, 2015, DeWall et al., 2014) suggested that the higher shear modulus achievable with 

this technology (600-800 kPa) was not sufficient to calculate tendon elasticity in a position near 

to 0° plantarflexion or in dorsiflexion because of saturation of the signal. 

 

SWE: patellar and quadriceps tendon 

 

The six studies evaluating the PT and QT with SWE showed high intra- and inter-rater 

reliability with all the point values of ICC of more than 0.6, except for the PT in the study of 

Peltz et al. (Peltz et al., 2013). Inter-session reliability was also considered moderate to high in 

two studies (Mannarino et al., 2018, Tas et al., 2017). Two studies (Zardi et al., 2019, Zhang 

and Fu, 2013) reported excellent intra- and inter-rater reliability values for PT and QT. 

Nevertheless, considering the 95% CI of all the ICC results (Figure 4.9), the majority of the 

included studies, especially for inter-rater and inter-session reliability, presented CI values 

substantially lower than 0.5 and therefore should be considered as poor reliability. These values 

are often neglected by authors and readers but are critical when analysing and interpreting ICC 

values. Indeed, the CI gives the range within which the true ICC value is supposed to be, and 

this could be at any point between the lower and the higher limits. Therefore, the true ICC value 

could largely be lower than the estimate value (Koo and Li, 2016, Shrout and Fleiss, 1979). 

Considering this large CI, Hsiao et al. (Hsiao et al., 2015) concluded that the only suitable part 

of the PT to make SWE evaluation is the (MID) and that inter-rater reliability should be 

cautiously interpreted. Overall, intra-rater reliability was adequate for PT and QT but dubious 

for inter-rater and inter-session. According to the authors, the reason for this variability between 

studies could be attributed to the difference in the ROI placement and size. Furthermore, some 

authors (Chen et al., 2013, Drakonaki et al., 2012, Hsiao et al., 2015) suggested that another 
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possible cause of heterogeneity in the results are the saturation of the signal with high shear 

modulus (kPa) values and the excessive noise signal when measuring soft tissue near bone. 

Finally, the small sample size present in some of these studies may have led to an increased 

95% CI. 

 

Limitations 

To improve the quality of the included articles, the search was restricted to full peer-

reviewed published papers; relevant grey literature may have been excluded. The high 

heterogeneity of the included studies, which used varying joint angles, tendon portion, 

conditions, ultrasound scan, extracted parameters and statistical methods, made generalization 

of the results difficult. Graphical synthesis of the results was done in a sub-portion of the data 

of the included studies. Given the high heterogeneity of the data reported, especially regarding 

the parameter used to calculate elasticity, a quantitative synthesis with meta-analysis was not 

possible. This systematic review included only reliability measures on lower limb tendons and 

therefore the results may not be generalized to other tendons. Other measurement properties 

apart from reliability (i.e., validity, diagnostic accuracy, sensitivity, specificity) were not 

evaluated in this systematic review; different sonoelastography measurement properties need 

to be reviewed in the future. Moreover, the majority of the studies assessed tendon in healthy 

participants, and therefore it is not possible to generalize these results to a clinical context in 

the assessment of pathologic tendons. 
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4.6 Conclusions 

 

In this chapter reliability values of SE and SWE in assessing lower limb tendons are 

presented. Overall, the reliability of these measures remains highly variable across studies. SE 

on AT is reliable when using strain ratio, and good agreement was found in the colour grading 

analysis, but this was not the case for the PT. 

The reliability of SWE measurements was highly variable between studies; 

nevertheless, it seems to be more reliable on PT than on AT, especially if different operators 

are compared. However, weakness in the reporting and possible methodological bias were 

present in all studies, making it difficult to recommend one technology over another. The 

interpretation of reliability results was often over-estimated given the lack of consideration of 

the CI. The lack of inter-rater, inter-session and inter-machine reliability found in this 

systematic review raises important doubts about the clinical applicability of these technologies. 

Caution should be used when interpreting results from sonoelastography measures. 

Further reliability studies of high methodological quality are needed to better understand 

the value of these technologies in the assessment of lower limb tendon mechanical properties 

to transfer the use of these measures in clinical settings to provide meaningful information about 

tendon status.  
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CHAPTER 5 

 MYOTONOMETRY FOR THE EVALUATION OF ACHILLES 

TENDON MECHANICAL PROPERTIES: A RELIABILITY AND 

CONSTRUCT VALIDITY STUDY 

 
This chapter reports in full the contents of a published manuscript by the thesis author 

(Schneebeli et al. 2020b). It includes verbatim text from the published manuscript and some 

changes employed for the purpose of this thesis. 

 

Publications and Presentations 

 

1. Schneebeli A., Falla D., Clijsen R., Barbero M. 2020b. Myotonometry for the 

evaluation of Achilles tendon mechanical properties: a reliability and construct validity 

study. BMJ Open Sport Exerc Med. 12;6(1) (Appendix 6) 

2. Schneebeli A., Falla D., Clijsen R., Barbero M. MyotonPRO; a reliable device to 

evaluate Achilles tendon mechanical properties. International Society of 

Electrophysiology and Kinesiology (ISEK) Virtual Congress. July 2020  
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5.1 ABSTRACT 

 

In this chapter, the intra-rater and inter-rater reliability of the MyotonPRO and its 

construct validity for the assessment of AT stiffness is presented. 

Forty healthy participants were assessed using the MyotonPRO by two raters on two different 

occasions. Tendon was evaluated in three different positions (relaxed, 0° plantarflexion and 

standing) and during different isometric contractions (range 0–3 kg). Reliability was calculated 

using ICC, 95% CI, SEM and minimal detectable change (MDC). Construct validity was 

evaluated between the different positions and the different contraction intensities using 

Friedman test.  

Intra-rater reliability was very high ICC2,k 0.87–0.98. The reliability of the 0.5 kg 

contraction was moderate with an ICC2,k of 0.59. Inter-rater reliability ranged from high to 

very high with an ICC2,k of 0.76–0.86. The reliability of the 0.5 kg, 1 kg contraction and the 

standing position was moderate with an ICC2,k of 0.55, 0.54 and 0.56 respectively. Inter-

session reliability ranged from high to very high with an ICC2,k of 0.70–0.89. The reliability 

of the 0.5 kg contraction was moderate with an ICC2,k of 0.54. Construct validity was 

demonstrated between different contraction levels and different positions. 

MyotonPRO is a reliable tool for the evaluation of AT stiffness during different 

contraction levels and in different positions. Construct validity was supported by changes of 

tendon stiffness during the explored conditions. MyotonPRO can be implemented, as a ready 

to use device, in the evaluation of tendon tissue mechanical properties. 
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5.2 Introduction 

 

Given the clinical and research interest in evaluating tendon stiffness as a parameter to 

describe tendon behaviour and tendon health, different measurement techniques have been 

developed. In the previous chapters (Chapters two, three and four) AT mechanical properties 

have been evaluated with different sonoelastography techniques. In this chapter a recent, non-

invasive, ready to use technology, the MyotonPRO (Muomeetria, Tallinn, Estonia) is presented. 

This device is a handheld myotonometer producing a mechanical impulse to the skin overlying 

the target structure. The oscillation of the tissues underneath the probe permits calculation of 

the viscoelastic properties of the tissue (Gervasi et al., 2017, Fröhlich-Zwahlen et al., 2014, 

Agyapong-Badu et al., 2016). One parameter that can be extracted with this device is dynamic 

stiffness (N/m), which has been used in different studies to characterise the behaviour of 

different musculoskeletal tissues. This device has recently been used to evaluate tendon 

stiffness (Orner et al., 2018, Morgan et al., 2018, Liu et al., 2018, Feng et al., 2018) with a 

recent work showing decreased stiffness over the tendinopathic region of the tendon in people 

with Achilles tendinopathy and a significant difference in tendon stiffness between weight-

bearing and non-weight-bearing positions. 

The reliability of the MyotonPRO has been demonstrated for the evaluation of muscle 

stiffness, (Ortega-Cebrian et al., 2016, Kelly et al., 2018, Fröhlich-Zwahlen et al., 2014, Bizzini 

and Mannion, 2003) however, the reliability of MyotonPRO for measuring AT stiffness 

requires further investigation, (Sohirad et al., 2017, Liu et al., 2018, Finnamore et al., 2019, 

Feng et al., 2018) especially regarding the capability of this device to measure the tendon in 

different conditions. In contrast to muscle, values of AT stiffness are extremely high and even 

higher when tested under load (Morgan et al., 2018). Being able to quantify AT mechanical 
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properties with a ready to use and affordable device which provides a reliable and valid 

evaluation of the tendon under different conditions, would provide new opportunities to 

characterise the mechanical behaviour of the AT, for example, in people with Achilles 

tendinopathy or following an intervention. 

This chapter address the thesis objective number 4 and aims to evaluates the intra-rater 

and inter-rater reliability of using the MyotonPRO to measure stiffness of asymptomatic AT in 

different position and during increasing load and to determine the construct validity of this 

device for measuring tendon stiffness. 

 

5.3 Methods 

 

The study was conducted between January and July 2019 at the University of Applied 

Sciences and Arts of Southern Switzerland. The study reporting adheres to the GRRAS (Kottner 

et al., 2011).  The study was approved by the Ethics Committee of Canton Ticino (ID:2018–

01483/CE3391) (Appendix 11) and written informed consent was provided by the participants. 

A convenience sample of 40 healthy participants (18 women, 22 men, aged 33.8±14.2 

years) were prospectively recruited trough public announcement at the University. Their mean 

(±SD) height and weight were 172.2 (±8.2) cm and 71.7 (±12) kg. Health-related physical 

activity was monitored using the International Physical Activity Questionnaires Short form 

(IPAQ) (Craig et al., 2003); 23 participants were categorised as high, 15 as moderate and 2 as 

having low physical activity levels. Participants were excluded if they had a history of tendon 

or foot injury or surgery, connective tissue, metabolic or endocrine disease. Furthermore, 

participants with systemic inflammatory disorders, rheumatoid arthritis, spondyloarthropathy 

or hypercholesterolaemia were excluded. 
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Sample size was estimated according to Walter et al. (Walter et al., 1998) using the 

following parameters: two replicates, p0=0.6, p1=0.80, α=0.05 and β=0.2. The optimal sample 

size was 39.1, and we rounded up to 40 participants. 

 

5.3.1 Procedures 

 

The AT mechanical properties were randomly analysed by two independent operators 

who were both physiotherapists with a minimum of 4 hours of training with the MyotonPRO 

prior to the study. Two measurement sessions were planned within 7 days. During the first 

session, the two operators consecutively performed the measures in order to evaluate the intra-

rater and inter-rater reliability. The second session was used to evaluate inter-session reliability. 

Testing location and room temperature (21°C–23°C) was kept constant across sessions. 

Participants were asked to maintain the same activity level between the two testing days. 

The resistance of the soft tissues to the deformation induced by the MyotonPRO is calculated 

from an acceleration graph representing the damped natural oscillation of the tissues. Dynamic 

stiffness, calculated in N/m, is computed by multiplying the maximum acceleration of the 

oscillation graph to the mass of the probe divided by the maximum displacement of the tissue; 

higher values represent a stiffer tissue. 

Both the left and right AT were evaluated at the most central point of the tendon 

following a trajectory from the most central component of the medial malleolus as this point 

has been suggested as the most prevalent region for tendinopathy (Mahieu et al., 2006). 

Furthermore, a previous study using MyotonPRO to evaluate stiffness of the AT in people with 

Achilles tendinopathy and asymptomatic controls showed that changes in mechanical 
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parameters are more likely to be detected from 8 to 12 cm from the plantar aspect of the heel, 

corresponding to the free tendon part (Morgan et al., 2018). 

MyotonPRO was setup with a multiscan sequence of 5 impulses (1 s apart), a short duration 

(15 ms) impulse involving minimal mechanical force with a precompression of 0.18 N and an 

impulse of 0.40 (total=0.58 N) was exerted on the tendon. 

Measurements were taken in three different positions: standing, a relaxed position and 

during isometric contractions of the plantar flexors of increasing intensities, in order to evaluate 

construct validity (Figure 5.1). As the triceps surae contracts to increase plantarflexor force, the 

passive tension within the tendon increases as shown in previous studies (Kjaer, 2004). Since 

tendon stiffness and tendon displacement are directly related to plantarflexor strength 

(Magnusson et al., 2003) and ankle angle, (Arampatzis et al., 2007a) myotonometry values are 

expected to increase with increasing muscle contraction and with increased plantarflexion. To 

illustrate this construct, stiffness of the AT was compared across the five different contraction 

levels and between the three different positions. Testing in the three different positions as well 

as the sequence of the isometric contractions were randomized using a random number table. 

 

5.3.2 Isometric contractions 

 

The participants were positioned in prone with the foot secured within a dynamometer 

with the ankle in 0° of dorsiflexion/plantarflexion. Different intensities of isometric 

contractions of the plantar flexors were performed (0, 0.5, 1, 2 and 3 kg). The torque at the 

ankle joint was evaluated using a dynamometer connected to a force sensor operating in a 0–

100 n range (CCT Transducers, Turin, Italy). The force sensor was attached to a wooden board 

connected to a hinge that enabled natural movement of the ankle joint in dorsiflexion and 
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plantarflexion (Figure 5.1A). The board was then fixed in order to permit isometric contractions 

only at a defined angle of 0° dorsiflexion. The force detected by the sensor was proportional to 

the torque exerted at the ankle level. Force signals were amplified using MISO-II (OT 

Bioelettronica, Turin, Italy) and visual feedback was provided to the participants. A practice 

phase prior to the recording was conducted by asking the patient to familiarise with the visual 

feedback and perform contractions with the instruction to ‘push on the board as if you want to 

reach a tip-toe position’. During this practice phase, the lift of the heel was controlled. In order 

to prevent the detachment of the heel from the board, the foot and ankle were tightly secured in 

the dynamometer with two belts. 

 

5.3.3 Standing 

 

For the analysis in the standing position, participants were asked to stand on a Wii-

Balance board (Nintendo, Kyoto, Japan) with the centre of mass on the middle of the board 

with the feet equally spaced (Figure 5.1B). Visual feedback was provided by the BrainBLOX 

Software (University of Colorado, Boulder, Colorado, USA) to the participant in order to ensure 

that the centre of mass remained in the same position. Participants were asked to rest their hands 

on a fixed box which ensured the stability of the standing position and avoided oscillation of 

the centre of mass during the measurement that could affect the tension of the triceps surae 

muscle-tendon complex. 
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5.3.4 Relaxed position 

 

The measurements in the relaxed position were performed with the participants in prone 

on an examination bed and the feet hanging freely over the edge (Figure 5.1C). The participants 

were instructed not to move their feet during the measurement. 

 

 

Figure 5.1 Schematic of the experimental setup. (A) Isometric contractions: the foot was 

securely attached to a dynamometer with a wooden board at a fixed angle of 0° of 

dorsiflexion. The force measured by the load cell was proportional to the torque exerted 

at the ankle level. (B) Standing position: participants were asked to stand on a Wii 

balance board (Nintendo, Kyoto, Japan) with the centre of mass centred on the centre of 

board with the feet equally spaced. (C) Relaxed position: the feet were hanging freely 

over the edge of the examination bed. MyotonPRO was applied to the most central point 

of the tendon at the level of the medial malleolus. 

 

5.3.5 Statistical analysis 

 

Statistical Package for the Social Sciences (SPSS V.24) was used to perform statistical 

analysis. Descriptive statistics (mean±SD) were used to describe the demographic 
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characteristics of the sample. The distribution of the values was assessed using the Shapiro-

Wilk test. Given the non-normal distribution of the data, non-parametric, independent samples, 

Mann-Whitney test was used to assess whether there were significant differences in AT 

mechanical properties between men and women, between participants with different physical 

activity levels based on their IPAQ score. 

Intra-rater and inter-rater reliability was assessed using ICC2,k and the absolute 

reliability was calculated using SEM and MDC (Atkinson and Nevill, 1998). Furthermore, a 

cut-off point of ICC >0.6 was used to consider the clinical relevance of the measurements 

(Chinn, 1990, Munro, 2005). 

Construct validity was tested analysing the correlations between the five different 

contraction levels and the three different positions using Friedman test with post hoc pairwise 

comparison Bonferroni correction was applied and statistical significance was set to α=0.05. 

Data are presented as median and IQR. 

 

5.4 Results 

 

No significant difference in AT stiffness was observed between men and women (p=0.6) 

or between participants with different physical activity levels based on their IPAQ score 

(p=0.9), therefore, the data were pooled and further analysed across the sample. Table 5.1 

reports the descriptive statistics for the sample in the different conditions. 

A total of eighty AT of 40 healthy participants were assessed by the two physical 

therapists. Intra-rater reliability was very high with an ICC2,k of 0.95 for 0 kg, 0.87 for 1 kg, 

0.95 for 2 kg, 0.94 for 3 kg, and 0.98 and 0.87 for the relaxed and standing positions 
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respectively. The intra-rater reliability of measuring AT stiffness during the 0.5 kg contraction 

was moderate with an ICC2,k of 0.59. 

 

  
  

  Sample (Mean±SD) Stiffness N/m (Median IQR) 

N. Age (y) Height 
(cm) 

Weight 
(kg) 0 kg 0.5 kg 1 kg 2 kg 3 kg Relax Standing 

Total  40 33.8 172.2 71.7 1043.0 1096.5 1110.5 1180.5 1381.5 771.0 1596.0 
    ±14.2 ±8.2 ±12.0 132.3 62.0 121.3 255.5 214.3 105.3 339.3 
                        
Men 22 35.6 177.7 77.4 1057.5 1089.5 1086.5 1117.5 1333.0 792.0 1577.5 
    ±13.8 ±5.6 ±10.6 144.0 65.0 132.3 143.3 198.3 124.0 337.3 
                        
Women 18 32.4 167.6 67.0 1041.0 1099.5 1129.5 1284.0 1435.5 753.0 1616.5 
    ±15.1 ±6.9 ±11.0 139.0 89.5 129.8 279.8 201.3 83.3 363.5 

 

Table 5.1 Descriptive statistics. Sample characteristics and stiffness values. 

 

Inter-rater reliability between the two raters ranged from high to very high with an 

ICC2,k of 0.76 for 0 kg, 0.79 for 2 kg, 0.81 for 3 kg and 0.86 for the relaxed position. The inter-

rater reliability of measuring AT stiffness during the 0.5 kg, 1 kg contraction and the standing 

position was moderate with an ICC2,k of 0.55, 0.54 and 0.56, respectively. 

Inter-session reliability ranged from high to very high with an ICC2,k of 0.88 for 0 kg, 

0.70 for 1 kg 0.86 for 2 kg, 0.78 for 3 kg, 0.89 and 0.75 for the relaxed and standing positions, 

respectively. The inter-session reliability of measuring AT stiffness during the 0.5 kg 

contraction was moderate with an ICC2,k of 0.54. Table 5.2 reports the relative reliability with 

ICC and 95% CI and absolute reliability with SEM and MDC. 
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Intra-rater Inter-rater Inter-session 
ICC (95% CI) SEM MDC ICC (95% CI) SEM MDC ICC (95% CI) SEM MDC 

0 kg 0.95 (0.92-0.97) 19.3 53.5 0.76 (0.62-0.84) 43.2 119.6 0.88 (0.82-0.93) 30.5 84.6 
0.5 kg 0.59 (0.36-0.74) 40 111 0.55 (0.30-0.72) 50.2 139.1 0.54 (0.29-0.71) 49.8 137.9 
1 kg 0.87 (0.80-0.92) 36 99.8 0.54 (0.28-0.71) 66.2 183.5 0.70 (0.54-0.81) 56.1 155.6 
2 kg 0.95 (0.91-0.97) 39.3 109 0.79 (0.67-0.87) 83.3 231 0.86 (0.78-0.91) 65.8 182.5 
3 kg 0.94 (0.91-0.96) 47.7 132.1 0.81 (0.69-0.88) 85.9 238.2 0.78 (0.66-0.86) 92.7 256.9 

Relax 0.98 (0.97-0.99) 10.8 30 0.86 (0.78-0.91) 30.5 84.6 0.89 (0.83-0.93) 24.7 68.4 
Standing 0.87 (0.89-0.92) 70.7 196.1 0.56 (0.29-0.73) 130.1 360.5 0.75 (0.60-0.84) 101.5 281.3 

 

Table 5.2 Absolute and relative reliability for the different conditions. 

ICC: intraclass correlation coefficient; SEM: standard error of measurement; MDC: minimal 

clinical difference; CI: confidence interval 

 

Changes in AT stiffness between the different conditions were calculated using 

Friedman test for related samples. Significant differences (p<0.01) were found between all 

contraction levels except for 0–0.5 kg (p=0.9); 0.5–1 kg (p=0.9); 1–2 kg (p=0.7) and between 

the different positions (Figure 5.2). 
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Figure 5.2. Construct validity. Box plot showing the stiffness median and IQR values of 

the entire sample for the different contraction levels (A) and for the different positions 

(B). *p<0.01; statistically significant difference between the different conditions. 

 

5.5 Discussion 

 

This chapter evaluated the absolute and relative reliability of the myotonometry to 

measure the stiffness of AT in different conditions. Even though the MyotonPRO was 

developed to evaluate the stiffness and tone of skeletal muscle, the present study shows the 

transferability of this technology and that measuring stiffness of tendon tissue is feasible and 

reliable. Intra-rater and inter-rater reliability ranged from high to very high in most of the tested 

conditions. Moreover, stiffness changes between the different contraction intensities and the 

different positions were detected, demonstrating the construct validity of this device. 

One of the conditions in the current study was assessing AT stiffness with the person in 

a relaxed position with the feet hanging freely over the edge of the examination bed. A previous 
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study (Finnamore et al., 2019) also showed high intra-rater reliability when the AT was 

evaluated in a relaxed position (ICC: 0.80 in healthy participants). A further study evaluating 

the effect of dorsiflexion of the ankle joint on tendon stiffness (Liu et al., 2018) showed high 

to very high intra-reliability and inter-reliability when measured in a relaxed position (ICC 

>0.88). Our results strengthen these previous observations by confirming high to very high intra 

and inter-rater reliability (ICC >0.86), now demonstrated in a larger sample. The stiffness 

values vary slightly between studies with an average of 873 N/m reported by Finnamore et al, 

(Finnamore et al., 2019) 776.11±71.70 reported by Liu et al, (Liu et al., 2018) and 771±105.3 

N/m observed in the present study. Nevertheless, collectively the current and previous findings 

confirm that MyotonPRO is a reliable device to evaluate AT stiffness in a relaxed position on 

the same day, between different days and between different operators. 

Stiffness values increased from 1043±132.3 N/m when tendon was assessed in a 0° 

ankle dorsiflexion position with 0 kg of contraction to 1381±214 N/m for the isometric 

contraction at 3 kg. The ICC values showed high to very high intra-rater and inter-rater 

reliability for the majority of the isometric contraction levels (Table 5.2). Moderate intra-rater 

and inter-rater reliability was found for the 0.5 kg contraction level and the level of reliability 

did not exceed the cut-off point of ICC =0.6 considered as the threshold for clinical relevance 

(Chinn, 1990). The low reliability for the contraction at 0.5 kg is likely due to the difficulty in 

maintaining the force feedback stable during such a low contraction of the plantar flexors. A 

previous study18 evaluating AT stiffness at different ankle angles showed similar results to the 

present study with an average stiffness of 1143 N/m at 0° of dorsiflexion compared with 

1043±132 N/m found in the current study. Liu et al. (Liu et al., 2018) did not examine reliability 

at different ankle angles, however, the data reported in this article demonstrated a statistically 

significant increase in tendon stiffness due to the change in ankle dorsiflexion angle from 1143 
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N/m at 0° to 1329 N/m at 30°. These results are in line with the present study, which showed a 

significant increase in tendon stiffness with contractions of increasing intensity. Thus, the 

MyotonPRO can reliably detect changes in AT stiffness whether the tendon is stretched from 

contraction of the triceps surae muscle or stretched as a result of a change in the angle of the 

ankle. 

Another study (Orner et al., 2018) analysing the tissue properties of the AT and plantar 

fascia in healthy volunteers found slightly different stiffness values when the tendon was 

measured at 0° of dorsiflexion. The article reports a mean (±SD) of 848 (±95.73) N/m and 847.3 

(±101.5) N/m for the left and right AT, respectively, whereas we observed higher values with 

an average stiffness of 1043±132 N/m. 

Tendon structural and mechanical adaptations are strongly related to the load magnitude 

exerted to the musculotendinous complex (Obst et al., 2018, Magnusson and Kjaer, 2018, Bohm 

et al., 2015a) and the majority of interventions targeting pathological tendon tissue are loading-

based exercise regimens (Silbernagel et al., 2001, Silbernagel et al., 2007, Mafi et al., 2001, 

Kongsgaard et al., 2009, Alfredson and Lorentzon, 2000). The current results support the 

evaluation of the tendon tissue behaviour during load with a reliable and easy to use device 

could be helpful to detect possible mechanical adaptation following different rehabilitation 

protocol. 

Stiffness of the AT was also evaluated in standing position in this study to verify the 

feasibility of MyotonPRO to analyse the tendon in a weight-bearing position. Intra-rater 

reliability was very high and inter-session reliability was high. Conversely inter-rater reliability 

in the standing position was moderate. It is important to note, however, that in the standing 

position the average stiffness values were 1596 (±339) N/m which is approaching the upper 

limit that the device is able to detect. The lower reliability could be a consequence of the 
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measurement threshold of the device such that when it is close to the higher limit, there were 

difficulties in providing a mechanical impulse strong enough to give a proper oscillation wave. 

Morgan et al. (Morgan et al., 2018) found similar results in a population of healthy participants 

in a weight-bearing position. Despite the possible technical limitation of analysing tendon 

stiffness in a weight-bearing position, the results demonstrate good intra-rater reliability but 

only moderate inter-rater reliability. 

This is the first study to evaluate changes in AT stiffness between different contraction 

levels using the MyotonPRO. The results confirm a significant difference in tendon stiffness 

between the different contraction levels. Although stiffness changes can be detected across 

different contractions, the levels with similar intensity (0–0.5 kg (p=0.9); 0.5–1 kg (p=0.9); 1–

2 kg (p=0.7)) showed similar stiffness values likely as the difference between consecutive 

contraction levels was not sufficient to change the mechanical properties of the tendon. These 

results are consistent with those reported in a previous sonoelastography evaluation (Schneebeli 

et al., 2019) showing an increase of tendon elastography colour scale index when the AT was 

gradually put under tension by isometric contractions of increasing intensity. In further support 

of the construct validity, pairwise comparisons showed a difference in AT stiffness between the 

different positions (relaxed, 0° ankle angle and standing). Similarly, a previous study using 

shear wave sonoelastography (Aubry et al., 2015) showed an increase in wave velocity, 

indicating a hardening of the AT, when the ankle angle changed from a plantarflexed position 

to 0° of dorsiflexion. 

There are some limitations of this study which should be noted. Healthy participants 

were recruited, and stiffness was evaluated in only one point of the tendon and it is therefore 

unknown whether variation may exist in different regions of the tendon. Another potential 

limitation was the selection of the contraction intensities. The upper limit of this ramp was 
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chosen because after a certain amount of load (approximately 5 kg) the device cannot detect 

stiffness values. The small changes between the different contraction levels could be not 

sufficient to fully describe the behaviour of the tendon during load. 

 

5.6 Conclusions 

 

In this chapter, reliability and construct validity of myotonometry in the evaluation of 

AT is reported. MyotonPRO is a reliable tool to measure AT stiffness in different conditions 

including when the tendon is in a relaxed position and under load. Reliability is confirmed for 

the same rater, between different days and between two raters. Construct validity was supported 

by changes of tendon stiffness during the explored contractions and ankle positions. 

MyotonPRO can be implemented, as a ready to use device, in the evaluation of tendon tissue 

mechanical properties. 
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CHAPTER 6 

MEASUREMENT OF ACHILLES TENDON MECHANICAL 

PROPERTIES USING SHEAR WAVE TENSIOMETRY: A 

RELIABILITY STUDY 

 
 

This chapter reports in full the contents of a published manuscript by the thesis author 

(Schneebeli et al. 2022). It includes verbatim text from the published manuscript and some 

changes employed for the purpose of this thesis. 

 

Publications and Presentations 

 

1. Schneebeli A., Falla D., Cescon C., Barbero M. 2022. Measurement of Achilles tendon 

loading using shear wave tensiometry: A reliability study. Musculoskeletal Science and 

Practice. 62:102665. (Appendix 7) 

2. Schneebeli A., Falla D., Cescon C., Barbero M. Intra-rater reliability of a shear wave 

tensiometer in the evaluation of Achilles tendon mechanical properties. International 

Society of Electrophysiology and Kinesiology (ISEK) Québec City. Canada. June 2022 
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6.1 ABSTRACT 

 

This chapter presents a recently developed technology called shear wave tensiometry 

able to measure tendon mechanical properties and particularly tendon loading. Given the 

paucity of studies conducted using tensiometry, knowing the clinimetric features (e.g., 

reliability) is important for use in clinical and research settings. Therefore, the aim of this 

chapter was to evaluate the inter-session reliability of a novel shear wave tensiometer for the 

assessment of AT loading. A further aim was to test the construct validity of this device by 

evaluating its precision in detecting AT loading changes induced by a plantar flexor isometric 

contraction of increasing intensity.  

Ten healthy participants were recruited. Five measurements were performed at different 

time points to evaluate inter-session reliability. Shear wave speed along the AT was evaluated 

during different isometric contractions using a shear wave tensiometer composed of an array of 

four accelerometers fixed on the tendon, ranging from 4 to 8.5 cm from the calcaneal insertion 

of the tendon. Test-retest, intra- and inter-session reliability were determined using ICC3.1. 

Absolute reliability was calculated using the SEM and MDC. 

Test-retest reliability was good to excellent (ICC3.1 0.87–0.99) for each of the 

contraction levels examined. Intra-session reliability was good to excellent (ICC3.1 0.85–0.96) 

and inter-session reliability was also good to excellent (ICC3.1 0.75–0.93) for each of the 

contraction levels.  

This chapter confirms the reliability of this novel device. Future studies analysing 

participants with Achilles tendinopathy are needed to evaluate the capability of shear wave 

tensiometry to detect transient changes in loading due to pathology. 
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6.2 Introduction 

 

The previous chapters evaluated commercially available technologies for assessing the 

mechanical properties of tendons. As highlighted in the study limitations, each technology has 

its weaknesses. Among these, the low reliability and the difficulty of these technologies in 

measuring the AT under high loads are notable. Given the importance of evaluation during 

loading, especially for the AT, whose main function is energy storage and release during 

activities such as walking and running, having technologies that reliably measure this parameter 

is important.  

Recently, a promising technology known as shear wave tensiometry, has been 

developed and validated (Martin et al., 2018). This technology uses accelerometers to measure 

wave propagation along the tendon generated by a tapping device in order to measure muscle-

tendon loading. The principle behind this technology is based on the concept that squared 

tendon wave speed varies in proportion to the axial stress in the tissue (Martin et al., 2018). 

Recent studies have demonstrated a relationship between AT wave speed and ankle kinetics 

during locomotion (Martin et al., 2018, Keuler et al., 2019) and different tendon loading 

between older and younger adults during walking (Ebrahimi et al., 2020). Evaluation of the 

inter-session reliability of this device is important to apply this measure with confidence in a 

clinical setting and in longitudinal studies.  

Therefore, to address objective number 5 of the thesis, the aim of this chapter was to 

evaluate the inter-session reliability of a novel shear wave tensiometer for the assessment of 

AT loading. An additional aim was to test the construct validity of this device by evaluating its 

precision in detecting transient changes in tendon loading induced by a plantar flexor isometric 

contraction of increasing intensity. 
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6.3 Methods 

 

The study was conducted between May and July 2021 at the University of Applied 

Sciences and Arts of Southern Switzerland. The study was approved by the Ethics Committee 

of Canton Ticino (ID:2021–00611/CE3844) (Appendix 12) and written informed consent was 

provided by the participants. Reporting of this study adheres to the GRRAS (Kottner et al., 

2011). 

 

6.3.1 Participants 

 

Ten (5 male and 5 female) healthy, asymptomatic participants were prospectively 

recruited. Participants were excluded if they had a history of foot or tendon injury or surgery, 

metabolic, connective tissue or endocrine disease. Participants with systemic inflammatory 

disorders, spondyloarthropathy, rheumatoid arthritis, or hypercholesterolemia were excluded. 

The size of the sample was estimated according to Walter et al., (Walter et al., 1998) using the 

following parameters: five replicates, ρ0 = 0.6, p1 = 0.9, α = 0.05, and β = 0.2. The ideal sample 

size was 6.4. Given the choice of healthy participants and the non-invasive procedures, 10 were 

recruited. p0 was selected according to the clinical relevance threshold for the reliability 

measurement in clinics (0.6) (Munro, 2005) whereas p1 of 0.9 was chosen after a structured 

pilot study involving four healthy participants. 
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6.3.2 Procedures 

 

A test-retest without repositioning of the participant and the device (test-retest) followed 

by a third measure where the participants were asked to stand up and come back to the 

examination bed (intra-session) was performed on the first day. Two between day measures 

were performed following 1 week and 2 weeks (inter-session). Participants were asked to 

maintain the same activity level throughout the entire study. Wave speed along the AT (m/s) 

was measured using four accelerometers placed longitudinally on the AT during a ramp of 

isometric contractions with a randomized level of intensity corresponding to 0-1.75-3.5-7-17.5-

35 Nm of the ankle joint torque.  

The participants were positioned in prone with the foot secured within a dynamometer 

with the ankle in 0◦ of dorsiflexion/plantarflexion (Figure 6.1). Prior to the first session, the 

participants attended a practice session to learn how to perform the isometric contraction and 

familiarize themselves with the visual feedback. The instruction ‘push on the board as if you 

want to reach a tip-toe position’ was given. Detachment of the heel from the dynamometer was 

monitored by the investigator and a tight fixation of the foot and ankle was ensured by two 

belts. The detection software acquired a set of 10 repeated measures for each of the contraction 

levels for both the left and right AT for each participant. The mean of these 10 measurements 

were used to determine the reliability values. The same test location and times were maintained 

throughout the study. 

 



 

 127 

 

Figure 6.1. Image of the experimental setup. The participant was positioned in prone 

with the foot secured within a dynamometer with the ankle in 0° of 

dorsiflexion/plantarflexion. Force feedback was presented to the participants in real 

time. The bottom right box shows a detailed image of the tapping device and 

accelerometers. 

 

6.3.3 Equipment 

 

The shear wave tensiometer was composed of an array of four accelerometers (Analog 

Devices, ADXL202JE) which were fixed with double adhesive tape on the tendon, equally 

spaced at a distance of 15 mm (Figure 6.1) The most distal accelerometer was positioned 4 cm 

to the calcaneal insertion of the tendon (previously identified with ultrasound imaging). 

Ultrasound imaging was also used to check whether all the accelerometers were placed on the 

tendon and not on the MTJ. The signals were acquired using a Sessantaquattro 

(OTBioelettronica, Torino, Italy) with a sampling frequency of 10 kHz. The signals were 

analysed in order to identify the propagation velocity of the mechanical waves on the tendon, 

based on the delay between the waves. Since the four accelerometers were equally spaced and 
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given the hypothesis that the wave propagates at a constant speed, the delay between the 

waveforms detected by adjacent accelerometers was expected to be constant. The technique for 

propagation velocity estimation is based on the estimation of this delay using the cross-

correlation function between pairs of signals. Once the average delay from each possible pair 

of signals was determined, the propagation velocity was calculated as the ratio between the 

inter-accelerometer distance and the average delay (Farina et al., 2001). The algorithm is the 

same used in the field of surface electromyography for the computation of muscle fiber 

conduction velocity (Farina et al., 2004, Farina et al., 2001). The outcome variable was one 

propagation speed value (m/s) for each tap provided to the tendon (Figure 6.2). 

The mechanical impulse was generated by a custom developed tapper based on an 

electromagnetic transductor. A current impulse was used to activate an electromagnet, which 

attracts the iron arm connected to a wooden stick. In its rest position the wooden stick was held 

a few millimetres away from the tendon. The tapping frequency was set to 4 Hz. The opening 

and closing of the switch was controlled by a microcontroller (Arduino UNO, Italy) 

programmed to provide intermittent pulses with constant time intervals (250 ms). The tapper 

was positioned 2 cm proximally from the end of the calcaneal bone. This location was checked 

by means of ultrasound imaging. 
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Figure 6.2. Schematic of the shear wave tensiometer. The tapper device was mounted on 

the dynamometer and placed on the Achilles tendon at 2 cm from the calcaneus 

insertion. The four accelerometers (1–4) were attached to the skin in series with a 15 mm 

inter-accelerometer distance. Shear wave speed signals of the Achilles tendon at 0 Nm 

(1A) and at 35 Nm of isometric ankle torque (1B). The propagation velocity of the wave 

was calculated based on the delay between the waves passing from the accelerometers. 

 

Participants performed different intensities of isometric contractions of the plantar 

flexors (0-1.75-3.5-7-17.5-35 Nm). The torque of the ankle was assessed using a dynamometer 

connected to a force sensor that operated linearly in the range between 0 and 100N (Mod. 

TF2/S; CCT Transducers, Turin, Italy). The force sensor was attached to a wooden board 

connected to a hinge that allowed natural dorsiflexion and plantar flexion of the ankle. The 

board was fixed in order to permit isometric contractions only at a fixed angle of 0° dorsiflexion. 

The force measured by the force sensor was proportional to the torque exerted at the ankle level. 

Force signals were amplified using MISO-II (OT Bioelettronica, Turin, Italy; bandwidth 0–80 

Hz) and presented to the participants as real time visual feedback. A practice phase prior to the 

recording was conducted in order to familiarize the participant with the visual feedback and 

practice the contractions. 
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6.3.4 Statistical analysis 

 

Descriptive statistics, mean ± SD, were determined to characterise the demographics of 

the sample. Statistical Package for Social Sciences (SPSS v. 26) was used for statistical 

analysis. Test-retest, intra-session and inter-session reliability was calculated using ICC3.1 

based on a single-rater (k = 1), absolute agreement, 2-way mixed effect model. Absolute 

reliability was calculated using the SEM and MDC (Atkinson and Nevill, 1998). An ICC >0.6 

was used to consider the clinical relevance of the measurements (Munro, 2005). Inter-

measurement variability was calculated using the CV of the 10 measurements for each 

participant and contraction level. The distribution of the data was determined using Shapiro-

Wilk test and non-parametric independent samples, Mann-Whitney test was performed to 

assess significant differences in AT wave speed between men and women and between the 

dominant and non-dominant leg. A linear regression model was used for each participant to test 

the linear relationship between squared wave speed and ankle joint torque to determine 

construct validity. The goodness of fit of the subject specific model was assessed using the 

coefficient of determination (R2). Wave speed values are presented as median and IQR. 

 

6.4 Results 

 

Data from 10 healthy participants (5 female) were analysed. Their mean (±SD) age, 

height and weight were 31 (6.9) years, 173 (8.2) cm and 65 (9.3) kg respectively. Data were 

pooled and analysed across the entire sample given that no significant difference in AT wave 

speed was observed between men and women (p =1.000) or between the left and right side (p 

=0.853). Wave speed values at the different contraction levels and inter-measurement 
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variability are reported in Table 6.1. Test-retest reliability was good to excellent with a 

minimum value of ICC3.1 0.87 and a maximum of ICC3.1 0.99 considering all contraction 

levels. Intra-session reliability was good to excellent with a minimum value of ICC3.1 0.85 and 

a maximum of ICC3.1 0.96 considering all contraction levels. Inter-session reliability was also 

good to excellent with a minimum value of ICC3.1 0.75 and a maximum of ICC3.1 0.93 

considering all contraction levels. The measure at 17.5 Nm showed good reliability but the 

lower limits of 95% CI were below the cut-off point of >0.6 considered to be the clinically 

relevant threshold. Reliability data with 95% CI and absolute reliability calculated with SEM 

and MDC are reported in detail in Table 6.1.  

 

 

Table 6.1. Shear wave speed values of the sample, inter-measurement variability, 

absolute and relative reliability values for the different contraction levels. 

 

Linear regression models showed that squared wave speed was quite accurately 

predicted by ankle joint torque for each of the participants (R2 =0.991 ± 0.01 and 0.992 ± 0.01, 

mean ±SD, for the left and right tendon respectively) (Figure 6.3) For every Nm of torque 

Ankle 
torque 

Shear wave 
speed values 

(m/s) 

Variability Test-retest reliability Intra-session 
reliability 

Inter-session 
reliability 

Nm Median (IQR) Cov (%) ICC SEM MDC ICC SEM MDC ICC SEM MDC 

0 21.53 (4.4) 2.3% 0.99  
(0.98-0.99) 0.3 0.8 0.96  

(0.91-0.99) 0.6 1.8 0.93  
(0.86-0.97) 0.9 2.5 

1.75 27.24 (6.3) 2.8% 0.95  
(0.87-0.98) 0.8 2.3 0.92  

(0.79-0.97) 1.2 3.4 0.83  
(0.65-0.93) 1.9 5.1 

3.5 31.3 (5.8) 2.6% 0.94  
(0.84-0.98) 1.0 2.7 0.95  

(0.86-0.98) 0.9 2.6 0.84 
(0.65-0.93) 1.9 5.3 

7 36.08 (6.8) 2.4% 0.96  
(0.89-0.98) 1.0 2.7 0.85  

(0.62-0.94) 2.0 5.4 0.81  
(0.60-0.92) 2.3 6.4 

17.5 54.6 (9.2) 2.5% 0.93  
(0.83-0.97) 1.7 4.6 0.90  

(0.75-0.96) 2.0 5.7 0.75  
(0.48-0.89) 3.4 9.5 

35 76.33 (22.6) 2.1% 0.87  
(0.67-0.95) 4.7 13.1 0.90  

(0.75-0.96) 3.7 10.3 0.84  
(0.66-0.93) 4.7 12.9 
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increase, the squared wave speed increased by 139 (m2s-2) on average among the participants. 

The ankle joint torque-wave speed relationship was however variable across participants, 

ranging from a minimum value of 84.9 to a maximum of 211.7 (m2s-2). 

 

 

Figure 6.3. Scatter plot showing the squared shear wave speed values of each of the 

participants tendons (n = 20) for the different levels of ankle torque. The two panels 

show the values of the left and right Achilles tendon. Each dot is the average of three 

sessions and each colour represents a participant. Lines represent the linear regression 

for each tendon (R2). 

 

6.5 Discussion 

 

The purpose of this chapter was to evaluate the reliability of a shear wave tensiometer 

for the evaluation of AT loading at different contraction levels. The results showed that this 

device is highly reliable (ICC>0.75) not only when a test-retest without repositioning of the 
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accelerometers was performed but also with the repositioning (intra-session) and between 

different sessions (inter-session). 

Every contraction level assessed in the study (from 0 to 35 Nm) resulted in high 

reliability values showing that this instrument is precise even when the tendon is under load 

and is subject to a transient loading change. Moreover, absolute reliability calculated with the 

SEM and MDC showed a very small error when compared to the shear wave speed values 

obtained in the different contraction levels. As the plantar flexor force increase, AT should 

increase its strain and its stiffness (Kjaer, 2004, Magnusson et al., 2003), and therefore an 

increment in the shear wave speed should be found when the tendon is gradually put under load 

by isometric contractions to confirm this construct. Construct validity of the measurement was 

confirmed, and indeed for each participant the coefficient of determination (R2) was very high 

(R2 =0.991 ± 0.01 and 0.992 ± 0.01, mean ± SD, for the left and right tendon respectively) 

indicating that the increase in the squared wave speed was strongly correlated with the increase 

of the ankle joint torque. Despite this strong relationship, highly variable results were found 

between participants showing possible individual behaviour of the tendon during load. Further 

studies are needed to better understand these changes.  

This novel technology has been previously validated and used to assess AT loading 

during gait (Martin et al., 2018). Only a few studies (Martin et al., 2018, Keuler et al., 2019) 

tested this device during isometric contractions and the results are comparable with the present 

study with a wave speed that varies from 15 to 20 (m/s) when the muscles were relaxed, to 60 

to 80 (m/s) when maximal contractions were performed. In the present study, values ranged 

from 21.53 m/s (IQR 4.4) with no contraction to 76.33 m/s (IQR 22.6) with a 35 Nm 

contraction. The device used in the current study consisted of 4 accelerometers in series with 

an inter-accelerometer distance of 1.5 cm which allows a larger (4.5 cm) portion of the Achilles 
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free tendon to be assessed compared to previous studies which analysed 1 cm of the tendon 

(Keuler et al., 2019, Ebrahimi et al., 2020, Acuna et al., 2019). Considering that it was not 

possible to assume a constant wave speed between accelerometers pairs, due to possible 

variation of the tendon CSA or wave dispersion, a larger spatial sampling with multiple 

detection points allowed us to average the wave speed. 

There are some limitations of this study that need to be acknowledged. Firstly, the study 

evaluated a novel shear wave tensiometer under controlled conditions, and therefore the results 

cannot be generalized to other types of shear wave tensiometers. Sample size was estimated for 

the calculation of the reliability values, therefore values of the correlation between contraction 

levels with this sample size could be underpowered. Moreover, the results cannot be generalized 

to other tendons or to different conditions. 

 

6.6 Conclusions 

 

This chapter confirms the reliability and construct validity of shear wave tensiometry. 

Future studies analysing participants with AT pathology (i.e., tendinopathies or tendon rupture) 

are needed to evaluate the capability of shear wave tensiometry for use in clinical practice. 

 

 

  



 

 135 

CHAPTER 7 

MECHANICAL VERSUS MANUAL IMPULSE FOR THE 

PROPAGATION OF SHEAR WAVE ALONG THE ACHILLES 

TENDON: A PILOT CONVERGENT VALIDITY STUDY 

 
This chapter reports the contents of two conference presentation (ISEK Conference 2022, 

Canada; WP Congress 2023, United Arab Emirates) presented by the thesis author. It includes 

verbatim text from the poster presentation and some changes employed for the purpose of this 

thesis. 

 

Publications and Presentations 

 

1. Schneebeli A., Falla D., Cescon C., Barbero M. Mechanical versus manual impulse for 

the propagation of shear wave along the Achilles tendon: a congruent validity study. 

International Society of Electrophysiology and Kinesiology (ISEK) Québec City. 

Canada. June 2022 

 

2. Schneebeli A., Falla D., Cescon C., Barbero M. Shear wave propagation along the 

Achilles tendon measured with tensiometry: mechanical versus manual impulse. World 

Physiotherapy Congress. Dubai. UAE. 2023 
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7.1 ABSTRACT 

 

Shear wave tensiometry is a promising technology able to detect tendon loading; in 

Chapter six the reliability and construct validity was tested and confirmed in healthy 

participants. In the previous chapter, the impulse used to elicit the shear wave within the AT 

was performed using a custom developed mechanical tapper based on an electromagnetic 

transductor. To make this technology easier to use and therefore more clinically applicable, a 

simplification of the experimental setup was necessary. Therefore, the aim of this chapter was 

to test in a pilot laboratory study the convergent validity of two different methods to generate 

mechanical impulses (i.e., tapping device versus reflex hammer) given to calculate mechanical 

shear wave along the AT. 

Ten healthy participants (5 males and 5 females) were enrolled prospectively. Shear 

waves in the AT were induced in two ways: a mechanical impulse generated by an 

electromagnetic actuator, and a manual impulse delivered by a trained operator using a reflex 

hammer. Measurements were taken in a relaxed state and during isometric contractions. 

The convergent validity between the two types of impulses was assessed using the ICC. The 

Bland-Altman analysis was used to evaluate the agreement between the two methods. 

Convergent validity between the two impulse types was very high (almost perfect) with 

ICC values ranging from 0.961 to 0.981. The Bland Altman plot confirmed the validity of this 

measure; the mean of the difference between the measures was 0.66 and the upper and lower 

limit of agreement ranged between 4.08 and -2.76 m/s.  

Convergent validity between a manual and a mechanical impulse for the calculation of 

tendon shear wave speed was confirmed. 
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7.2 Introduction 

 

Shear wave tensiometry is an innovative technology for measuring the speed of propagation 

of mechanical waves along the tendon. Its capacity to characterise the AT mechanical properties 

has been confirmed both in vitro and in vivo (Martin et al., 2018). 

Clinimetrics properties of this technology were tested in Chapter six through a reliability 

and construct validity study (Schneebeli et al., 2022). The technology uses accelerometers to 

measure wave propagation along the tendon generated by a tapping device that provides a 

mechanical impulse on the tendon. The impulse can be generated also manually using a 

common reflex hammer, which has potentially positive implications in terms of costs and 

clinical applicability. To address the thesis objective number five, the aim of this chapter was 

to test the convergent validity of two different methods to generate mechanical impulses (i.e. 

tapping device versus reflex hammer) given to calculate mechanical shear wave along the AT.  

 

7.3 Methods 

 

The study was conducted between March and May 2022 at the University of Applied 

Sciences and Arts of Southern Switzerland. The study was approved by the Ethics Committee 

of Canton Ticino (ID:2021–00611/CE3844) (Appendix 12) and written informed consent was 

provided by the participants. 
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7.3.1 Participants 

 

Ten healthy asymptomatic participants (five male and five female) were consecutively 

recruited through a public announcement within our department. Participants with a history of 

foot or tendon injuries or surgeries, or with metabolic, connective tissue, or endocrine diseases, 

were not included. Additionally, those with systemic inflammatory disorders, 

spondyloarthropathy, rheumatoid arthritis, or high cholesterol were excluded. 

 

7.3.2 Procedures 

 

Participants were asked to lie on an examination bed with the foot in 0° of plantar flexion 

and perform two isometric contractions (3.5 Nm and 35 Nm of ankle torque). A measure was 

also performed in the relaxed state (0 Nm). Measurements were repeated in the same day in a 

randomized order for both the manual and mechanical impulse. The detection software acquired 

a set of 10 repeated measures for each of the contraction levels for both the left and right AT 

for each participant. The mean of these 10 measurements were used to determine the convergent 

validity. 

 

7.3.3 Equipment 

 

Wave propagation along the tendon was calculated using four accelerometers (Analog 

Devices, ADXL202JE) aligned along the direction of the tendon and equally spaced at 1.5 cm 

distance. Impulse on the AT to generate shear wave was provided in two different ways, one 

mechanical impulse provided by an actuator based on electromagnetic transductor and one 
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manual impulse performed by a trained operator with a reflex hammer (Figure 7.1). Signals 

were analysed in order to identify the propagation velocity of the mechanical waves on the 

tendon, based on the delay between the waves (Figure 7.2). A similar experimental setup to that 

of the previous chapter was used; a more detailed description of the equipment utilized can be 

found in Chapter six. 

 

7.3.4 Statistical analysis 

 

Convergent validity between the two types of impulse was calculated using the ICC. 

The Bland Altman analysis was performed to quantify the agreement between the two methods. 

Bland and Altman plots and 95 % CI (+1.96SD; -1.96SD) were used to provide a visual 

representation of size and range differences between the two measurements.  

 

 

Figure 7.1. Schematic of the shear wave tensiometer. Mechanical impulse (left panel) 

and manual impulse (right panel). 
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7.4 Results 

 

Descriptive statistics of shear wave speed for the relaxed state and for the different 

contraction intensities are presented in Table 7.1. Convergent validity between the two types of 

impulse is very high (almost perfect) with ICC values ranging from 0.961 to 0.981. The Bland 

Altman plot confirm the validity of this measure; the mean of the difference between the 

measures was 0.66 and the upper and lower limit of agreement ranged between 4.08 and -2.76 

m/s (Figure 7.3). 

 

 Wave speed 

manual 

Wave speed 

mechanical 

ICC Bland & Altmann 

Mean 

(m/s) 
SD 

Mean 

(m/s) 
SD ICC (95%CI) 

Mean of 

the diff. 

(m/s) 

+1.96 

SD 

-1.96 

SD 

All - - - - 
0.998 

(0.997-0.999) 
0.66 4.08 -2.76 

0 Nm 20.8 3.0 21.1 3.3 
0.961 

(0.902-0.984) 
0.35 2.69 -1.98 

3.5 Nm 30.4 5.4 31.6 6.0 
0.981 

(0.837-0.995) 
1.13 3.40 -1.14 

35 Nm 68.9 9.2 69.4 9.0 
0.981 

(0.952-0.992) 
0.50 5.44 -4.43 

 

Table 7.1 Shear wave speed values of the sample and convergent validity values for the 

different contraction levels. 
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Figure 7.2. Shear wave speed signals of the Achilles tendon at 0 Nm (1A), 3.5 Nm (1B) 

and at 35 Nm of isometric contraction (1C). The propagation velocity of the wave was 

calculated based on the delay between the waves passing from the accelerometers (1-4). 
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Figure 7.3. Bland & Altman plot showing the difference between manual and 

mechanical impulse in the different contraction levels (0 Nm light blue; 3.5 Nm dark 

blue; 35 Nm green). 

 

7.5 Discussion 

 

This chapter aimed to assess whether a manually generated impulse using a reflex 

hammer could be comparable to an automatically generated impulse using an electromagnetic 

actuator, with the objective of simplify the experimental setup for the further studies and 

making this technology more clinically applicable. 

The results suggest high convergent validity both when the tendon is in a relaxed state 

(ICC = 0.961) and during low (ICC = 0.981) and high intensity isometric contractions (ICC = 

0.981). Additionally, the values reported by the Bland-Altman plots confirm the agreement 

between the measurements, as the mean differences are consistently close to zero (range 0.35 

to 1.13), and the CI are narrow compared to the absolute value of the measurement. 

This technology has previously undergone validation and application in evaluating AT 

loading during walking (Martin et al., 2018). A limited number of studies (Martin et al., 2018, 

Keuler et al., 2019, Schneebeli et al., 2022) have examined this device in isometric contractions, 

showing results comparable to the current study, where wave speeds ranged from 15 to 20 m/s 

during muscle relaxation, to 60 to 80 m/s during maximal contractions. Particularly, these 

results are comparable to those of the previous chapter were the same device and experimental 

setup were used (Schneebeli et al., 2022).  

This study presents some limitation that need to be acknowledged. The sample consist 

in ten healthy young participants, it is not possible to state with certainty that these results can 

also be obtained in a different population. The manual impulse provided with the reflex hammer 
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was performed by a trained operator, we cannot assume that different results may arise from 

different operators. A simple training phase that considers the speed and location of the impulse 

might be sufficient to obtain stable and comparable shear wave speed values. 

 

 
7.6 Conclusions 

 
Convergent validity between the manual and the mechanical impulse for the calculation 

of tendon shear wave speed is confirmed. The manual impulse could increase the clinical 

applicability of this device in the measurement of tendon properties or to evaluate the effect of 

exercise on the AT mechanical properties. 
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CHAPTER 8 

SHEAR WAVE TENSIOMETRY CAN DETECT LOADING 

DIFFERENCES BETWEEN OPERATED AND UNAFFECTED 

ACHILLES TENDON 

 
This chapter reports in full the contents of a published manuscript by the thesis author 

(Schneebeli et al. 2023). It includes verbatim text from the published manuscript and some 

changes employed for the purpose of this thesis. 

 

Publications and Presentations 

 

1. Schneebeli A., Barbero M., Filardo G., Testa E., Riegger M., Sangiorgio A., Cescon 

C., Soldini E., Falla D. 2023. Shear Wave Tensiometry Can Detect Loading Differences 

Between Operated and Unaffected Achilles Tendon. Foot and Ankle International. 

44(12):1295-1304. (Appendix 8) 
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8.1 ABSTRACT 

 

This chapter represents the first step toward the implementation of the shear wave 

tensiometry in a clinical setting. The purpose of this cross-sectional study was to test if shear 

wave tensiometry is able to detect AT loading changes between a surgically managed AT 

rupture versus the unaffected contralateral tendon. Our secondary aims were to evaluate 

differences in mechanical properties when measured with myotonometry and morphological 

properties of the tendons measured with ultrasonographic imaging. 

Twenty-one patients with surgically treated AT ruptures were investigated 12-37 

months after surgery. Tendon load was measured using a shear wave tensiometer composed of 

an array of 4 accelerometers fixed on the tendon. Shear wave speed along the AT was evaluated 

at different levels of ankle torque for both the operated and the unaffected side. Mechanical 

properties of the tendons were evaluated using MyotonPRO and morphological properties using 

ultrasonographic imaging. Friedman test was used to assess differences in AT wave speed, 

stiffness, thickness, and CSA between the operated and the unaffected tendon. 

We found a significant shear wave speed difference between sides at every ankle joint 

torque (P < .05) with a large effect size for the lowest ankle torque and small to medium effect 

sizes for higher ankle torque. Stiffness, thickness, and CSA of the operated tendon remained 

significantly higher compared to the unaffected side.  

In this cohort, we found that shear wave tensiometry can detect differences between 

operated and unaffected AT during a standardized loading procedure. The shear wave speed 

along the operated tendon, as well as the mechanical and morphologic properties, remains 

higher for 1-3 years after a rupture. 
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8.2 Introduction 

 

As thoroughly discussed in Chapter one, pathological processes affecting the AT can 

alter the mechanical and morphological properties of the tendon structure, resulting in a 

modification of the stiffness, Young modulus, tendon CSA, and diameter (Magnusson and 

Kjaer, 2018, Obst et al., 2018, Geremia et al., 2015, Kannus et al., 1997). 

The healing process of a ruptured AT can last more than a year, (Voleti et al., 2012, Galloway 

et al., 2013) and several studies have shown that during this period the tendon structure and 

mechanical properties are altered (Geremia et al., 2015, Frankewycz et al., 2018, Zellers et al., 

2019). However, despite the growing interest in assessing the mechanical properties of tendons 

during the healing process, still limited and conflicting data are available. To date, no gold 

standard device exists to evaluate the mechanical properties of tendons, and all technologies 

have their advantages and disadvantages. 

As presented in the previous chapters shear wave tensiometry has been recently 

proposed as a technology able to describe tendon mechanical properties in different population 

(Martin et al., 2018, Keuler et al., 2019, Ebrahimi et al., 2020). 

Given that investigating the tendon’s mechanical changes during the clinical course of 

a rupture can help to better understand the tissue healing process of tendons, in this chapter, to 

address the thesis objective number 6, we aimed to test if shear wave tensiometry is able to 

detect AT loading changes between a surgically managed AT after rupture and the unaffected 

contralateral tendon. Our secondary aims were to evaluate differences in mechanical properties 

when measured with myotonometry and morphological properties of the tendons measured 

with ultrasonographic imaging. 
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8.3 Methods 

 

This cross-sectional study was conducted at the orthopaedic department of the Ente 

Ospedaliero Cantonale. The study was approved by the Ethics Committee of Canton Ticino 

(ID:2022- 01707/CE4192) (Appendix 13) and written informed consent was provided by the 

participants. Because no previous study investigating AT after surgery based on measurements 

taken with this technology was available, the sample size calculated based on a pilot to ensure 

a statistical power of 80% at the 5% significance level for a 2-tailed hypothesis test was n = 20. 

The study reporting adheres to the STROBE guidelines for observational studies (von Elm et 

al., 2007). 

 

8.3.1 Participants 

 

The database of the Ente Ospedaliero Cantonale was retrospectively screened to search 

for participants who underwent unilateral surgery of the AT following ATR between 2018 and 

2021.  

Inclusion criteria: 

- Unilateral open repair AT tenorrhaphy following complete AT rupture 

- Surgery >1 year and <4 years 

- Age ≥18 years 

- Time from rupture to surgery < 3 weeks 

Exclusion criteria: 

- Arthrodesis of one of the upper foot/ankle joints 
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- History of problems with the contralateral AT (i.e., Achilles tendinopathy, previous AT 

rupture, pain in the AT for more than 1 month) 

- Other surgical interventions involving scar tissue on the posterior part of the leg or AT 

- History of connective tissue, metabolic, and endocrine diseases 

- Systemic inflammatory disorders, rheumatoid arthritis, spondyloarthropathy, or diabetes 

- Currently using systemic antibiotics (fluoroquinolones, i.e., ciproxin) and steroids. 

 

8.3.2 Clinical Outcomes 

 

Participants were asked to complete a validated questionnaire designed to evaluate 

clinical features of AT conditions, the Achilles tendon total rupture score (ATRS) (Vascellari 

et al., 2018) (Appendix 15). The Tegner activity level scale was used to evaluate differences in 

the level of physical activity before and after surgery (Tegner and Lysholm, 1985) (Appendix 

16). Ankle dorsiflexion range of motion was measured bilaterally using a simplified version of 

the weightbearing ankle lunge test (Cejudo et al., 2014). Range of motion was quantified using 

a smartphone application (GetmyROM, Interactive Medical Production, LCC) with the 

smartphone placed 2 cm below the tibial tuberosity. The maximal calf circumference was 

measured with the subject seated with the knee at 90 degrees. 

 

8.3.3 Shear wave tensiometry 

 

Tendon loading was measured with a shear wave tensiometer consisting of 4 

accelerometers (Analog Devices, ADXL202JE) in series fixed on the skin posterior to the 

tendon with adhesive tape and equally spaced at a distance of 10 mm. The accelerometers were 
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positioned on the skin posterior to the AT following ultrasonographic imaging to ensure the 

correct position on the free part of the AT (3-6 cm to the calcaneal insertion) and not on the 

MTJ. The small impulse needed to elicit the wave propagation along the tendon was performed 

manually with a reflex hammer. This technique has been previously tested in a pilot study with 

10 participants and the convergent validity with an automatic impulse confirmed (see Chapter 

seven). A set of 5 repeated measures (1 per second) for each of the contraction levels for both 

left and right AT of each subject was acquired, and the mean of these 5 measurements was used 

to perform the calculation of the tendon wave speed. Within- and between-session reliability of 

this technology has been evaluated in a previous study, which found good to excellent reliability 

(ICC 0.75-0.96) (Schneebeli et al., 2020, Schneebeli et al., 2022). 

 

 

 

Figure 8.1. Schematic of the shear wave tensiometer. The impulse was provided at 2 cm 

from the calcaneal insertion. The 4 accelerometers (1-4) were attached to the skin in 

series with a 10-mm interaccelerometer distance. Shear wave speed signals of the (A) 
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unaffected Achilles tendon and of the (B) operated Achilles tendon at 0 Nm. The 

propagation velocity of the wave was calculated based on the delay between the waves 

passing from the accelerometers. 

 

A Sessantaquattro (OTBioelettronica, Torino, Italy) with a sampling frequency of 10 

kHz was used to acquire the signals. The signals were analysed based on the time delay between 

the different waves provided by the accelerometers and the propagation of the mechanical wave 

on the tendon. The technique for estimating propagation velocity used the cross-correlation 

function between signal pairs (Farina et al., 2001, Farina et al., 2004). Each impulse 

corresponded to a propagation speed value (m/s) (Figure 8.1). The participants were in a prone 

position with the foot firmly fixed in a dynamometer at 0 degrees of plantarflexion (Figure 8.2). 

Ten different isometric contractions of increasing intensity (0-35 Nm) were performed. Ankle 

torque was assessed with a dynamometer connected to a force sensor (Mod.TF2/S; CCT 

Transducers, Turin, Italy) operating in a 0- to 100-N range. A MISO-II (OT Bioelettronica, 

Turin, Italy) was used to present the force signal to the participants as real-time visual feedback. 

Participants were instructed to push on the dynamometer as if they want to stand on their tiptoes. 
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Figure 8.2. Image of the experimental setup. The participant was placed in a prone 

position, with the foot securely held within a dynamometer, maintaining the ankle at 0 

degrees of dorsiflexion/ plantarflexion. The accelerometers were attached to the skin 

with a 10-mm inter-accelerometer distance. 

 

8.3.4 Myotonometry 

 

Tendon mechanical properties were measured with a MyotonPRO (Muomeetria, 

Tallinn, Estonia) following a predefined protocol (Schneebeli et al., 2020). The affected and 

unaffected AT were measured in 2 different regions of the free tendon (distal part: at 3 cm; 

proximal part: at 6 cm from the calcaneal insertion) with the participants’ feet hanging freely 

over the edge of the examination bed. 

 

 

 

8.3.5 Ultrasound imaging 

 

Thickness and CSA were measured at 0 degrees plantarflexion using an ultrasound 

(MyLab25 gold, Esaote, Genoa, Italy) with a 13- to 4-MHz linear array (LA523). Thickness 

images were acquired using a longitudinal scan from 2 to 7 cm from the calcaneal insertion 

whereas CSA images were acquired using a transverse scan at 3 and 6 cm from the calcaneal 

insertion. 
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8.3.6 Statistical analysis 

 

The distribution of the data was assessed using the Shapiro-Wilk test, and because of 

non-normality, the nonparametric related sample Friedman test was used for AT wave speed 

between tendons (SPSS, version 28). Post hoc pairwise comparison Bonferroni correction was 

applied, and statistical significance was set to P < .05. Effect size was calculated using the 

Kendall W, results were evaluated using the Cohen interpretation guidelines, with 0.2, 0.5, and 

0.8 representing small, medium, and large effect, respectively (Cohen, 1988). For each tendon, 

a linear regression model was used to test the relation between squared wave speed and ankle 

joint torque. The model’s goodness of fit was assessed using the coefficient of determination 

(R2). Wave speed values were presented as median and interquartile range (IQR). Friedman 

test was also used to assess differences between the operated and unaffected tendons for the 

additional outcomes. Correlations between shear wave speed values and clinical outcomes 

(ATRS, Tegner scale, and time after surgery) were performed using Spearman correlation (ρ). 

 

8.4 Results 

 

Twenty-three participants were screened for eligibility, 1 participant was excluded 

because of a recent injury of the contralateral tendon and 1 participant was excluded because 

of technical difficulties during the placement of the accelerometers on the AT (patient suffered 

from foot hyperhidrosis). Thus, 21 male participants were analysed. Participants had a mean 

age of 47.3 ± 14.2 years, and the mean time from surgery was 20.3 ± 8.1 months (range 12-37). 

All the sutures were performed with Krackow or Kyrchmeyer- Kessler technique, using PDS 0 

suture and PDS 4-0 to close the paratenon. 
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8.4.1 Clinical Outcomes 

 

The Tegner activity level scale showed that 57% of the participants returned to an equal 

level of sport activity compared with before the operation. The ATRS showed a mean score of 

88/100 ± 14.7, with the lowest value of 40 and the highest value of 100. ATRS (ρ = 0.19), 

Tegner activity level scale (ρ = 0.15), and time after surgery (ρ = 0.11) were not correlated with 

shear wave speed values. 

Mean ankle dorsiflexion range of motion was significantly higher for the unaffected AT 

compared to the operated AT (P = .039), with 41.6 ± 4.4 degrees vs 39.4 ± 4.5 degrees range 

of motion, respectively. Mean calf circumference was also significantly higher for the leg on 

the unaffected side compared to the leg of the operated side (P < .01), with 39.7 ± 3.3 cm vs 

36.6 ± 2.4 cm respectively. 

 

8.4.2 Shear wave tensiometry 

 

Shear wave speed values between the operated and the unaffected AT at different ankle 

joint torques are reported in Table 8.1 and Figure 8.3. Friedman test showed a significant 

difference between sides at every ankle joint torque (P < .05) with a large effect size for the 

lowest ankle torque (0-21 Nm) and small to medium effect sizes for higher ankle torque (24.5-

35 Nm).  

The linear regression model calculated for every AT during the different ankle torque 

conditions showed a mean coefficient of determination (R2) of 0.97 ± 0.02 for the unaffected 

side and 0.93 ± 0.05 for the operated side, indicating a linear fit between wave speed and ankle 
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torque for both the operated and the unaffected side, with no difference between the 2 tendons 

(P = .127). The slope of the regression lines was similar between sides (mean of 0.79 ± 0.28 for 

the unaffected and 0.74 ± 0.14 for the operated side; P = .513), indicating a similar behaviour 

of the shear wave speed during contraction for both AT (Figure 8.4). 

 

 



 

 155 

 

 

Table 8.1. Shear Wave Speed Values of the Entire Sample at Different Ankle Torques. Boldface indicates significance (P < .05). Ab 

H, Healthy tendon; OP, Operated tendon; SWS, shear wave speed.  

 

 

 

 

 

 

 

 

SWS 0 Nm 3.5 Nm 7 Nm 10.5 Nm 14 Nm 17.5 Nm 21 Nm 24.5 Nm 28 Nm 31.5 Nm 35 Nm 

H OP H OP H OP H OP H OP H OP H OP H OP H OP H OP H OP 

Median  
(m/s) 

13.30 18.21 18.92 25.43 21.91 28.97 24.58 31.88 26.92 35.31 28.85 38.06 31.23 39.66 33.69 43.03 36.19 44.16 38.66 46.02 41.30 47.48 

IQR 3.28 4.91 3.92 2.79 4.03 3.46 5.14 4.05 5.81 5.46 7.86 5.19 7.75 4.61 8.49 7.26 9.01 7.45 9.49 10.97 9.14 10.10 
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 0.001 0.016 0.016 
Effect 
 size 

0.80 0.80 0.80 0.80 0.80 0.70 0.80 0.50 0.50 0.30 0.30 
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Figure 8.3. Box plot showing the median (interquartile range) squared shear wave speed 

of the entire sample at different ankle torques. Green boxes and red boxes represent the 

unaffected and the operated side, respectively. **P < .05; numbers below represent the 

effect size. 

 

8.4.3 Myotonometry 

 

Stiffness of the AT measured in the distal part with MyotonPRO showed a median (IQR) 

of 813 N/m (124) for the unaffected side and 919 N/m (61.5) for the operated AT, indicating 

an increased stiffness of the operated AT (P < .01). The stiffness in the proximal part was higher 

in the operated AT with 844 N/m (73.3) compared to the unaffected AT with 838 N/m (119) (P 

= .03). 
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Figure 8.4. Scatter plot showing the relationship between wave shear wave speed and 

ankle torque. Left panel shows the unaffected AT while right panel shows the operated 

AT. Lines represent the linear regression for each tendon. 

 

8.4.4 Ultrasound imaging 

 

The median (IQR) thickness was 5.15 mm (1.5) and 13.2 mm (2.2) for the unaffected 

and the operated AT, respectively (P < .01) (Figure 8.5). The CSA median (IQR) values for the 

unaffected AT were 62.4 mm2 (7.3) and 56.1 mm2 (9.1) in the distal and proximal part, 

respectively, whereas for the operated AT they were 176 mm2 (40) and 196 mm2 (43) (P < 

.01). 
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Figure 8.5. Longitudinal ultrasound images of the unaffected (A) and operated (B) 

Achilles tendon. 

 

8.5 Discussion 

 

The present chapter represents the first investigation assessing tendon loading using 

shear wave tensiometry in a cohort of individuals who underwent AT surgery. The sample 

evaluated consisted of 21 male participants with a mean time from surgery of approximately 

20 months, and generally low levels of disability except for 2 participants with an ATRS score 

<60. The results are comparable with other studies that showed that people generally report low 

levels of disability 1 year (Busilacchi et al., 2016) or several years after surgery (Rosso et al., 

2015). A recent large randomized trial (Myhrvold et al., 2022) involving 526 patients with AT 

rupture showed a preinjury ATRS score of 93.9 ± 15 suggesting that our current sample had a 

score comparable to that of a healthy population. Nevertheless, the Tegner activity level scale 

showed that only 57% of the participants had returned to an equal level of sport activity 

compared with before the operation. Thus, although our sample showed that the level of 

disability in their daily life (measured with the ATRS) had almost returned to the normal values, 

when asked about high demand performance in sport, half of the participants had not returned 
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to their preinjury level. The lack of complete recovery could be explained by persistent 

abnormalities detected in the operated tendon or by changes in behaviour toward higher-

demand activities.  

Calf circumferences of the operated leg was significantly smaller that the unaffected 

leg; thus, muscle trophism asymmetry appears to persist over time. Indeed Rosso et al. (Rosso 

et al., 2015) showed similar results 7.5 years after AT rupture (37.9 cm for the affected and 

39.2 for the unaffected AT). In addition, a different range of motion between the 2 ankles was 

found, albeit of small magnitude.  

Differences in shear wave speed between tendons have been found across all the torque 

levels evaluated, with a higher effect size (0.8) at lower torque and small effect size (0.3-0.5) 

at higher torque levels. The operated tendons showed a higher shear wave speed compared to 

the contralateral unaffected tendons at every ankle torque evaluated (Table 8.1). These results 

build on previous studies (Keuler et al., 2019, Martin et al., 2018) using shear wave speed 

during isometric contractions in healthy participants. Values ranged from 15 to 20 m/s with the 

muscles relaxed and from 60 to 80 m/s during a maximal contraction and provide important 

new information on the debate about mechanical changes of the tendon after AT rupture repair. 

Previous studies found decreased stiffness (Chen et al., 2013, Frankewycz et al., 2018, Geremia 

et al., 2015, McNair et al., 2013, Wang et al., 2013) whereas other studies reported increased 

tendon stiffness (Agres et al., 2015, Bravo-Sanchez et al., 2021) compared to the unaffected 

side 2-6 years after rupture. This variation could partially be explained by the time point of 

evaluation. It appears that in the healing phase after surgery (<1 year) the tendon has less 

stiffness, which progressively increases toward normal value or even exceeds the values of the 

unaffected tendon in the later phases, as identified in the current work. Indeed, shear wave speed 

values remain higher even in participants examined long time after surgery (in this study up to 
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37 months). However, no significant correlations were found between shear wave speed and 

time elapsed since surgery, ATRS and Tegner activity level scale. 

One possible explanation is that mechanical properties and clinical features are not closely 

interrelated; alternatively, it is likely that the sample size was not large enough to achieve 

sufficient statistical power, and the findings of this study must be considered to be preliminary. 

The behaviour of the tendon shear wave speed and its relationship with the distance from the 

surgery, clinical features (ATRS and Tegner activity level scale), or level of injury is currently 

unclear and should be further investigated. 

Several parameters have been used to describe the mechanical properties of tendons and 

therefore not all results are directly comparable given the different technology used. In the 

current study, we use tendon tension/loading as an index to measure the axial stress as the shear 

wave speed is proportional to the axial stress in the tissue. During isometric contraction of 

increased intensity, force/torque, AT axial strain, and stiffness should all increase (Kjaer, 2004, 

Magnusson et al., 2003). In this study and previous studies (Martin et al., 2018, Schneebeli et 

al., 2022), shear wave speed increases when tension is put on the AT by an isometric 

contraction. However, because of the possible relationship between stiffness and tension 

measured with shear wave tensiometry, the previously ruptured and surgically repaired AT 

appears stiffer than the healthy contralateral tendon. This finding is also supported by the 

myotonometry results, which found increased stiffness (N/m) in the operated AT compared to 

the unaffected side both in the most distal and proximal region of the tendon. Similarly, Bravo-

Sanchez et al. (Bravo-Sanchez et al., 2021) found increased stiffness in the operated tendon. 

Several potential explanations exist for the distinct loading values observed. Changes in 

collagen type have been shown in tendon following surgery, with a greater proportion of type 

III collagen in repaired tendon when compared to unaffected tendons that contain mainly type 
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I collagen (Maffulli et al., 2000). Type I collagen has more tensile strength than type III; 

therefore, the composition of the tendon can influence its capacity to tolerate load (Liu et al., 

1995) and the tendon’s mechanical properties (Kannus et al., 1997, Leadbetter, 1992). Thus, 

the higher proportion of type III collagen relative to type I might stiffen the tendon (Bravo-

Sanchez et al., 2021, Tan et al., 2012). 

Differences between the operated and the unaffected tendon were also present in the 

morphological properties measured with ultrasonographic imaging. Tendon thickness and CSA 

remain higher in the operated tendon even after more than 1 year post surgery. These results 

are in line with other studies showing increased tendon thickness and CSA in the longer term 

after the surgery (Bravo-Sanchez et al., 2021, Frankewycz et al., 2018, Geremia et al., 2015, 

Khair et al., 2022, Tan et al., 2012). Indeed, operated tendons are characterised by a round 

irregular area of increased size (Tan et al., 2012) with disorganised collagen fiber due to scar 

maturation and remodelling. Morphological parameters can influence the mechanical 

parameters as the tendon shear wave speed is directly correlated to the tendon CSA (Martin et 

al., 2018). 

The linear relationship between squared shear wave speed and ankle torque has been 

evaluated to test the consistency of the tensioned beam model (Martin et al., 2018). As 

previously shown in healthy participants (Schneebeli et al., 2022), squared AT wave speed 

increases linearly with the increment of ankle torque. In the present study the coefficient of 

determination R2 of both the operated and unaffected tendon was close to 1 (0.93 and 0.97, 

respectively), showing a close linear relationship between shear wave speed and ankle torque 

(Figure 8.4). Moreover, tendon loading is highly variable between participants, especially with 

higher ankle torque; IQR values increased as torque increases, showing different tendon 

behaviour between participants as previously shown in healthy participants (Schneebeli et al., 
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2022). This variability is particularly noticeable for the operated tendon (Figure 8.4) where the 

values are more evenly spread, especially at higher ankle torque. This is probably due to 

different muscular activation patterns between plantarflexor muscles in different individuals. 

As previously shown in other studies (Finni et al., 2006, Heikkinen et al., 2017, Khair et al., 

2022), the contribution of flexor hallucis longus muscles and of the soleus can change after AT 

ruptures. Furthermore, calf muscle trophism in the operated limb as well as muscle MVC 

remain significantly lower long term after the injury (Keuler et al., 2019, Rosso et al., 2015); 

collectively, these factors can contribute to different muscle activity patterns. The different 

contribution of the plantarflexor muscles cannot be distinguished by the tensiometer that 

measures AT wave speed. 

This study presents some limitations. First, the exact surgical procedure as well as the 

rehabilitation protocol has not been systematically recorded; all participants underwent open 

repair surgery; however, it remains unclear if the outcomes measured were affected by slight 

variations in operational treatments or rehabilitation protocols. Also, and critically important to 

consider, is that this study was of 21 male patients—both a small sample size and one that is 

hard to generalize. Another aspect is the acquisition of the tensiometry values from 0 to 35 Nm 

of ankle torque at 0 degrees of plantarflexion; we cannot exclude that the results may be 

different at different ankle torque levels or at different ankle angles. Lastly, different loading 

between the 2 tendons could be related to the different resting length of the tendon after the 

suture. Two factors can influence the residual length of the operated AT, the position in which 

the tendon is sutured and the lengthening that possibly occurs during the rehabilitation phase. 

When this type of surgery is performed, the foot is positioned in the equinus to facilitate the 

approaching of the 2 tendon stumps.  



 

 163 

Previous studies showed greater tendon resting length (Agres et al., 2015, Khair et al., 

2022, Zellers et al., 2019) in the operated tendon compared to the unaffected side. However, 

the tendon resting length was not assessed in this study, and therefore we cannot establish 

whether tendon length influences shear wave speed. Future studies to evaluate the relationship 

between shear wave speed and tendon resting length could be relevant.  

Further studies are also needed to better understand the clinical relevance of shear wave 

tensiometry in measuring tendon loading and guiding the treatment of AT rupture. Having an 

instrument able to precisely detect changes in tendon loading responses over time not only holds 

the potential to enhance our understanding of tendon behaviour during the healing phase but 

also can support clinicians in developing patient-specific rehabilitation protocols. 

 

8.6 Conclusion 

 

This chapter shows that shear wave tensiometry can precisely detect differences 

between operated and unaffected AT during a standardized loading procedure. The shear wave 

speed along the operated tendon remains higher in the long-term after a rupture. This study 

represents the first step toward the implementation of this technology in clinical settings in 

order to monitor the evolution of the mechanical properties of the AT over time for patients 

affected by AT rupture and other tendon pathologies. 

 

 

 

 

  



 

 164 

CHAPTER 9 

SHEAR WAVE TENSIOMETRY IN THE EVALUATION OF 

ACHILLES TENDON LOADING: A CROSS-SECTIONAL STUDY 

ON CONSERVATIVELY TREATED TENDONS AFTER 

RUPTURE 

 
This chapter reports in full the contents of a manuscript that has been submitted for publication. It 

combines verbatim text from the original manuscript with changes employed for the purpose of this 

thesis. 

 

Publications and Presentations 

 

1. Schneebeli A., Cescon C., Filardo G., Testa E., Riegger M., Sangiorgio A., Falla D., 

Barbero M. Shear wave tensiometry in the evaluation of Achilles tendon loading: a 

cross-sectional study on conservatively treated tendon after rupture. International 

Society of Electrophysiology and Kinesiology (ISEK) Nagoya. Japan. June 2024 

 

2. Schneebeli A., Filardo G., Falla D., Testa E., Riegger M., Sangiorgio A., Cescon C., 

Barbero M. Differences in shear wave speed between surgically and conservatively 

treated Achilles tendons following rupture. International Federation of Orthopaedic 

Manipulative Physical Therapists (IFOMPT) Basel. Switzerland. July 2024 

 
3. Sangiorgio A., Schneebeli A., Barbero M., Filardo G., Testa E., Riegger M., Cescon 

C., Falla D. Shear wave speed: mechanical and morphological comparison in 
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conservatively treated and uninjured Achilles tendon. 13a Giornata della Ricerca e 

dell’Innovazione in Medicina Umana della Svizzera italiana, Lugano, Switzerland. 

September 2024. Awarded as best poster in clinical or epidemiological research. 
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9.1 ABSTRACT 

 
This chapter presents a further investigation into the mechanical properties of the AT 

measured with tensiometry, but in a different clinical population from the previous one: people 

with ATR treated conservatively. The aim of this study was to quantify differences in the shear 

wave speed between a conservatively treated AT after rupture and the unaffected contralateral 

tendon. 

Twenty-nine participants who received conservative treatment following ATR were 

enrolled. Tendon load was assessed using a shear wave tensiometer comprising a set of four 

accelerometers attached to the tendon. Stiffness, thickness, and CSA were also assessed using 

MyotonPRO and ultrasound imaging.  

No significant differences in shear wave speed were found between the affected AT and 

the unaffected side (p>0.05). A significant difference between sides was found only at 3.5 Nm 

and 7 Nm (p=0.001 and p=0.020) for participants that experienced a lesion of the MID, and 

higher plantar flexor strength was found for the unaffected side (320 ± 99.5 Nm) compared to 

the affected side (261 ± 80 Nm; p=0.001). Stiffness values were significantly lower (825 N/m) 

for the affected tendon compared to the unaffected side (913 N/m; p=0.006). Thickness and 

CSA in the proximal and distal part of the tendon were significantly higher in the affected 

tendon compared to the unaffected side (p<0.001). 

There is no difference in shear wave speed values between the affected and the 

unaffected AT in the longer-term after the rupture. However, some differences were detected 

in shear wave speed between participants that experienced a lesion of the MID and in the MTJ 

at low level contractions, with side-to side differences in participants who had experienced a 

MID lesion. Moreover, tendon thickness and CSA as well as plantar flexor strength remain 

different between the affected and the unaffected AT.
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9.2 Introduction 

 

As mentioned in Chapter one, the number of ATR in the general population are rising 

in the next years. To date, the most suitable treatment for ATR is still not defined and remains 

controversially discussed in the literature. A mounting body of evidence indicates comparable 

long-term patient-reported outcomes for both surgical and conservative treatment (Nilsson-

Helander et al., 2010, Olsson et al., 2013, Myhrvold et al., 2022). These findings were 

confirmed by Ochen et al. (Ochen et al., 2019) in their comprehensive systematic review, which 

demonstrated comparable patient-reported outcome measures for both treatments. However, 

their analysis revealed a higher risk of re-rupture associated with conservative treatment and a 

greater incidence of postoperative complications in surgically treated AT.  

A recent large clinical trial involving a cohort of over 500 patients diagnosed with ATR 

aimed at discerning differences among open repair surgery, minimally invasive surgery, and 

conservative treatment concerning patient-reported outcomes and the incidence of tendon re-

rupture (Myhrvold et al., 2022). The findings revealed that 12 months post-ATR, all three 

approaches exhibited similar results in the assessed outcomes. The conservative treatment 

group experienced a lower occurrence of nerve injuries. However, the conservative treatment 

group exhibited a slightly higher re-rupture rate (6.2%) than the surgical groups (0.6%). 

As emphasized in Chapter eight mechanical properties of the AT post-surgery have been 

assessed using various technologies at different stages of the healing process (Chen et al., 2013, 

Frankewycz et al., 2018, Geremia et al., 2015, McNair et al., 2013, Wang et al., 2013, Agres et 

al., 2015, Bravo-Sanchez et al., 2021, Schneebeli et al., 2023). However, the mechanical 

properties of AT after conservative treatment have not been well documented in the literature. 
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The few studies that have explored differences between the affected tendon and the unaffected 

side have observed no differences in mechanical properties of the tendons after one year (Khair 

et al., 2022) or even a higher tendon stiffness in the affected compared to the contralateral 

tendon (Yoshida et al., 2023). 

To address the thesis objective number six, the aim of this study was to evaluate 

differences in shear wave speed between conservatively treated ATs after rupture and the 

unaffected contralateral tendons. Additionally, morphological properties, thickness and CSA of 

the tendons were measured using ultrasound, and tendon stiffness was measured using 

myotonometry.  

 

9.3 Methods 

 

The study was carried out at the Orthopaedic Department of the Ente Ospedaliero 

Cantonale (Lugano and Bellinzona, Switzerland) between November and December 2022. 

Approval for the study was obtained from the Ethics Committee of Canton Ticino, Switzerland 

(ID: 2022-01707/CE4192), (Appendix 14) and participants provided written informed consent. 

Reporting of the study followed the STROBE guidelines for observational studies (von Elm et 

al., 2007). 

Sample size was calculated based on the mean and standard deviation of the paired 

differences between the affected and unaffected AT found in a previous study (Schneebeli et 

al., 2023). A minimum sample size of 30 participants was required to achieve a statistical power 

of 90% at a significance level of 5% for a two-tailed hypothesis test. 
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9.3.1 Participants 

 

Participants who underwent conservative treatment following ATR between 1 and 7 years 

prior to selection were identified through the hospitals’ database We included all patients aged 

18 or more without surgical treatment for ATR. Exclusions criteria were: 

- arthrodesis of one of the upper ankle joints  

- history of contralateral AT disease 

- connective tissue or metabolic diseases 

- systemic inflammatory disorders 

- rheumatoid arthritis 

- spondyloarthropathy 

- diabetes 

- current use of systemic antibiotics or steroids 

All recruited participants underwent measurements of mechanical and morphological 

properties of the AT, as well as a clinical assessment. 

 

9.3.2 Clinical Outcomes 

 

Participants completed health-related physical activity questionnaires and the ATRS 

(Vascellari et al., 2018) (Appendix 15). The Tegner activity level scale was used to evaluate 

the level of physical activity before and after tendon rupture (Tegner and Lysholm, 1985) 

(Appendix 16). Ankle dorsiflexion range of motion, calf circumference, and MVC were also 

measured. Information about the location of the rupture were recorded. The injury location was 

then confirmed by ultrasound examination. 
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9.3.3 Shear wave tensiometry 

 

Tendon loading was evaluated using a shear wave tensiometer, which comprised four 

accelerometers (Analog Devices, ADXL202JE) arranged sequentially and affixed to the skin 

behind the tendon using adhesive tape. These accelerometers were evenly spaced at 10 mm 

intervals. To ensure correct placement on the free section of the AT (3-6 cm from the calcaneal 

insertion) and not on the MTJ, ultrasound imaging was employed for guidance. The minimal 

impulse required to initiate wave propagation along the tendon was manually administered with 

a reflex hammer. A series of five repeated measurements (one per second) was obtained for 

each contraction level, for both the left and right AT of each participant. The mean of these five 

measurements was then used to calculate the tendon wave speed. The reliability of this 

technology was assessed in a prior study, revealing good to excellent reliability (ICC 0.75-0.96) 

(Schneebeli et al., 2022). 

The signals were acquired using a Sessantaquattro device (OTBioelettronica, Turin, 

Italy) with a sampling frequency of 10 kHz. The analysis of signals relied on the time delay 

between waves generated by the accelerometers and the propagation of the mechanical wave 

along the tendon (Figure 9.1). The technique for estimating the propagation velocity employed 

cross-correlation functions between pairs of signals (Farina et al., 2001, Farina et al., 2004). 

Each impulse corresponded to a propagation speed value in meters per second (m/s). 

During these measurements, participants assumed a prone position with their feet 

securely fastened in a dynamometer at a 0-degree angle of plantar flexion. Ten different 

isometric contractions, ranging from 0 to 35 Nm in intensity, were performed. Ankle torque 

was assessed using a dynamometer linked to a force sensor (Mod.TF2/S; CCT Transducers, 

Turin, Italy), which functioned within a 0- to 100-N range. A MISO-II device (OT 
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Bioelettronica, Turin, Italy) was employed to provide real-time visual feedback of the force 

signal to the participants. The participants were instructed to exert force on the board as if they 

were trying to achieve a tiptoe position. The investigator monitored their performance to ensure 

that the heel remained in contact with the dynamometer, and two belts were used to secure a 

firm fixation of the foot and ankle. 

 

Figure 9.1. Schematic of the shear wave tensiometer. The impulse was provided at 2 cm 

from the calcaneal insertion. The 4 accelerometers (1-4) were attached to the skin in 

series with a 10-mm inter-accelerometer distance. Shear wave speed signals at 0 Nm. 

The propagation velocity of the wave was calculated based on the delay between the 

waves passing from the accelerometers. 1A) Represent a shear wave speed signals at 0 

Nm for the unaffected tendon while 1B) represent a shear wave speed signals at 0 Nm 

for the affected tendon. 
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9.3.4 Myotonometry 

 

Tendon mechanical properties were also measured using a commercially available 

device called MyotonPRO (Muomeetria, Tallinn, Estonia). This device detects viscoelastic 

properties of different tissues and was applied following a standardized protocol (Schneebeli et 

al., 2020). Both the affected and unaffected AT were measured at two distinct locations along 

the free tendon. Specifically, the distal region, positioned 3 cm from the calcaneal insertion, 

and the proximal region, situated 6 cm from the calcaneal insertion. Participants' feet were 

hanging freely over the edge of the examination bed during the measurements. 

 

9.3.5 Ultrasound imaging 

 

Ultrasound images were acquired to measure the thickness and CSA of both the affected 

and unaffected AT. The images were obtained using an ultrasound machine (MyLab25 gold, 

Esaote, Genoa, Italy) with a 13- to 4-MHz linear array (LA523). Thickness images were 

obtained through a longitudinal scan, covering the range from 2 to 7 cm from the calcaneal 

insertion (Figure 9.2). In contrast, CSA images were captured through a transverse scan 

conducted at the 3 cm and 6 cm positions from the calcaneal insertion. 

 



 

 173 

 

Figure 9.2. Ultrasound images representing the thickness of the Achilles tendon in a 

longitudinal scan. A) Unaffected side and B) affected side. 

 

 

9.3.6 Statistical analysis 

 

Nonparametric, independent samples, Mann–Whitney test was used to assess 

differences in shear wave speed between participants with a different injury location (MID or 

myotendinous junction). The non-parametric Friedman test was used to assess differences in 

AT wave speed and other outcomes between the affected and the unaffected side. Post hoc 

pairwise comparisons with Bonferroni correction were performed, and significance was set at 

α=0.05. Linear regression models were used to test the association between wave speed and 

ankle joint torque. Wave speed values were presented as median and interquartile range (IQR). 

The statistical analysis was conducted using SPSS (version 28). 
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9.4 Results 

 

Thirty-two participants were approached and screened resulting in 3 participants being 

excluded (2 bilateral ruptures, 1 pain during the isometric contraction). Thus, 29 participants (3 

women) were recruited for the study. Their mean (±SD) age was 54.8 (±9.0) years and the mean 

time from rupture was 36.0 (±24.2) months (range 10-90 months). Fifteen participants 

experienced a lesion of the mid tendon (MID) while 14 of the myotendinous junction (MTJ). 

Differences in shear wave speed were found between participants who had experienced a MID 

lesion or an MTJ lesion at low level contractions (0 Nm, 3.5 Nm, and 7 Nm; p=0.041, 0.006, 

and 0.023 respectively).  

 

9.4.1 Clinical Outcomes 

 

The Tegner activity level scale indicated that 72% of participants were able to resume a 

similar level of sports activity as before the operation. The ATRS at follow-up was 86/100 ± 

16.1 ranging from 35 to 100. The average ankle dorsiflexion range of motion was not different 

between the affected and unaffected side (p=0.127). The mean calf circumference was 

significantly higher for the leg on the unaffected side compared to the affected side (p = 0.001) 

measuring 38 ± 3 cm versus 37 ± 3.3 cm, respectively. MVC was different between the affected 

and the unaffected side, with a higher torque generated on the unaffected side, 320 ± 99.5 Nm, 

compared to the affected side, 261 ± 80 Nm (p=0.001). 
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9.4.2 Shear wave tensiometry 

 

Table 9.1 and Figure 9.3 present the shear wave speed values of the affected and 

unaffected AT measured at various contraction intensities. The Friedman test revealed no 

significant difference between sides for each of the contraction levels analysed (p>0.059) when 

the entire sample was evaluated. 

A significant difference between sides was found only at 3.5 Nm and 7 Nm (p=0.001 

and p=0.020) for the participants who had experienced a MID lesion. In the linear regression 

analysis conducted for each AT under different contraction intensities, the average coefficient 

of determination (R2) was 0.97 ± 0.02 for the unaffected side and 0.95 ± 0.04 for the affected 

side. This suggests a linear relationship between wave speed and ankle torque for both tendons. 
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Table 9.1. Shear wave speed values for the two groups at different ankle torques. H, healthy tendon; RUP, affected tendon; SWS, 

shear wave speed. 

 

 

 

 

 

 

SWS 
0 Nm 3.5 Nm 7 Nm 10.5 Nm 14 Nm 17.5 Nm 21 Nm 24.5 Nm 28 Nm 31.5 Nm 35 Nm 

H RUP H RUP H RUP H RUP H RUP H RUP H RUP H RUP H RUP H RUP H RUP 
MTJ 
(m/s) 13.39 12.28 19.13 17.94 22.82 21.86 25.81 25.44 29.25 27.96 31.09 29.80 32.98 30.93 36.55 33.64 38.28 34.27 41.25 36.74 42.67 39.18 
IQR 2.21 3.37 1.56 5.72 1.95 6.23 2.08 6.23 3.55 7.00 4.93 8.37 5.04 9.39 6.67 9.98 5.96 12.09 7.73 13.19 5.55 15.14 
p 0.782 0.405 0.782 0.782 0.782 0.782 0.405 0.052 0.166 0.405 0.405 
MID 
(m/s) 12.18 15.87 16.58 22.20 19.67 25.46 23.68 26.94 25.76 30.34 29.01 33.50 31.03 34.68 33.72 37.72 36.47 38.40 38.06 40.71 40.73 42.70 
IQR 2.21 6.99 3.59 5.23 3.39 6.94 3.92 8.93 4.07 10.37 4.91 7.46 4.43 8.28 5.42 9.14 4.51 8.15 8.62 11.59 6.34 16.54 
p 0.071 0.001 0.020 0.197 0.197 0.197  0.197 0.197 0.197 0.439 0.109 
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Figure 9.3. Box plot showing the median (interquartile range) squared shear wave speed 

of the entire sample group at different ankle torques. Green boxes and red boxes 

represent the unaffected and the affected side, respectively. 

 

9.4.3 Myotonometry 

 

Stiffness analysis using myotonometry revealed a difference between the affected and 

the unaffected AT but only in the proximal part of the AT with a median (IQR) of 913 N/m 

(122) for the unaffected side and 825 N/m (115) for the affected side, showing decreased 

stiffness of the affected AT (p=0.006). 
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9.4.4 Ultrasound imaging 

 

Ultrasound imaging revealed a significant difference in the thickness between the 

affected and the unaffected AT (p<0.001) with a median (IQR) of 5.9 mm (1.6) for the 

unaffected and 10.1 mm (3.3) for the affected side. 

CSA was different between sides in the distal and proximal part of the AT with a median 

(IQR) of 69.1 mm2 (17.9) and 115.0 mm2 (51.3) for the unaffected and affected side respectively 

in the distal part (p<0.001) and 67.3 mm2 (26.3) and 135.0 mm2 (91.0) for the proximal part 

(p<0.001). 

 

9.5 Discussion 

 

The main finding of this chapter evaluating AT loading using shear wave tensiometry 

in participants after ATR who had been treated conservatively, is that there is no overall 

difference in shear wave speed values between the unaffected and the affected side. At a long-

term follow-up, the affected tendon restored loading capacity (measured with shear wave 

tensiometry) at a level that was comparable with that of the contralateral side. However, at low 

contraction levels there was a difference in shear wave speed between tendons in the MID 

group. 

Different behaviour of the AT at low contraction levels could depend on the tendon 

length. When subjected to a change in ankle angle and to isometric contraction, the AT starts 

to increase its tension, and this onset of the rise in tension has been shown to be higher at lower 

strain values (Magnusson et al., 2003). Affected tendons in the MID group could have a slightly 

different tendon length that leads to an increase in tension, visible particularly when 



 

 179 

contractions are of low intensity. High variability in tendon loading (large IQR values) has been 

shown in affected tendons compared to the unaffected side (Figure 9.1). This variability was 

shown in previous studies in healthy participants (Schneebeli et al., 2022) and in people with 

surgically treated ATR (Schneebeli et al., 2023). This could be related to the differences in 

muscle activation patterns between participants. Different plantar flexor muscles could 

contribute with different activation magnitude to the net ankle torque, which is particularly true 

in patients after ATR where the flexor hallucis longus and the soleus have different 

contributions to plantar flexion torque (Finni et al., 2006, Heikkinen et al., 2017, Khair et al., 

2022). A different contribution of other plantar flexor muscles is probably emphasized more 

during low load contractions, although this different contribution cannot be measured with 

tensiometry located on the AT. 

The variable behaviour of tendons between participants during contractions was also 

evaluated using a linear regression between squared shear wave speed and ankle torque. In both 

tendons, the coefficient of determination R2 was close to 1 (0.97 and 0.95) showing a close 

relationship between shear wave speed and ankle torque. These results confirmed the 

consistency of the tensioned beam model principle (Martin et al., 2018) of the shear wave speed 

during contraction. 

The present study showed similar shear wave tensiometry values overall between the 

affected and the unaffected sides, and these results are in line with other studies. Khair et al. 

(Khair et al., 2022) found no difference in AT stiffness between the affected and the 

contralateral side 1 year after ATR which was treated conservatively. Likewise, Bressel and 

McNair (Bressel and McNair, 2001) found no difference in stiffness between the affected and 

contralateral sides when examined 1 to 5 years after ATR. Yoshida et al (Yoshida et al., 2023) 

investigated ATR using SWE and showed that affected tendons (treated conservatively) 
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reached values comparable to the unaffected side within the first 3 months after injury. 

However, this study showed that the elasticity values of the affected tendon exceeded that of 

the unaffected side one year after rupture. These differences could be explained by the different 

follow-up periods between the studies and by the different technologies used in the detection 

of tendon mechanical properties. 

Other studies evaluating patients with ATR which have been treated operatively showed 

different long-term mechanical properties of the tendon. In the initial stages of the post-surgery 

healing phase (less than one year), the tendon appears to exhibit reduced stiffness (Geremia et 

al., 2015, Frankewycz et al., 2018, McNair et al., 2013, Wang et al., 2013, Chen et al., 2013) 

gradually progressing towards normal values or even surpassing those of the unaffected tendon 

in the later stages (Agres et al., 2015, Bravo-Sanchez et al., 2021, Schneebeli et al., 2023). A 

previous study evaluating AT shear wave speed after ATR which was treated surgically, 

showed a difference in tensiometry between the operated and unaffected AT at every level of 

contraction tested. Thus, it appears that tendons which are treated conservatively return to 

comparable shear wave speed values as the unaffected side whereas tendons which are treated 

surgically remain with higher shear wave speed values for a long time after surgery (Schneebeli 

et al., 2023).  

A possible explanation is that the suture performed during the surgery reacts differently 

to the loading compared to the natural scar formation following conservative treatment. As 

demonstrated in animal models, non-surgical interventions result in a more advanced 

organization of collagen fibers, yielding a tendon with a healthier appearance compared to a 

higher proportion of scar tissue in those that received surgery (Krapf et al., 2012). To date we 

cannot determine whether this phenomenon is also present in humans.  
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Finally, the different time point of analysis after rupture between the present study and 

the study analysing surgically treated AT has to be taken into consideration (Schneebeli et al., 

2023). In the study conducted in people following AT surgery (Schneebeli et al., 2023), 

participants were evaluated 20.3 ± 8.1 months post-surgery on average, which is earlier than 

those who underwent conservative treatment in the current study. We cannot exclude that the 

longer time elapsed may have led the affected tendon to return to values more similar to the 

contralateral side, although the correlation between shear wave speed and time after rupture 

were not significant in both the MID group (rho 0.155 p=0.582) and MTJ group (rho 0.231 

p=0.427). Nonetheless, despite the different tensiometry values found in the two studies, in both 

conservatively and surgically treated AT, patient reported outcomes are similar demonstrating 

a low level of disability when measured 1 year after treatment. 

Myotonometry evaluation of the AT revealed a significant difference of stiffness 

between the affected and the unaffected AT but only in the proximal part of the AT with the 

results showing lower stiffness in the affected tendon (p=0.006). These results appear to be in 

contradiction with shear wave tensiometry, which did not reveal any difference in tension 

between the tendons. Considering that these two technologies assess mechanical properties with 

different assumptions, a direct relationship between these two parameters might not be possible. 

To the best of our knowledge, this is the first study using myotonometry to assess people with 

ATR which has been treated conservatively. Other evaluations of patients with ATR which has 

been treated operatively reported increased stiffness (Schneebeli et al., 2023, Bravo-Sanchez et 

al., 2021) of the operated tendon compared to the unaffected side. The different collagen 

composition of scar tissue and the possible difference in tendon length after surgery can be 

factors that influenced the myotonometry results, leading to different values between tendons 

treated conservatively and those treated surgically. 
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Morphological properties of the tendon assessed via ultrasound imaging also revealed 

differences between the affected and unaffected tendons. Thickness and CSA were consistently 

higher in the affected tendon even beyond 1 year after ATR. These findings align with previous 

studies indicating a sustained increase in tendon thickness and CSA in the later stages after 

surgery (Khair et al., 2022, Schneebeli et al., 2023, Geremia et al., 2015, Frankewycz et al., 

2018, Bravo-Sanchez et al., 2021) and even after conservative treatment (Khair et al., 2022, 

Yoshida et al., 2023). 

Ruptured tendons exhibit an irregular, rounded region of enlarged size, characterised by 

disorganised collagen fibers resulting from scar maturation and remodelling (Tan et al., 2012). 

Ultrasound images were acquired at 2-7 cm from the calcaneal insertion and this is the region 

where the ATR mostly occurs (Maffulli and Wong, 2003), therefore this is where a large 

collagen accumulation and scar tissue formation is expected, leading to an increase tendon size. 

Despite the morphological changes observed in this study (increased thickness and CSA) that 

can last many years after ATR, the mechanical properties seem to remain similar to the 

unaffected side. 

Clinical outcomes were in line with previous literature (Busilacchi et al., 2016, Rosso 

et al., 2015) showing a low level of disability post ATR. The mean score on the ATRS was 

86/100 with 72 % of participants returning to a level of activity similar to the level before the 

rupture. Comparing across studies, the current cohort of patients who had ATR treated 

conservatively showed similar clinical outcomes to those treated surgically one year after the 

rupture (Schneebeli et al., 2023). These results are also supported by a recent clinical trial that 

showed similar outcomes between the two types of treatment (Myhrvold et al., 2022). However, 

despite good clinical outcomes, this study revealed persistent differences in strength and muscle 

trophism of the triceps surae. The calf on the affected side remains weaker (lower MVC, 
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p<0.001) and with a smaller circumference (p<0.001) in the longer-term after ATR. These 

results are comparable with a previous study (Rosso et al., 2015) that showed reduced torque 

of the plantar flexor muscles long after ATR. 

There are some limitations of this study that need to be acknowledged. First, the post 

rupture rehabilitation protocol was not recorded; therefore, it was not possible to establish 

whether the measured outcomes were influenced by differences in rehabilitation protocols. 

Second, a different load distribution between the two tendons might by associated with the 

different resting length of the tendon following rupture. The length of an affected AT could 

have been modified by different factors and was not measured in this study. The position of the 

foot in the cast and the potential lengthening during the rehabilitation phase were elements that 

could have contributed to a different tendon length. We could therefore not establish if tendon 

resting length influences shear wave speed values. Additional research is required to gain a 

more comprehensive understanding of the clinical significance of shear wave tensiometry in 

assessing tendon loading and informing the management of ATR. 

 

9.6 Conclusion 

 

This chapter showed that shear wave tensiometry can quantify tendon loading after ATR 

treated conservatively. Overall, there is no difference in shear wave speed values between the 

affected and the unaffected AT when measured in the longer-term follow-up after ATR. 

However, some differences were detected in shear wave speed between MID and MTJ lesions 

at low contraction intensities, with side-to-side differences in participants who had experienced 

a MID lesion. Moreover, tendon thickness and CSA as well as plantar flexor strength remain 

different between the affected and the unaffected AT.  
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CHAPTER 10 

GENERAL DISCUSSION 

 

10.1 Summary of Findings 

 

The main aim of this thesis was to assess technologies used to evaluate AT mechanical 

properties and to understand their capability in detecting changes due to increased load on the 

musculotendinous complex. Moreover, the implementation of shear wave tensiometry in 

clinical populations has been explored. 

In Chapter one the rationale of the proposed technologies as well as their application in 

measuring mechanical properties provide the background for the thesis. Furthermore, Chapter 

one provides an overview of how tendons adapt to mechanical stimuli both as a result of 

exercise and during pathological conditions.  

Chapters two and three reported the results of two observational studies that evaluate 

the capability of different sonoelastography technologies to detect AT mechanical properties 

during isometric contraction and to determine the consistency between the two technologies 

(SE and SWE). The results suggests that SE provided more consistent results when tendon is 

analysed under load if compared with SWE. SE can detect changes in AT mechanical properties 

during contraction but the precision of the device seems questionable, indeed small changes of 

load on the tendon cannot be detected. Conversely, SWE seems to have some technical 

limitation in measuring AT even at low levels of contraction, probably due to the alignment or 

the displacement of the fibrillary structure within the AT which could increase the speed of the 

shear waves and can generate an abnormal propagation of the shear wave that cannot be 

registered by the device (Schneebeli et al., 2021).  
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Considering the inconsistency between the two technologies that may hinder the clinical 

applicability a more in-depth evaluation of the clinimetric properties was necessary. Therefore, 

a systematic review evaluating the reliability of sonoelastography applied in the detection of 

mechanical properties of lower limb tendons was performed in Chapter four. 

The results of the systematic review confirm that SE and SWE have highly variable 

results in term of reliability across studies. SE on AT seems to be reliable but poor reliability 

was found for PT. SWE seems to be more reliable on the PT than on the AT. The lack of inter-

rater, inter-session and inter-machine reliability found in this chapter raises important doubts 

about the clinical applicability of these technologies. 

In light of the results of this systematic review, different technologies other than 

sonoelastography were evaluated in the subsequent chapters. Chapter five reported results of a 

reliability study using myotonometry to evaluate AT mechanical properties whereas Chapter 

six described another reliability study using shear wave tensiometry. 

The results confirmed that myotonometry (MyotonPRO) is a reliable tool for the 

evaluation of AT mechanical properties during different contraction levels and in different 

positions. Construct validity was supported by changes of tendon properties during the explored 

conditions. However, some technical limitation was noted at higher levels of isometric 

contraction; the impulse generated by the device was probably not strong enough to provide a 

precise evaluation of AT after a certain amount of load. 

Similarly, shear wave tensiometry showed very high reliability and construct validity at 

every ankle torque analysed. Moreover, tensiometry seemed to be more suitable for the 

detection of higher load levels and therefore more applicable in the detection of AT mechanical 

properties. 
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Chapter seven reported results of a pilot study designed to simplify the experimental 

setup of tensiometry. The aim was to test the convergent validity of two types of impulse 

(manual vs mechanical) provided to generate the shear wave speed within the AT. Results 

showed very high convergent validity between the two types of impulse provided, therefore the 

use of the manual impulse was implemented in the subsequent chapters. 

Chapter eight and nine reported the results of two cross-sectional studies evaluating AT 

mechanical properties in participants with ATR. Chapter eight analysed a cohort of participants 

with ATR treated surgically and showed that the mechanical properties of the operated AT 

remain different from the contralateral healthy tendon in the long term after the operation. 

Conversely, Chapter nine showed that the mechanical properties of the ruptured tendon in 

participants with ATR treated conservatively are similar to that of the healthy contralateral 

tendon. These two last chapters demonstrate the feasibility to implement shear wave 

tensiometry in the detection of changes in AT mechanical properties in clinical populations. 

In this final chapter (Chapter ten), the aim is to summarize the main outcomes of this 

thesis, formulate conclusions, highlight the research's strengths and weaknesses, and explore 

the clinical implications along with recommendations for future studies. 

 

10.2 Mechanical properties changes following ATR 

 

Chapter one describes the mechanical properties changes that AT can encounter when 

subjected to rupture. In this thesis different technologies were used with the aim to define the 

most suitable to evaluate AT mechanical property changes during loading tasks. Given the 

promising results obtained with shear wave tensiometry, an evaluation of people with ATR was 

performed using this technology. 
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When analysing people with ATR treated surgically, it appears that mechanical 

properties between the healthy and the operated AT remain different even in the long term after 

surgery. Chapter eight showed that the operated AT has higher shear wave speed values 

compared to the healthy contralateral AT. These changes remain even in long term after surgery 

and indeed no correlation was found between shear wave speed and time elapsed since surgery. 

To date different results in terms of mechanical properties have been found in the literature 

when analysing ATR treated surgically (Figure 10.1). In the healing phase after surgery (< 1 

years), the majority of the studies found a decreased or unchanged stiffness, while in long term 

it appears that AT increases its stiffness compared to the contralateral side. During the healing 

phase after surgery the AT appears to have reduced stiffness, which progressively increases 

toward normal values or even exceeds the values of the unaffected tendon in the later phases. 

Although a considerable amount of research exists on the topic, it is not possible to draw 

definitive conclusions because the differences in study methodologies, technologies used, and 

heterogeneity among the evaluated patients make it difficult to generalize the results. There are 

several possible reasons for the distinct loading values observed. After surgery, tendons show 

changes in collagen types, with repaired tendons having a higher proportion of type III collagen 

compared to unaffected tendons, which primarily contain type I collagen (Maffulli et al., 2000). 

Type I collagen is stronger than type III in terms of tensile strength, meaning that the tendon’s 

ability to withstand load and its mechanical properties can be influenced by its collagen 

composition (Kannus et al., 1997, Leadbetter, 1992, Liu et al., 1995). Consequently, an 

increased amount of type III collagen compared to type I may make the tendon stiffer (Bravo-

Sanchez et al., 2021, Tan et al., 2012). 
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Figure 10.1. Graph describing the mechanical properties differences between the 

healthy and the ruptured AT at different time points across different studies.  

 

The behaviour of the tendon mechanical properties and its relationship with the distance 

from the surgery and other clinical features is currently unclear and should be further 

investigated.  

Mechanical properties of the AT following rupture and conservative treatment has been 

less investigated (Figure 10.1). Chapter nine showed no difference between the ruptured and 
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the healthy contralateral AT measured with shear wave tensiometry in the long term after ATR. 

Other studies are in line with these results, confirming that in the long term, there are no 

differences in stiffness between the tendons (Bressel and McNair, 2001, Khair et al., 2022, 

Zellers et al., 2017). 

As for the AT treated surgically, it appears that even in the conservative treatment the 

initial healing phase exhibits reduced stiffness that gradually progressing towards normal 

values. But unlike the operated tendon, which shows increased stiffness over time, tendons 

treated conservatively do not seem to reach higher values compared to the healthy contralateral 

tendon. In light of the limited data available in the literature, the small sample sizes of the 

analysed studies, and the different technologies used, definitive conclusions cannot be drawn. 

Further studies are needed to confirm these observations. 

There are a paucity of studies evaluating both surgically than conservatively treated 

ATR (Bressel and McNair, 2001, Frankewycz et al., 2018, Yoshida et al., 2023, Zellers et al., 

2017, Schneebeli et al., 2023). The majority of the studies showed no difference in the 

mechanical properties among the participants who underwent the surgical or the non-surgical 

treatment except for the study of Yoshida and colleagues (Yoshida et al., 2023) that found a 

slight difference in AT stiffness in the first 4 weeks after the intervention/rupture. 

Chapter eight and nine, showed that in two separate cohort of participants who 

underwent surgery or conservative treatment, the shear wave tensiometry values are different 

with the surgery group showing an increased stiffness in the operated tendon compared to the 

contralateral AT whereas the conservative group showed the same values between the two 

tendons. Differences in shear wave speed between the groups could be explained by the 

different time point of evaluation in the two studies, even if no correlation between time after 

rupture and shear wave speed has been found in both studies (rho 0.155 and rho 0.231 for 
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conservative treatment Chapter nine; and rho = 0.11 for surgical treatment Chapter eight) it 

cannot be excluded that the longer follow up period of participants in Chapter nine could have 

led to further mechanical properties changes. The remodelling phase in the heling process of 

ATR could be a long-lasting process (Galloway et al., 2013, Voleti et al., 2012) and therefore 

possible changes in the mechanical properties even after the restoration of symptoms cannot be 

excluded. Another reason for this difference could be attributed to the different scar tissue 

formation between the two interventions. Studies in animals suggested that the natural scar 

formation following conservative treatment results in a more advanced organization of collagen 

fibers when compared with the scar tissue following surgery (Krapf et al., 2012). This response 

has not yet been confirmed in humans.  

A secondary analysis comparing the mechanical and morphological parameters between 

the two cohort of participants (Chapter eight and nine) has been performed and presented as an 

appendix (Appendix 17). Results suggested a between group difference in shear wave speed at 

low to moderate levels of contraction (p<0.017) with the conservative group having lower 

tensiometry values than the surgery group. Moreover, morphological parameters measured with 

ultrasound showed a between group difference for both thickness and CSA with the surgery 

group having a thicker and larger AT. These results seem to support the previously described 

hypothesis, where scar tissue formation in the conservative group is lower and more organised 

compared to that of the surgical group. The small sample size used in this secondary analysis 

cannot allow definitive conclusions to be drawn about these differences and therefore further 

studies can be helpful to better understand the behaviour of the AT during the healing process. 

The relationship between mechanical property changes after ATR and clinical outcomes 

is not defined. As described in Chapter one, a stiffer AT seems to have advantages from an 

injury perspective. A tendon with lower stiffness could strain more for the same amount of 
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stress, increasing the possibility to have tissue damage due to the frictional forces and heat 

production during the repeated cyclic loading (Maganaris et al., 2008, Farris et al., 2011). 

However, changes in mechanical properties have not been identified as a risk factor to develop 

tendon injuries. Only two studies (Li et al., 2018, Ivanac et al., 2021) with a limited sample size 

reported that the contralateral tendon in patients who have suffered an ATR has reduced 

stiffness compared to a healthy control group. The authors suggested that the contralateral 

tendon with lower stiffness may be at a higher risk of future ruptures. They speculate that 

reduced stiffness could be due to hypoxic degenerative tendinopathy, mucoid degeneration, and 

tendolipomatosis (Kannus and Jozsa, 1991), which may weaken the tendon, making it less stiff 

and more prone to rupture. However, these studies do not longitudinally assess the occurrence 

of ruptures in the contralateral tendon, so a direct cause-and-effect relationship is not yet 

supported by the literature. As of now, we cannot assert that reduced tendon stiffness is a risk 

factor for rupture, but if this will be confirmed by further longitudinal studies, having accurate 

technology that assesses mechanical properties could become even more important in 

identifying tendons at risk of rupture and in applying preventive strategies. 

As reported in literature, some studies suggested that people who underwent surgical 

treatment have a lower risk of re-rupture (Myhrvold et al., 2022, Ochen et al., 2019) if compared 

with those who had conservative treatment (risk rate of 0.6-2.3% in the surgical group and 3.9-

6.2% in the conservative group) especially if conservative treatment involved immobilising cast 

treatment and do not consider early mobilization (Ochen et al., 2019, Soroceanu et al., 2012) 

or functional rehabilitation (Maempel et al., 2022, Nilsson-Helander et al., 2010, Willits et al., 

2010, Olsson et al., 2013). The higher stiffness reported in the surgery group in Chapter eight 

and in other studies (Agres et al., 2015, Bravo-Sanchez et al., 2021, Olsson et al., 2013, Yoshida 

et al., 2023) could therefore be a protective factor to prevent re-rupture. 
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The identified risk factors of re-rupture are male sex, younger age, immobilising cast 

treatment and previous history of tendinopathy (Choi et al., 2024, Maempel et al., 2022). Given 

the paucity of studies analysing tendon mechanical properties after rupture and the still limited 

longitudinal observations of these cohorts of patients make it impossible at present to determine 

whether reduced stiffness could be a risk factor for a re-rupture. Further studies examining these 

properties could help to understand the correlation between mechanical properties and the risk 

of re-rupture.  

If increased stiffness can be confirmed as a protective factor against ruptures and re-

ruptures, rehabilitation protocols aimed at modifying the mechanical properties of tendons 

could help reduce the risk of re-rupture in the conservative treatment after ATR and serve as a 

preventive treatment for primary ruptures. 

 

10.3 Overview of the different technologies 

 

The large amount of research produced in recent years on the evaluation of tendon 

mechanical properties has led to a better understanding of this structure's behaviour both during 

its physiological function and in pathology. To achieve greater precision in measuring these 

properties, various technologies have been developed, modified, and improved. This has 

allowed the phenomenon of changes in tendon mechanical properties to be demonstrated from 

different perspectives, but at the same time, it has created challenges in interpreting results, as 

it is difficult to compare results from one technology to another. The aim of this thesis was to 

evaluate various available technologies for measuring tendon properties under load and to 

understand their differences. 
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A special focus was placed on studying the clinimetric properties of the instruments 

used in the thesis, especially reliability and construct validity. Clinimetrics define the quality 

of a clinical measurement, not only the quality of the instrument itself but also the quality of 

the performance of the measurements (Feinstein, 1983). It is essential that a measurement 

instrument has been tested to define its clinimetric properties before being used in research and 

clinical practice. In particular, the properties that define the performance of a measurement are 

the following: validity, reliability, and responsiveness. 

Validity refers to the “degree to which an instrument really measures the construct it 

purports to measure” (Mokkink et al., 2010b). When a gold standard to measure a specific 

construct is present, criterion validity can be evaluated, but in absence of a gold standard, as in 

the case of tendon mechanical properties the best option is to evaluate construct validity (Vet, 

2011). Construct validity of different measurement instrument has been calculated, the 

construct under evaluation was that mechanical properties (i.e., stiffness, elasticity, or shear 

wave speed) must increase when loading was put on the musculotendinous complex by muscle 

contractions. Since tendon stiffness and tendon displacement are directly related to 

plantarflexor strength (Magnusson et al., 2003) and ankle angle, (Arampatzis et al., 2007a) 

mechanical properties values are expected to increase with increasing muscle contraction and 

with increased plantarflexion.  

Together with validity, reliability is another essential requirement for an instrument to 

become clinically useful. Reliability is the “degree to which the measurement is free from 

measurement errors” (Mokkink et al., 2010b). Since in health sciences repeating measurements 

is essential to track a person's health status or to understand their response to a specific 

treatment, the reliability and measurement error of the instruments gain even greater importance 

and have been thoroughly evaluated throughout the various chapters. 
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For an instrument to be implemented in clinical practice, it is important that the 

measurement can be repeated not only within the same session (test-retest or intra-rater 

reliability) but also on different days (inter-session reliability) and by different operators (inter-

rater reliability). These aspects have been considered throughout the various chapters to allow 

for a more comprehensive characterization of the different technologies. 

As with any measurement instrument, reliability between different operators and across 

different days requires a significant effort to standardize the experimental setup and ensure 

precision in replicating the test in the same way. It is not difficult to understand that the more 

complex the instrument is and the higher the standardization required, the lower its reliability 

will be between different operators and in sessions spaced over time, where it becomes more 

challenging to exactly replicate the measure. Factors such as the operator's manual skills and 

experience must be taken into account when using more complex technologies. All these 

aspects have been analysed in the subsequent chapters for each technology used. 

Another important clinimetric property is responsiveness, defined as 'the ability of an 

instrument to detect change over time in the construct to be measured' (Mokkink et al., 2010b). 

To date, there are no longitudinal studies in the literature that allow us to evaluate the 

responsiveness of these instruments in detecting changes in tendon mechanical properties over 

time following interventions. If responsiveness will be confirmed in future studies these 

technologies could be relevant not only in understanding tendon behaviour but also in the 

longitudinal clinical evaluation of patients following pathologies and rehabilitation 

interventions. 

Chapter One introduced information about the different technologies with some strength 

and weaknesses derived from the literature available. The other chapters contribute to providing 

information on various aspects of the available technologies. In this chapter, clinimetrics 
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properties of the evaluated technologies together with other aspects which facilitate their 

implementation in the clinical practice have been evaluated, and an overview of the strengths 

and weaknesses is described in the following sections and summarized in the table (Table 10.1). 
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Table 10.1. Overview of strength and weaknesses of technologies for the evaluation of AT mechanical properties. 

Analysis during load refers to the capability of the technology to evaluate the tendon during load or a functional task. Clinimetric 

properties refer to what is reported in literature about the reliability and validity of the instrument. Availability refers to the 

likelihood of finding this technology on the market and to the complexity of the experimental setup. Versatility refers to the 

possibility to use the technology for the analysis of different tendons. Clinical applicability refers to the possibility to implement 

this technology in a clinical setting based on the following items: clinimetric properties, availability and versatility without 

considering the analysis under load. 

Technology 
Analysis 

during load 

Clinimetric 

properties 
Availability Versatility 

Clinical 

applicability 
Conclusion 

Dynamometry & 

ultrasonography 
+ +/- - +/- - 

Able to detect loading changes but with limited clinical 

applicability.  

Strain 

elastography 
+/- +/- +/- +/- +/- 

Moderate capability to detect loading changes and 

moderate clinical applicability 

Shear wave 

elastography 
- +/- + + + 

Not able to detect loading changes but good clinical 

applicability 

Myotonometry - + + - +/- 
Not able to detect loading changes and moderate 

clinical applicability 

Shear wave 

tensiometry 
+ ?* -* - -* 

Able to detect loading changes but with limited clinical 

applicability. (*newly developed technology) 
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10.3.1 Ultrasonography and dynamometry 

 

As mentioned in Chapter one, the first technology developed to evaluate the mechanical 

properties of tendons is based on a combination of dynamometry and ultrasound. This 

technology has proven to be very precise in quantifying changes in stiffness and allows for the 

evaluation of high intensity levels of contraction (Seynnes et al., 2015, Theis et al., 2012). 

Indeed, several physiological studies have been conducted using this technology, providing 

important data on tendon behaviour under load (Maganaris and Paul, 1999, Maganaris and Paul, 

2000, Maganaris and Paul, 2002).  

This technology is considered the most suitable to evaluate tendon under load (Khair et 

al., 2024, Henriksen et al., 2022) and recently an investigation that compares this technology 

with SWE has been performed to evaluate the correlation between the two technologies (Khair 

et al., 2024). The results confirm that the ultrasonography and dynamometry was the best 

technology to detect tendon stiffness but define SWE as an easy-to-use surrogate to evaluate 

tendon properties but limited to low levels of load. Another evaluation that compared 

ultrasonography and dynamometry to SE has been performed on the PT and showed no 

concurrent validity between the two technologies (Henriksen et al., 2022). To date an evaluation 

that compares results of ultrasonography and dynamometry with other technologies (i.e., 

myotonometry or shear wave tensiometry) has not been performed. 

Even if this technology to date is considered the best available to detect tendon under 

high load, its clinical applicability is very limited, as it requires complex technology and post-

processing of data that is difficult to perform in a clinical setting. Furthermore, the results 

reported in various studies seem to differ considerably. Values of AT mechanical properties 

vary from 7 and 37% between the different studies (Seynnes et al., 2015) and differences were 
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also found in studies observing tendon mechanical properties changes in response to exercises 

(Seynnes et al., 2015). This inconsistency is mainly attributed to the large number of 

methodological approaches used by different research groups. Moreover, some authors argue 

that this is an indirect measure of tendon stiffness since it analyses the entire myotendinous 

complex rather than evaluating the behaviour of the free tendon (Docking and Cook, 2019).  

Despite the multitude of examinations using this technology, reliability has been tested 

only in a few studies showing very high intra-rater reliability (Henriksen et al., 2022, Arya and 

Kulig, 2010, Hansen et al., 2006, Schulze et al., 2012). Inter-session and inter-rater reliability 

have not been tested. A more standardized procedure, considering different biomechanical 

aspects, as well as inter-rater reliability studies are therefore recommended to increase the 

external validity of these technology.  

In summary, this technology is able to detect tendon loading changes, but its clinical 

applicability remains very limited due to the complexity of the experimental setup and the 

unknown inter-rater reliability. 

 

10.3.2 Sonoelastography (strain and shear wave) 

 

The second technology examined was sonoelastography, with its two types: SE and 

SWE. As highlighted in Chapters two, three, and four, this technology is not as precise in 

evaluating load changes, especially when tendon is put under load by isometric contraction. 

Chapter three in particular showed that two different types of SWE were not able to detect 

loading changes, even at low levels of isometric contraction and in addition, results between 

the two different ultrasound devices were contradictory. These findings were confirmed by two 

recent analyses that compared SWE and ultrasonography and dynamometry (Khair et al., 2024, 
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Mifsud et al., 2023a) and showed that SWE can detect mechanical property changes only at rest 

and at strains below 1%-10% of the tendon strain. The authors suggest that SWE does not 

provide additional insights into the mechanical properties of tendons under load-bearing 

conditions. Even though some ultrasound devices provide SWE values during loading, 

particular caution should be taken when interpreting these values, as signal saturation may 

occur. Some devices still compute the values even if they exceed the maximum threshold of the 

measurement scale (see Appendix 3), ultimately compromising the validity of the 

measurement. 

On the contrary SE using an external reference material (Chapter two) is able to detect 

changes in AT elasticity during contraction but it’s precision to detect small differences is 

limited. A recent evaluation conducted on the PT suggests that SE does not measure the same 

mechanical properties as ultrasonography and dynamometry. In fact, there was no evidence of 

concurrent validity between the two technologies (Henriksen et al., 2022). This is reasonable 

since SE measures the tendon's response to axial compression from the ultrasound probe by 

quantifying an elasticity index, whereas ultrasonography and dynamometry evaluate tendon 

force and deformation, providing stiffness values. Therefore, caution should be taken when 

comparing results from different technologies. 

The clinimetric properties of SWE and SE, especially reliability, has been deeply 

investigated in Chapter four. Results of the systematic review indicate that SE and SWE show 

significant variability in reliability across different studies. SE appears to be reliable for the AT 

but demonstrates poor reliability for the PT. In contrast, SWE seems to be more reliable for the 

PT than for the AT. The observed lack of inter-rater, inter-session, and inter-machine reliability 

highlighted in this chapter raises serious concerns regarding the clinical usefulness of these 

technologies. The less inter-rater, inter-session and especially inter-machine reliability is not 
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surprising, indeed other studies confirm the difficulty to standardize the procedures given the 

number of variables involved, such as the pressure applied on the probe, the frequency of the 

probe used, the placement of the ROI within the tendon, and the ankle positioning during the 

evaluation (Prado-Costa et al., 2018, Pelea et al., 2024). As mentioned in Chapter four, the 

majority of the studies evaluating the reliability of SWE and SE lack an appropriate reporting 

of the methods used, guidelines and checklists for the methodological quality and clearness in 

the reporting (i.e. QAREL and GRRAS) are rarely used and can limit the interpretation of the 

results. Another recent systematic review (Mifsud et al., 2023b) aimed to assess clinimetric 

properties of sonoelastography and confirm the results reported in Chapter four underlining the 

inconsistency of the results between the different studies and reported the non-superiority of 

one of the different types of sonoelastography. Further high methodological quality studies are 

needed to provide meaningful information about the reliability of SWE and SE.  

Validity as well as responsiveness has been less investigated. Only one study had a 

longitudinal design able to evaluate the responsiveness (Gatz et al., 2021) and suggests that an 

established measurement instrument has yet to be identified as a tool for monitoring treatment. 

Despite the limited literature currently available on the validity of sonoelastography in 

populations with tendon pathologies, some authors argue that this technology has the potential 

to be used in the identification of tendinopathies (Mifsud et al., 2023b) and other 

musculoskeletal disorders (Chowdhary et al., 2024). Moreover, several evaluations using 

sonoelastography, particularly SWE, for the quantification of mechanical properties following 

pathologies (Crawford et al., 2023, Bravo-Sanchez et al., 2021) or interventions (Dirrichs et al., 

2016) are present in the literature. In light of these results, it is recommended to use SWE as a 

tool for the detection of differences between tendon regions and differences between groups of 

people in cross-sectional studies. The use of SWE for longitudinal interventional studies should 
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be limited to the detection of small strains (<10%) (Mifsud et al., 2023a) and should be further 

investigated. 

Despite the previously described limitations, a major strength of this technology is its 

availability; these are ready-to-use instruments that are present on the market and therefore 

usable in clinical settings. Moreover, the capability of these technologies to evaluate deeper 

tendon is warranted, especially with SWE, therefore its use is not limited to superficial and 

more accessible tendons. Given the interest in tendon analysis with sonoelastography, the 

technological developments have been significant. We cannot exclude the possibility that in the 

future these technologies, particularly SWE, may be optimised and become even more useful 

for this type of assessment. 

Given the limitations and advantages, it can be concluded that sonoelastography, 

particularly SWE is a useful technology especially in the detection of tendon mechanical 

property differences between populations when tested at low level of tendon strain, its 

availability on the market makes it useful in clinical settings, and future technological 

implementations could make it even more sensitive in detecting changes in tendons subjected 

to load. In contrast SE could better detect mechanical properties changes if used with an external 

reference material but is able to provide only semi-quantitative values by mean of strain ratios 

of the elastographic colour scale. Its availability is high, but its clinical applicability is moderate 

given the more complex setup. 

 

10.3.3 Myotonometry 

 

The third technology examined is myotonometry, specifically the commercially 

available device called MyotonPRO. The transfer of this technology, originally developed for 
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analysing the mechanical properties of muscles, to tendons seems to be successful, as the 

existing studies and the results of Chapter five demonstrate good reliability and comparable 

stiffness values across different studies. The majority of the studies tested the AT in a resting 

position or in different ankle angles. Few attempts have been made to calculate stiffness during 

loading conditions. Chapter five showed that MyotonPRO is capable of detecting stiffness at 

low level isometric contraction, up to a maximum of 5 kg. With higher loads and during a 

weight bearing positions, myotonometry values were very close to the upper measurement 

threshold and the calculation of the stiffness could have been influenced by the difficulties in 

providing a mechanical impulse strong enough to give a proper oscillation wave. These results 

were supported by another evaluation (Wegener et al., 2024) that showed limitation in detecting 

stiffness at high load levels. This is not surprising given that MyotonPRO has been developed 

for the evaluation of muscular structures, the impulse provided by the device is about 0.58 N 

that could not be sufficient to generate an oscillation wave in harder structure like tendons. Only 

one study (Pruyn et al., 2016) demonstrated the ability of MyotonPro to detect stiffness at 70% 

MVC during a sitting calf raise test. This is probably due to the 90° knee angle position during 

the test that partially reduce the tension on the gastrocnemius and on the AT, indeed stiffness 

results reported in this study (approx. 465 N/m) are significantly lower that results reported in 

other studies (> 750 N/m) that evaluate AT in a resting position with a 0° knee flexion (Liu et 

al., 2018, Finnamore et al., 2019, Tas and Salkin, 2019). However, this study (Pruyn et al., 

2016) showed a very low tendon stiffness even in a lying position (approx. 390 N/m) 

questioning the validity of the results.  

Clinimetric properties, especially reliability, has been evaluated in different studies 

(Sohirad et al., 2017, Liu et al., 2018, Finnamore et al., 2019, Feng et al., 2018, Pruyn et al., 

2016, Tas and Salkin, 2019, Muckelt et al., 2022) with very good results, ICC ranging from 
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0.72 to 0.98, both for intra-rater and inter-rater reliability. Construct validity of myotonometry 

has been described in Chapter five; stiffness changes between the different contraction 

intensities and the different positions were detected, demonstrating the construct validity of this 

device. Positive correlations have been described between myotonometry values and the 

increase in tendon tension due to changes in ankle angle (Tas and Salkin, 2019), changes in 

position (weight bearing, non-weight bearing) (Pruyn et al., 2016), and isometric contractions 

of increasing intensity, supporting the construct validity of this instrument. 

Another study (Feng et al., 2018) that evaluated the correlation between myotonometry 

and SWE found that stiffness values measured with MyotonPRO were related to the Young’s 

modulus measured with SWE. The strong association between the two technologies indicates 

that there is convergent validity between the measurements, even though they assess different 

mechanical properties (stiffness vs. Young’s modulus) and the impulse is generated with 

different characteristics; one mechanical, produced by the MyotonPRO device, and one 

acoustic, generated by the propagation of the shear wave in SWE. If these results are confirmed 

by further studies, it would be possible to generalize the findings from both technologies. A 

direct comparison between dynamic stiffness measured with MyotonPRO and stiffness 

measured with ultrasonography and dynamometry has never been conducted. Understanding 

whether these parameters are correlated could represent a further step in the validation of this 

device. 

As for SWE, MyotonPRO has the advantage to be ready to use and available on the 

market and therefore usable in the clinical practice. Moreover, it is relatively inexpensive and 

portable, allowing for use in various settings, not only within clinics but also in field 

applications. It has a great versatility, making it possible to assess different portions of the same 

tendon or different tendons in a very short amount of time. In contrast to ultrasound-based 
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techniques like SWE or SE, it is very easy to use, does not require any operator experience, and 

does not need complex machine settings or post-processing of the data. However, its limited 

ability to assess tendons under load and the shallow penetration of its impulse restrict its 

applicability to superficial tendons and to conditions of relaxation. 

In conclusion, this instrument offers great versatility and excellent clinical applicability. 

Its reliability and construct validity have been confirmed in numerous studies. However, given 

the nature of the impulse provided, it does not allow for the analysis of tendons under load and 

is limited to a small number of superficial tendons. 

 

10.3.4 Shear wave tensiometry 

 

The last technology evaluated was shear wave tensiometry, which has been recently 

developed and implemented in various fields, including gait analysis (Keuler et al., 2019), 

running (Reiter et al., 2024a), and tendons subjected to pathological processes.  

Its advantage lies in its high sensitivity to changes in tendon load, allowing for the 

analysis of mechanical properties even at high levels of contraction. As shown in Chapter six 

eight and nine, shear wave tensiometry is not only able to detect differences between tendon 

after ATR and the healthy contralateral side but also to precisely discriminate the tendon 

loading during isometric contraction of increasing intensities. Indeed, several examinations 

confirm that there is a linear relationship between the squared wave speed and the increase in 

ankle torque reinforcing the consistency of these measure based on a tensioned beam model 

(Martin et al., 2018, Keuler et al., 2019). Given its high sensitivity in detecting changes during 

load, and the individual behaviour of tendons between participants found in Chapter six eight 

and nine, this technology could allow a more accurate investigation of this variability to 
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understand whether it is normal, as it is a phenomenon also present in healthy participants, or 

if it could be indicative of a pathological process or even suggest which tendons are more prone 

to rupture or injury. Together with ultrasonography and dynamometry this is the first 

technology that is able to detect high level of isometric contractions, up to MVC, with consistent 

results between studies (Martin et al., 2018, Keuler et al., 2019, Ebrahimi et al., 2020). 

Validation studies of this technology have reported similar transient motion of different 

tissues as the shear wave passes, assuming that skin and subcutaneous tissue motion does not 

affect the measurement of tendon shear wave velocity (Martin et al., 2018. Salman and Sabra, 

2015). However, we cannot exclude that scar tissue immediately under the accelerometers may 

affect the accuracy of the analysis. Given that this technology is newly developed and used by 

a small number of research groups, the clinimetric properties have not been tested. The 

reliability of shear wave tensiometry has been investigated only in Chapter six of this thesis on 

healthy participants and only intra-rater (intra-session and inter-session) was examined. The 

results suggest that shear wave tensiometry is a reliable instrument and can be used to detect 

tendon loading at different ankle torque both within the same session and in different sessions. 

More research is needed to evaluate inter-rater reliability since the positioning of 

accelerometers and the generation of the shear wave by a manual impulse could probably 

introduce some measurement errors if different raters perform the measurement. 

Construct validity has been evaluated by determining the relationship between shear 

wave speed and ankle torque and different studies (Martin et al., 2018, Keuler et al., 2019, 

Acuna et al., 2019) suggest a linear relationship between these parameters with an increase of 

wave speed while increasing the ankle torque. To date, comparison between shear wave 

tensiometry and other technologies has not been performed therefore we cannot establish if a 

relationship between shear wave speed and tendon strain measured with ultrasonography and 
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dynamometry or Young’s modulus measured with SWE exist. Furthermore, there are no studies 

that evaluate changes following pathological processes or interventions, so we cannot comment 

on the responsiveness. 

In terms of clinical applicability, unfortunately the shear wave tensiometer it is still a 

prototype used only for research purposes by a few groups, and as a result, there is no version 

available on the market. Further technological developments will be necessary to make the tool 

easier to use and available for clinical settings. The technology behind this device is very 

simple, but it needs to be refined to become more applicable in different contexts. Moreover, 

to date, studies are limited to superficial tendon that can be easily approached with the 

accelerometers on the skin above the tendon. Deeper tendon, where multiple tissues layers are 

present between the skin and the target tendon are probably not suitable for this type of analysis 

given that the impulse provided and therefore the propagation of the shear wave cannot be 

performed without the direct access of the target structure.  

With the aim of reducing the complexity of measurements and making the tool 

applicable to different structures, some technological developments have been made, including 

the possibility of using a single sensor to evaluate the shear wave speed (Schmitz et al., 2023) 

and the use of a Kalman filter approach to improve accuracy and reduce the error due to 

accelerometer positioning (Schmitz et al., 2022). 

In conclusion, shear wave tensiometry is a promising technology able to detect tendon 

loading changes even at high level of isometric contractions, in healthy participants and in 

people after ATR. Further research on the clinimetric properties of this tool is necessary to 

better understand its clinical applicability and the possibility of using it outside of the research 

context. 

 



 

 207 

10.4 Quality of research in the thesis 

 

To assess the quality of the research carried out in this thesis, several risk of bias tools 

and reporting guidelines were employed to ensure meaningful conclusions could be drawn. 

For the cross-sectional studies in Chapter two, three, eight and nine, the STROBE 

guidelines (von Elm et al., 2007) were used as an evaluation framework. The systematic review 

in Chapter four was registered with PROSPERO and followed the PRISMA guidelines (Moher 

et al., 2009). The PICOS framework was applied to establish the eligibility criteria and organise 

the review questions. A thorough search strategy was implemented across multiple databases, 

with two independent reviewers conducting the study selection and data extraction. 

Additionally, the reasons for study exclusions and the number of full-text studies evaluated 

were documented. Two quality assessment checklists were used to assess the risk of bias of the 

selected study. The GRRAS (Kottner et al., 2011) was used to assess the quality of the reporting 

whereas the QAREL (Lucas et al., 2010) evaluated the quality of the design and conduct 

(internal quality) of the studies. 

Additionally, in Chapters five and six where reliability of the tools was assessed the 

GRRAS checklist was used as a guideline for reporting the results and ICC values were reported 

following the guidelines of selecting and reporting ICC for reliability research (Koo and Li, 

2016). 

As suggested by the GRRAS checklist and by other authors (Donner and Eliasziw, 1992, 

Roberts and McNamee, 1998), ICC values in the reliability studies were always described 

together with CI as a measure of statistical uncertainty to better describe the range of values 

that are considered to be plausible for a target population. Moreover, both relative, using ICC, 

and absolute reliability using SEM and MDC were reported together. The use of a combination 
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of both relative and absolute reliability has been suggested to have an index of the variance of 

the measures between subjects but also the true error express in the same units as the 

measurements of interest (Weir, 2005, Bruton et al., 2000). 

 

10.5 Overall strengths and limitations 

 

All the studies presented in the thesis have provided a general overview of the 

technologies available for assessing the mechanical properties of the AT. The use of a common 

rationale across all studies, namely evaluating how the different technologies detect changes in 

the mechanical properties of the AT in response to load variations, allowed to compare the 

results of the different studies and understanding which tool was the most useful for this 

purpose. Particular attention was given to the clinimetric properties, specifically reliability and 

construct validity, which were deeply evaluated in the various chapters. Additionally, a new 

promising technology was developed, used to evaluate the clinimetric properties and was 

implemented in a clinical setting to evaluate participants after ATR treated surgically and 

conservatively. Finally, as mentioned in the previous section, the methodological quality of the 

thesis was evaluated through the use of validated checklists for the reporting and the screening 

of the internal validity. 

There are some limitations that need to be acknowledged. Each of the studies in the 

thesis present with some limitations and has been discussed in the different chapters. Reliability 

studies presented in Chapter five and six were performed in healthy participants therefore a 

generalization of these results to people with tendon disease may not be done. As AT was the 

only tendon evaluated in this thesis, transferring these results to other tendons with different 

morphology and characteristics may not be possible. The systematic review in Chapter five 
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focused solely on analyzing the reliability values of the sonoelastography technique. An 

evaluation of other clinimetric properties, such as validity and responsiveness, would have 

provided a clearer understanding of the characteristics of these measurements. Chapter six 

explores only intra-operator reliability; future studies will be needed to understand whether this 

technology is also reliable when used by different operators. Chapter seven presents a pilot 

laboratory study with a small sample size of healthy participants, making it uncertain whether 

these results will be confirmed in a larger sample. Chapter eight and nine which evaluate tendon 

mechanical properties after ATR did not evaluate tendon resting length following rupture. A 

greater tendon length has been showed after surgery (Agres et al., 2015, Khair et al., 2022, 

Zellers et al., 2019) and a lengthening of the tendon cannot be excluded even in ATR treated 

conservatively. We could therefore not establish if tendon resting length influences shear wave 

speed values. 

 

10.6 Clinical implication and future research 

 

This thesis has laid the groundwork for a better understanding of the technologies 

currently used for the evaluation of tendon mechanical properties. Considering the limitations 

and advantages of these technologies, there is a need for future longitudinal studies to assess 

the responsiveness of these tools in detecting changes in mechanical properties and whether 

these can be linked to clinical changes. 

If the relationship between clinical features and mechanical properties will be confirmed 

by future research evaluating the effect of rehabilitation protocols on tendon mechanical 

properties in people with tendon disorders, it could be helpful to detect which type of exercise 

can target and modify tendon mechanical properties. Moreover, the association between altered 
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mechanical properties and risk of ATR is not yet established; longitudinal studies using accurate 

technology could help to clarify this aspect. 

Shear wave tensiometry shows the potential to be an instrument suitable for the 

evaluation of tendon under load, and future technological development could increase its 

clinical applicability by simplifying the device and the post processing analysis. Finally, to 

better characterise the mechanical properties of AT disorders, an understanding of normal 

values in the general population is required, and therefore normative data studies that take into 

account gender, age, and physical activity of individuals are expected. 

 

10.7 Conclusion 

 

This thesis showed that each technology used in the assessment of tendon mechanical 

properties presents advantages and disadvantages, and to date, no technology has shown 

superiority over another. The choice of the technology used must be made based on the research 

objective. Given the overview provided in this thesis, a quicker assessment of the most pertinent 

technology for the purpose of the investigation can be carried out. 

The implementation of shear wave tensiometry in clinical studies has been presented, 

and the results showed that shear wave tensiometry can be used to detect tendon mechanical 

property changes after ATR. The use of this type of technology, which is able to detect loading 

changes even at higher load levels, sets the basis for a more extensive evaluation of tendon 

mechanical properties during load. 

Although there is currently no clear relationship between changes in tendon mechanical 

properties and clinical changes (i.e., pain and disability) in people with tendon disease, this 

thesis emphasizes the importance of considering this aspect to gain a better understanding of 
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tendon behaviour under load. With the development of increasingly precise technologies, 

including shear wave tensiometry, future studies could confirm this relationship. Having a tool 

capable of accurately tracking mechanical properties during the clinical course could potentially 

provide us with more information about the loading status and possibly detect adaptation or 

maladaptation resulting from exercises or pathology. 

Clinicians would benefit from technologies that track mechanical property changes 

during or after their treatments, enabling the customization of interventions based on objective 

data, thus optimising them for each individual case. 
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Appendix 14 – Ethical Review, Consent Forms and Patient Information Sheets 

for Chapter Nine 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 338 

 



 

 339 



 

 340 



 

 341 



 

 342 



 

 343 



 

 344 



 

 345 



 

 346 



 

 347 



 

 348 

Appendix 15 – Achilles Tendon Total Rupture Score (ATRS) 
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Appendix 16 – Tegner Activity Level Scale 
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Appendix 17 – Poster presented at the IFOMPT conference 2024 
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DIFFERENCES IN SHEAR WAVE SPEED BETWEEN SURGICALLY AND 
CONSERVATIVELY TREATED ACHILLES TENDONS FOLLOWING RUPTURE 
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Alessandro Schneebeli1,2, Giuseppe Filardo3,4 , Deborah Falla2, Enrique Testa3,4, Martin Riegger3,4, Alessandro Sangiorgio3, 
Corrado Cescon1, Marco Barbero1

• Achilles Tendon rupture (ATR) is a frequently occurring musculoskeletal injury, with an annual occurrence rate ranging from 5 to 50 cases per 100,000
individuals, potentially leading to significant disability. To date, clinical outcomes at 12 months post-injury appear to be comparable between those who
undergo surgery and those who receive conservative treatment.

• Shear wave tensiometry is a recently described technology that uses accelerometers to measure wave propagation along the tendon to define tendon
mechanical properties. This technology is based on the concept that the axial stress within the tissue affects the squared tendon wave speed.

• The aim of this cross-sectional study was to evaluate shear wave speed (SWS) differences between surgically and conservatively treated ATR.

Background and Aim

• Fifteen participants who underwent
unilateral open repair Achilles tendon
(AT) tenorrhaphy and fifteen
participants with acute ATR treated
conservatively were retrospectively
identified (from 1 to 5 years since
ATR).

• Tendon loading was measured using
a shear wave tensiometer consisting
of four accelerometers fixed on the
tendon following an ultrasound
imaging procedure to ensure proper
positioning. The wave propagation
along the tendon was manually
elicited using a reflex hammer. Five
repeated measurements were taken
during isometric contraction of
increasing intensity (0-35 Nm ankle
torque) on both the left and right AT of
each participant. The SWS was
calculated based on the time delay
between the different waves detected
by the accelerometers and the
mechanical wave propagation on the
tendon.

• Tendon thickness and cross-sectional
area (CSA) were assessed using
ultrasound imaging, ankle dorsiflexion
range of motion and calf
circumference were also measured.

Materials and Methods Table 1

Achilles tendon surgery after ATR
influences SWS values more than
conservative treatment. Values
remain higher in the operated
tendon even in the long term after
surgery. The relationship between
SWS and clinical features should be
further investigated.
An instrument capable of detecting
changes in tendon loading
responses over time has the
potential to improve our
comprehension of tendon behavior
during the healing process and aid
clinicians in tailoring rehabilitation
protocols for individual patients.

Conclusions

Acknowledgments: Bianchi-Pandolfi
foundation for the financial support of
the PhD

SURGERY (n=15) CONSERVATIVE (n=15) between groups diff. (p)

Age 53.3±11.5 53.5±8.4 0.806

ATRS (0-100) 89.3±12.0 80.4±12.8 0.202

Side OP H between side diff. (p) RUP H between side diff. (p)

SWS (m/s) @ 0Nm 18.2(4.5) 13.3 (3.7) <0.001 15.7 (6.8) 12.2 (1.9) 0.071 0.015

SWS (m/s) @ 17.5Nm 38.3 (5.0) 28.6 (2.6) <0.001 33.1 (7.4) 29.0 (4.2) 0.782 0.017

SWS (m/s) @ 35Nm 47.5 (13.1) 41.3 (7.4) 0.016 42.7 (13.6) 40.7 (6.1) 0.405 0.300

Thickness (mm) 13.6 (1.9) 5.6 (1.3) <0.001 11 (2.5) 5.4 (1.3) <0.001 0.005

CSA (mm2) 178 (36.5) 66 (7.9) <0.001 141 (45.5) 68.2 (19.2) <0.001 0.023

ROM (°) 40 (6.5) 43 (5) 0.033 39 (5.5) 38 (7.5) 0.248 0.838

Calf Circ. (cm) 37 (4) 41 (4.5) 0.002 37 (3.25) 38 (3) 0.001 0.902

• The SWS differences between the affected and unaffected sides were significant only in the SURGERY
group with the sutured tendon showing a higher SWS for every contraction level. The CONSERVATIVE group
showed a similar SWS behavior between the affected and unaffected side.

• The unaffected tendon of both groups showed a similar SWS while the injured tendon of the
CONSERVATIVE group showed a constantly lower SWS compared to the SURGERY group, especially at
lower contraction levels. (Figure 1)

• Difference between SURGERY and CONSERVATIVE group were found also for tendon thickness and CSA.

Results

Figure 1

Box plot showing shear wave speed difference between tendons at different ankle torque for A) SURGERY group and B) CONSERVATIVE group. Red and orange box plots represent
the ruptured tendon whereas green and light green represent the healthy tendon. ** p<0.05, statistical significant difference between side; # p<0.05, statistical significant difference
between groups
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Acronyms: OP, operated tendon; H, healthy tendon; RUP, ruptured tendon; ATRS, Achilles tendon total rupture score.


