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ABSTRACT 

Achilles tendon rupture is a common injury which most often affects otherwise healthy 

individuals and which causes long periods of rehabilitation with absence from work and sport 

activities and frequently sequele with reduced calf muscle performance. The aim of this thesis 

is to improve understanding of how injury affects the function of the Achilles tendon, and to 

functionally evaluate different designs of ankle foot orthoses used during rehabilitation after 

an Achilles tendon rupture. A non-invasive ultrasound based method for estimating tissue 

motion is also adapted and evaluated for use on the Achilles tendon during motion.  

In the first study of this thesis an adjustable ankle foot orthosis was investigated regarding its 

effect on force in the Achilles tendon and muscle activity in the lower leg during walking. 

Unexpectedly force in the Achilles tendon was found to be higher at certain ankle foot 

orthoses settings than for barefoot walking. These results raised the question if different 

designs of ankle foot orthoses affect the Achilles tendon in different ways. To pursue this 

question, a non-invasive method of studying Achilles tendon biomechanics was required. 

Advances in tissue displacement and strain estimation in echocardiography lead to the choice 

of ultrasound based speckle tracking. In the second study of this thesis a commercial 

ultrasound speckle tracking algorithm was evaluated for estimation of strain in tendon tissue 

in a series of in-vitro experiments. Results of this study showed high variability in 

measurement errors which lead to the decision to adapt and use an in-house developed 

speckle tracking algorithm instead. In the first part of study III, an in-house developed 

speckle tracking algorithm was adapted and evaluated for displacement estimation in tendons. 

Results showed a high correlation between estimated tendon displacement and reference 

values, but a constant underestimation of displacement. For the magnitude and velocity of 

displacement relevant during range of motion exercise and walking, low coefficients of 

variation were found. In the second part of study III the in-house developed speckle tracking 

algorithm was implemented on ultrasound images of uninjured and previously ruptured 

Achilles tendons during motion. Displacement in superficial and deep tendon layers was 

estimated and it was found that the non-uniform displacement pattern observed in uninjured 

tendons was disturbed following injury. Displacement in different parts of the tendons could 

be distinguished with statistical significance indicating that the speckle tracking algorithm 

was clinically applicable. In study IV, ultrasound speckle tracking, electromyography of the 

lower leg muscles and plantar pressure measurement were combined to investigate how the 

Achilles tendon is affected by the use of three different designs of ankle foot orthoses with 

varying degrees of dorsiflexion limitation. Results show that the degree of dorsiflexion 

limitation within an ankle foot orthosis seems to affect tendon displacement patterns and 

lower leg muscle activity to a greater extent than differences in ankle foot orthosis design.  

In conclusion, ultrasound based speckle tracking for estimation of tendon motion is feasible 

and can be used to investigate alterations in Achilles tendon deformation patterns following 

injury and during use of different designs of ankle foot orthoses.   



SAMMANFATTNING 

Att slita av hälsenan är en vanlig skada som leder till lång rehabilitering med frånvaro från 

arbete och sportaktiviteter, och ofta kvarstående besvär med nedsatt funktion i vadmuskeln. 

Syftet med den här avhandlingen är att öka kunskapen om hur skador påverkar hälsenans 

funktion. Vidare undersöks hur några vanliga modeller av fotledsortoser som används i 

behandlingen av hälsenerupturer påverkar senan vid gång. En ultraljudsbaserad metod för att 

mäta rörelser i vävnader anpassas och utvärderas för användning på hälsenan.  

I den första studien undersöktes en ortos med justerbar fotledsvinkel. Kraften i hälsenan och 

muskelaktiviteten i underbenet mättes vid olika fotledsvinklar och jämfördes med barfota 

gång. Oväntat nog var kraften i hälsenan högre när ortosen användes med vissa 

vinkelinställningar än vid barfota gång. Resultaten ledde till hypotesen att olika modeller av 

ortoser påverkar hälsenan på olika sätt. För att undersöka detta vidare behövdes en ny metod 

för att mäta mekanisk påverkan på hälsenan som fungerar utan att man behöver skära eller 

sticka i senan. Framsteg inom ultraljudsundersökningar på hjärtat med mätningar av rörelse 

och töjning i vävnaden ledde till valet av ultraljudsbaserad bildanalys, så kallad speckle 

tracking. I en serie experiment i den andra studien i den här avhandlingen utvärderades ett 

speckle tracking program utvecklat för analys av töjning i hjärtmuskel, för att se om det 

kunde användas även på senvävnad. Resultaten visade stor variation i mätfelet vilket gjorde 

metoden opålitlig. Istället anpassades ett speckle tracking program för analys av 

vävnadsrörelser som utvecklats inom forskargruppen och i del ett av den tredje studien i 

avhandlingen testades programmet på senvävnad i laboratorieexperiment. Det fanns ett 

tydligt samband med referensvärden men bildanalysprogrammet underskattade delvis 

rörelserna i senan. I del två av den tredje studien användes bildanalysprogrammet för att 

analysera rörelsemönstret i oskadade och tidigare skadade senor. De oskadade senorna hade 

ett asymmetriskt rörelsemönster med större rörlighet i djupa delar av senan än i ytliga delar, 

vilket tros vara viktigt för vadmuskelfunktionen. I tidigare skadade senor var rörelsemönstret 

homogent från ytligt till djupt. Bildanalysprogrammet kunde särskilja rörlighet i olika delar 

av senan med statistisk signifikans. I den fjärde studien undersöktes rörelsemönstret i 

hälsenan, aktiviteten i underbenets muskulatur och tryckfördelningen under fotsulan vid gång 

dels barfota och dels när tre olika modeller av ortoser användes. Ortoserna testades med olika 

vinkel i fotleden. Resultaten visade att fotledsvinkeln påverkade rörelsemönstret i hälsenan 

och aktiviteten i underbenets muskulatur mer än valet av ortosmodell.  

Sammanfattningsvis visade avhandlingen att ultraljudbaserad speckle tracking kan användas 

för att analysera rörelser i senvävnad. Hälsenans rörelsemönster påverkas av tidigare skada i 

senan och kan även påverkas vid användning av ortoser genom att vinkeln i fotleden ändras.  
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1 BACKGROUND 

1.1 INTRODUCTION 

Acute rupture of the Achilles tendon most commonly occurs during sport activities affecting 

persons of working age with a peak incidence between 35-55 years of age [41,42]. The injury 

is followed by months of immobilization and rehabilitation and long-term reduction of tendon 

function and muscle atrophy is frequently seen. The incidence of acute Achilles tendon 

ruptures has increased by 17% and 22% among Swedish men and women respectively 

between 2001 and 2012 [42]. Achilles tendon rupture treatment is either surgical or non-

surgical followed by immobilization. Surgical treatment was long considered advantageous 

as it resulted in a lower risk of re-rupture as compared to non-surgical treatment [51,72]. In 

the past it was common with months of immobilization in rigid casts following surgery and 

weight-bearing was not allowed [48]. More recent studies indicate that active rehabilitation 

using ankle foot orthoses (AFO) that can be removed for range of motion exercise and early 

weight bearing following surgery, results in higher patient satisfaction, earlier return to pre-

injury activities and less reduction in function [18,21]. With more active rehabilitation re-

rupture rates following non-surgical treatment have also decreased to almost the same levels 

as for surgical treatment [41,45,76,94,104]. However, a remaining decrease in patient 

reported outcome, performance in functional tests, and in the general physical activity level 

12-24 months after injury is common following both surgical and non-surgical treatment 

[75,76,78,104]. In animal models loading of growing and healing tendons has been shown to 

be beneficial to collagen synthesis and tendon properties [2,17,49]. AFO used following an 

Achilles tendon rupture should allow sufficient load on the tendon to avoid disuse atrophy 

and stimulate healing, but protect against accidental overload and injury. In order to study the 

effect of treatment protocols and rehabilitation exercise on the Achilles tendon a number of 

methods have been used. Force transducers inserted into the Achilles tendon have been used 

to quantify tendon force during walking, running and hopping [29,30,55] and Roentgen 

stereophotogrammetric analysis (RSA) which involves the insertion of tantalum beads into 

the Achilles tendon has been used to determine strain within the tendon during healing [87]. 

All of these methods are invasive whereas ultrasound imaging offers a non-invasive method 

of studying tendons. However, the validity of quantitative assessment of tendon motion and 

deformation in ultrasound images has so far been limited. 

1.2 ACHILLES TENDON ANATOMY 

The Achilles tendon is the common tendon of the triceps surae which is formed by the medial 

and lateral gastrocnemius and the soleus. [73]. The medial and lateral heads of the 

gastrocnemius have their origin on the posterior aspects of the medial and lateral condyles of 

femur respectively, whereas the soleus has its origin on the posterior aspect of the head of 

fibula and the superior fourth of tibia [73]. Since the gastrocnemius passes across both the 

knee and ankle joints its force generating capacity is dependent on the position of both these 

joints [15]. The different parts of the triceps surae have different functions, where the soleus’s 
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main function is in standing and slow motion while the gastrocnemius produces rapid 

movement such as running and jumping [73].  

Tendon tissue consists mainly of extracellular matrix containing collagen and proteoglycans, 

where the tensile strength is mainly provided by the collagen [9]. Tenocytes are the most 

common cells in tendon tissue [64] and they are typically arranged between the collagen 

fibers [9]. Collagen type I is the dominant collagen type of healthy tendons, while collagen 

type III is also present in healing and aging tendons [64]. Tenocytes synthesize procollagen 

which is exported from the cells and aggregated into tropocollagen [64]. Tropocollagen 

molecules aggregate in an overlapping and twisting manner to form microfibrils, which are 

organized in parallel into fibrils, which in turn are organized into fibers, fascicles and finally 

into tendons [38,64] (Figure 1). 

 

 

Figure 1. Hierarchal organization of tendon collagen. (adapted from Handsfield et al [38]) 

 

Tendon fascicles that originate from the aponeuroses of the medial and lateral gastrocnemius 

and the soleus form the Achilles tendon and the fascicles twist medially before they insert on 

the calcaneus [6,22,24,98] (Figure 2). Tendon fascicles are separated by loose connective 

tissue and it has been proposed that the tendon fascicles can slide against each other during 

motion [9,39]. In support of this theory, a glycoprotein called Lubricin which facilitates tissue 

sliding has been found at the fascicle interfaces in the distal six cm of the human Achilles 

tendon [96].  
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Figure 2a. Drawing of the right Achilles tendon showing the twist of the tendon fascicles. b. 

Tendon cross-section showing the orientation of the tendon fascicles during twisting from 

proximal to distal (adapted from Arndt et al [6].) 

 

1.3 ACHILLES TENDON BIOMECHANICS 

The elastic properties of the Achilles tendon have been studied in-vitro by mounting tendon 

samples in materials testing machines and straining them to failure while recording tendon 

elongation and applied force [68]. To enable relevant comparisons between tendon samples 

of different dimensions, force was normalized to tendon cross-sectional area and expressed as 

stress (MPa) and elongation was normalized to tendon original length and expressed as strain 

(%) [68]. Figure 3 shows the relation between stress and strain in a typical tendon. In the 

initial toe region there is a non-linear relationship between stress and strain where crimped 

collagen fibers are straightened [68,103]. In the elastic region collagen fibers are stretched, 

but if stress is released the fibers will return to their initial length [68,103]. In the plastic 

region fibers start to break and finally the tendon ruptures [68,103]. The slope of the stress 

strain curve in the linear region is known as the Young’s modulus which describes the elastic 

properties of materials [97].  
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Figure 3. Stress – strain curve of a tendon. (Based on data from [68,103]) 

 

The elastic properties of the Achilles tendon are utilized during walking and jumping as 

elastic energy can be stored in the tendon [36,43]. The stance phase of a step lasts between 

heelstrike and toeoff. Immediately after heelstrike the Achilles tendon will shorten and 

intratendinous force decreases as the forefoot hits the floor [30,43,55]. During the next part of 

stance phase, the Achilles tendon is stretched while the tibia moves forward and force starts 

to build up in the tendon [30,43,55]. During push off the tendon recoils and stored elastic 

energy is released and contributes to forward motion [36,43,68].  

The Achilles tendon is formed by fascicles origination from the three muscles of the triceps 

surae which may be independently activated, and there is evidence that loading and 

deformation of the human Achilles tendon is non-uniform during motion [15]. In an in-vitro 

set up force was measured in medial and lateral parts of the Achilles tendon while different 

loads were put on the muscles of the triceps surae, and loading of the medial gastrocnemius 

resulted in higher forces on the medial side of the tendon, whereas loading of the lateral 

gastrocnemius or a combination of two or three muscles lead to higher forces on the lateral 

side [5]. The degree of muscle activation and aponeuroses displacement of the soleus and 

gastrocnemius during isometric plantar flexion depend on the knee angle, so that the 

gastrocnemius reaches its peak activity [7] and aponeurosis displacement [14] when the knee 

is close to full extension and the soleus reaches peak activity and aponeurosis displacement 

when the knee is flexed. In-vitro studies have shown that strain in the Achilles tendon is 

asymmetrical and varies with different patterns of muscle activation and angles of the 

calcaneus during loading [61]. Displacement within the distal free Achilles tendon during 

motion has previously been estimated using ultrasound tracking in vivo [4,31,93]. Arndt et al 

showed that displacement in deep tendon layers exceeded displacement in superficial layers 

during passive ankle motion [4] and this non-uniform displacement pattern has also been 

observed during eccentric Achilles tendon loading [93]. Non-uniform displacement in the 
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Achilles tendon has also been observed during walking and has been shown to increase with 

increasing walking speed [31]. Fascicles of the Achilles tendon transmit muscle force 

independently with little lateral force transmission [39] and it has been suggested that the 

non-uniform displacement pattern observed in the Achilles tendon during range of motion 

exercise and walking reflects gliding between tendon fascicles [4,31,39,93]. Fascicle gliding 

is thought to optimize force transmission of the different components of the triceps surae at 

different levels of activation and at different angles of the knee and calcaneus [4,15,31].  

1.4 TENDON HEALING 

Tendon healing after rupture follows the well-established phases of healing, inflammatory 

phase, proliferative phase and remodeling phase which have been described in animal models 

[26,99]. During the inflammatory phase (week 1), inflammatory cells gather at the rupture 

site and through production of cytokines and growth factors they recruit macrophages and 

tendon fibroblasts [26,99]. In the subsequent phase (1-4 weeks), fibroblasts proliferate and 

produce fibrillar collagen [17,26]. During remodeling fibroblasts and collagen become 

oriented in the direction of load [26]. In rat models of Achilles tendon ruptures it has been 

shown that tendon healing is stimulated by mechanical loading [2,3,17,25]. Continuous 

weight bearing on the injured limb during free cage activity and intermittent or free exercise 

on a treadmill resulted in earlier formation of mature repair tissue with thicker and 

longitudinally organized collagen [17] and tendons with higher stiffness and peak force 

[2,25], than if the limbs were unloaded or immobilized. In-vitro stretching of human 

tenocytes has been shown to increase cell proliferation and collagen production [105] which 

is thought to mediate the beneficial effect of mechanical loading of healing tendon tissue [2]. 

Ultrasound studies of previously ruptured and surgically repaired Achilles tendons in humans 

have shown altered echogenicity, scar tissue with disturbed striated appearance and impaired 

gliding between the tendon and surrounding tissue several years after injury [11,71,84]. 

Knowledge of the effect of mechanical loading on the morphology of healing human Achilles 

tendons is limited, but in patients with Achilles tendon rupture early active loaded 

plantarflexion exercises have shown to result in healed tendons with higher elastic modulus 

[86]. More active rehabilitation protocols with early range of motion exercises following 

Achilles tendon ruptures seem to improve tendon properties and result in reduced re-rupture 

rates [51,94], but impaired plantarflexion function compared to the uninjured leg is still 

common [76,78,104]. 

1.5 ANKLE FOOT ORTHOSES 

An ideal AFO to be used following an Achilles tendon rupture should allow sufficient load 

on the tendon to stimulate healing and avoid disuse atrophy, but protect against accidental 

high loads that may damage the healing tendon [1,50]. Elongation of the Achilles tendon 

following rupture has been correlated with poor outcome [47,87,89] and should also be 

prevented. AFO are thought to reduce tension loading in the Achilles tendon by limiting 

dorsiflexion of the ankle and to reduce active loading by reduction in muscle activity in the 

lower leg [1,50]. There are a few principally different designs of AFO commonly used in 
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treatment protocols for Achilles tendon ruptures. One design has a rigid outer shell and a 

rocker-bottom sole and is commonly used in combination with heel wedges to achieve the 

desired ankle angle [78,104] (Figure 4a). Another design of AFO has an adjustable foot-plate 

on a hinge that can be set to different ankle angles and which allows limited range of motion 

[76,101] (Figure 4b). A third AFO design functions as a dorsal brace restricting excessive 

dorsiflexion while leaving plantarflexion unrestricted [47,67] (Figure 4c). There are only a 

few studies of the biomechanical properties of AFO and how they affect the Achilles tendon 

and the lower leg muscles during walking. Muscle activity of the soleus and gastrocnemius 

has been shown to decrease compared to unbraced walking when the rigid AFO was used 

[46], and was further decreased with each addition of a heel wedge [1]. Plantar pressure has 

been measured inside the rigid AFO design and was used to calculate ankle moments [85] 

and forefoot pressures [50] which were both shown to decrease during walking in the rigid 

AFO. In these studies force or deformation in the Achilles tendon were not directly measured. 

In study I of this thesis the function of an adjustable AFO was investigated using a force 

transducer in the Achilles tendon together with EMG measurements of activity in the triceps 

surae [33]. EMG activity of the soleus decreased with increasing dorsiflexion limit as had 

previously been shown for the rigid AFO design, but gastrocnemius activity showed a 

different pattern and force in the Achilles tendon increased with increasing dorsiflexion limit 

[33]. This lead to the hypothesis that principally different designs of AFO may have different 

effects on the healing Achilles tendon. No studies of the biomechanical effects of the dorsal 

brace were found. A study comparing the biomechanical properties of different AFO designs 

with respect to EMG activity of the lower leg, plantar pressure and tendon deformation is 

lacking. 

 

 

Figure 4. Three commonly used AFO designs. a rigid AFO b adjustable AFO c dorsal brace. 
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1.6 FORCE MEASUREMENTS 

1.6.1 Indirect force calculations 

Using the balance of moments about the ankle joint, Achilles tendon force can be calculated 

from plantar force measurements. Ankle joint center of rotation, ground reaction force (GRF) 

and the length of the moment arms of the GRF and force in the Achilles tendon need to be 

determined (Figure 5). Ankle joint center of rotation and lengths of moment arms can be 

determined on X-ray or estimated from surface anatomy. In these calculations the 

contributions from plantarflexion muscles which do not exert force via the Achilles tendon 

are assumed to be negligible [7,35]. A further limitation of this method during dynamic 

measurements, is that ankle moment arms change as the ankle angle changes [35]. 

 

 

Figure 5. Calculation of Achilles tendon force (FAT) when the center of rotation, ground 

reaction force (FGR), and moment arm lengths (LGR and LAT) are known.  

 

1.6.2 Buckle force transducers 

The first methods for measuring in-vivo forces in the human Achilles tendon were developed 

in the 1980s. [53,83]. The buckle transducers used at that time consisted of a stainless steel 

frame which was fastened on the Achilles tendon during open surgery [56]. Tensile forces in 

the tendon resulted in forces on the buckle transducer which were recorded by strain gauges 

attached to the frame [37]. Force sensors used for experiments on tendons needed to be 

calibrated against some known force. In animal experiments this was usually done at the end 

of the experiment when the tendon was cut and connected to a dynamometer, after which 

transducer output could be calibrated against applied forces under static or dynamic 

conditions [53]. In human studies calibration was more difficult and relied on indirect force 

calculations [28,53]. Differences in transducer placement, ankle angle, magnitude of force 

and force rate between calibration and experiment are potential sources of error [37,53]. The 

introduction of buckle transducers enabled measurements of Achilles tendon forces during 
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activity, including walking, running, hopping and cycling [53]. However, the requirement for 

open surgery was a disadvantage limiting the use of this technique [54].  

1.6.3 Optic fiber force transducers 

Optic fibers are designed to efficiently transmit light from a light source to a receiver. Komi 

et al developed a technique to use an optic fiber as a force sensor in tendons [54]. This 

method utilizes the Poisson effect, which describes how materials stretched in the axial 

direction tend to contract proportionally in the transverse direction [97]. The optic fiber was 

inserted through the tendon and connected to a light source and a receiver. As the tendon was 

loaded it was strained in the longitudinal direction and proportionately decreased its 

thickness, which resulted in compressive or bending forces on the optic fiber which in turn 

modulated the intensity of the transmitted light [54]. In an in-vitro model using rabbit 

Achilles tendons it was demonstrated that the optic fiber output signal showed a linear 

relationship with load on the tendon under static conditions [54]. In the human application of 

this technique the optic fiber output signal was calibrated against measured ankle 

plantarflexion torque at different levels of muscle contraction [29,30]. Force in the Achilles 

tendon was calculated and plotted against the optic fiber signal to obtain a calibration 

coefficient for each study person [29,30]. The advantage of the optic fiber technique is that it 

is minimally invasive compared to use of buckle transducers [30,83]. Potential sources of 

measurement error include migration of the fiber through the tendon, non-linear relationships 

between tendon loading and optic fiber output under dynamic conditions and differences in 

loading rate between calibration and measurements [28,83]. Skin movement over the tendon 

may cause artefacts and measurement errors but reports of the magnitude there of vary 

greatly [27,29]. 

1.7 ULTRASOUND IN BIOMECHANICS 

1.7.1 Ultrasound imaging 

Ultrasound images are generated by beams of high frequency sound waves which are 

transmitted into the body and reflected against interfaces between tissues. Ultrasound 

transducers used in medicine, work both as transmitters and receivers and contain rows of 

piezoelectric elements. Piezoelectricity is the property of materials to produce electric charge 

in response to mechanical deformation and conversely to deform in response to an applied 

electrical current. When an alternating current is applied to the piezoelectric elements of the 

ultrasound transducer, they start to vibrate at the same frequency as the applied current. The 

vibrations are transferred through the surface of the transducer into the body and then 

propagate as mechanical waves into the tissue. Different materials have different abilities to 

propagate sound waves, a phenomenon known as acoustic impedance [44]. As propagating 

sound waves reach interfaces between tissues with different acoustic impedance a proportion 

of the wave will be reflected, and the degree of reflection is proportional to the difference in 

acoustic impedance. The difference in acoustic impedance is large between air and soft tissue 

[44], and therefore air between the transducer and body surface or within organs will result in 
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almost total reflection and no further propagation of the wave into the tissue. Transmitted 

pulses are reflected back to the transducer where they are received by the piezoelectric 

elements and converted to electrical current. Information about the time delay and intensity of 

the echo is used to determine the position and acoustic properties of the reflecting tissues. 

This procedure is repeated for adjacent scan lines and eventually each pixel in the image is 

assigned a brightness according to its corresponding echo.  

Not all ultrasound waves propagating through tissue will be reflected directly back to the 

transducer. If the reflecting surfaces are uneven or at an angle with the propagating wave, part 

of the wave will be scattered. Small objects with the same size as the ultrasound wavelength 

will also scatter the wave. Scattered waves will interfere, either by constructive interference 

where waves add in intensity or by destructive interference where waves cancel each other 

out. This gives rise to the random speckle pattern of bright and dark spots in ultrasound 

images (Figure 6).  

The spatial resolution of an ultrasound image is the ability to discriminate between two 

adjacent objects. It is commonly divided into three components, axial resolution along the 

ultrasound beam, lateral resolution along the width of the ultrasound transducer and 

elevational resolution along the thickness of the transducer. The axial resolution is dependent 

on the length of the transmitted pulse which in turn is dependent on the sound wavelength 

and the number of cycles in the pulse. In order for two echoes from adjacent interfaces to be 

discriminated, they need to be separated by at least half the pulse length or they will fuse to 

one. The lateral and elevational resolution are dependent on the width of the ultrasound beam. 

Echoes from two objects which are separated by less than a beam width will be perceived as 

one. The axial resolution is higher than the lateral resolution as it is easier to generate short 

rather than narrow ultrasound pulses. However, tissue absorption of the sound wave increases 

with shorter wavelengths (higher frequencies), so there is an upper limit to the frequencies 

depending on the desired scan depth [44]. The temporal resolution of an ultrasound system is 

the number of images or frames generated per second, which is dependent on the size of the 

scanned field, the number of scanned lines and focus points. Ultrasound is well suited for 

investigation of tendons as they generally run close to the body surface and thereby allow 

high axial resolution images using high frequency transducers.   
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Figure 6. A long axis ultrasound image of a human Achilles tendon with the typical striated 

speckle pattern. The axis on the left indicates depth in cm. AT = Achilles tendon, tf = toe 

flexors, t = tibia. 

 

1.7.2 Ultrasound tracking of the musculotendinous junction 

A technique for estimation of Achilles tendon length and strain during motion using 

ultrasound tracking of the musculotendinous junction in the calf in combination with motion 

analysis has been described and used in a variety of applications [13,34,43,62,69]. In this 

technique an ultrasound acquisition of the junction of the Achilles tendon and the distal 

insertion of the gastrocnemius or soleus muscles is performed. The position of the 

musculotendinous junction is tracked from frame to frame in the ultrasound sequence. 

Motion analysis is used to track the relative positions of the ultrasound transducer and the 

Achilles tendon’s point of insertion in the calcaneus. By combining the results of the 

ultrasound tracking and the motion analysis, the change in position of the musculotendinous 

junction relative to the calcaneal tendon insertion can be calculated over time. Strain can then 

be calculated as length change divided by resting length. This technique provides knowledge 

of motion and strain in the full length of the Achilles tendon [63], but it cannot be used for 

estimation of displacement or strain in different regions of the tendon as tracking is limited to 

the proximal and distal ends.  
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1.7.3 Ultrasound speckle tracking 

Ultrasound speckle tracking uses the random speckle pattern present in all ultrasound images 

for tracking specific regions of tissue, instead of using anatomical landmarks. The speckle 

pattern is relatively constant between consecutive frames of an ultrasound sequence and can 

therefore be used for tracking motion. Motion tracking is performed by computer post 

processing of the images using algorithms which are applied to ultrasound sequences after 

acquisition. A small area known as a kernel is selected in the first frame of a motion 

sequence. The algorithm will then move to the second frame and search for an area of the 

same size as the original kernel where the best match in speckle pattern is found. This is 

achieved by calculating a similarity measure comparing the brightness of the pixels in the 

original kernel to that of each target kernel. The search for the best matching kernel is limited 

to a search area the size of which is determined by the expected velocity of the estimated 

motion. The position of the kernel with the best match is chosen as the new kernel position, 

and displacement is calculated between the original kernel and the new kernel. This 

procedure is repeated for all kernels in frame one and frame two with some degree of overlap, 

and then for all consecutive frames in the ultrasound sequence. Average displacement can 

then be calculated within a chosen region of interest (ROI), and can be compared to other 

regions. Strain can be calculated as the difference in displacement between regions but is 

more challenging as it is based on fewer motion estimates [92]. The similarity measure used 

for matching kernels, the size and shape of kernels and search areas and the degree of kernel 

overlap is determined by the features of the speckle pattern and what magnitude and velocity 

of motion is to be analyzed.  

Speckle tracking was first introduced in echocardiography for motion analysis of the 

myocardium [40,82] and to date, the commercially available speckle tracking algorithms are 

developed for use in echocardiography. There are challenges involved in applying the 

technique to tendon tissue. As the relevant motion of tendons often occurs along the surface 

of the body, motion estimations must be made perpendicular to the ultrasound beam and 

therefore with a lower image resolution. The speckle pattern of tendons is striated in the 

direction of motion which makes it more difficult to identify kernels with a unique pattern 

compared to the more spotted appearance of the myocardium [59]. Furthermore, 

measurement accuracy needs to be higher in order to measure the comparatively small 

displacement and strains expected in the Achilles tendon during motion [43,63]. The 

advantage of commercial speckle tracking algorithms is that the same technique is available 

to all which facilitates comparison of results. Yoshii et al evaluated a commercial algorithm 

for estimation of displacement in finger flexor tendons and showed a moderate correlation 

between estimated displacement and reference displacement and a tendency for 

underestimation of displacement by speckle tracking [106]. Another commercial algorithm 

has been used for estimation of displacement in different layers of the Achilles tendon and 

found displacement to be non-uniform [4]. It would be interesting to measure strain in tendon 

tissue as it is thought to be related to injury [65,66], but as mentioned previously strain 

estimation is more challenging than estimation of displacement [92]. Measurement 
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parameters are not specified in commercial algorithms and cannot be adjusted by the user for 

new applications. Therefore in-house speckle tracking algorithms which are not available to 

all users have been developed and evaluated for estimation of displacement [19,32,59] and 

strain [12,20] in tendon tissue. 

1.8 ELECTROMYOGRAPHY 

Muscle fibers contract in response to stimulation by motor neurons. At rest there is a resting 

potential across muscle cell membranes maintained by ion pumps. Activation of a motor 

neuron leads to depolarization of the membrane and if the depolarization reaches a threshold 

value, membrane conductance for Na+ and K+ increases which causes a rapid change in 

membrane potential [10]. This in turn leads to depolarization of other parts of the membrane 

and an action potential that travels down the muscle fiber. After the action potential has 

passed, the resting potential is rapidly restored. Muscle force output during contraction is 

modulated by gradual changes in the number and size of activated motor neurons and their 

firing rates [10]. Electromyography (EMG) measures the sum of potentials from adjacent 

motor units between electrodes, and the amplitude and density of the EMG signal reflects 

motor unit recruitment [57]. EMG can be sampled using surface electrodes which are glued 

on the skin or intramuscular needle electrodes which are used for EMG sampling from deeper 

muscles. Raw EMG signals contain both positive and negative spikes and have a mean value 

of zero (Figure 7a). Spike amplitudes in the raw EMG signal show great variation as they are 

the result of random interference by potentials from neighboring motor units and individual 

peak values may not be representative for the general signal trend [57]. Therefore it is 

common to find the absolute value of the raw signal (Figure 7b) and to use some form of 

smoothing (Figure 7c) before finding mean or peak values. The amplitude of EMG signals 

varies with electrode placement in relation to motor end plates and tissue conductivity, which 

in turn depends on thickness of subcutaneous layers, temperature and contact between 

electrodes and skin [57]. These factors vary between individuals and also within individuals 

between different measurement occasions and therefore direct comparison of EMG 

amplitudes is not meaningful. Instead it is common to normalize amplitudes against muscle 

activity during some reference activity and present results as percentages[57]. Reference 

EMG is collected at the same occasion under the same conditions as the actual 

measurements. EMG during maximum voluntary contraction (MVC) of each muscle is a 

common reference. However, study participants’ ability of to perform MVCs of single 

muscles varies, especially if they are not well trained or injured and then MVCs are not 

comparable between participants [57]. Instead EMG during some familiar activity can be 

used as reference. There is natural variation in the duration of a complete motion cycle, for 

example a stride, within individuals and between individuals. Peak muscle activity will 

therefore occur at different time points. Direct averaging of EMG curves will result in 

combination of muscle activities from different phases of the motion cycle which may 

modify curve shapes. To avoid this, it is recommended to normalize time to the duration of 

each motion cycle and present data as a fraction of the complete cycle [57].  
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Figure 7. EMG of the Soleus muscle during slow walking with a sampling frequency of 3000 

Hz, a) raw unprocessed EMG signal, b) absolute value of raw EMG signal, c) smoothed 

curve using moving average over 200 datapoints (≈67 ms). 

 

1.9 GROUND REACTION FORCE AND PLANTAR PRESSURE 
MEASUREMENT 

GRF and plantar pressure can be measured using platform systems or insole systems. Force 

platforms are advantageous in that they can measure both vertical and shear components of 

GRF with high resolution [79] but a limitation is that they are stationary. Insole systems have 

pressure sensors built into insoles which are lightweight and mobile and can be worn inside 

shoes and AFO. There are different types of sensors including capacitive sensors and resistive 

sensors which react to pressure by a change in capacitance or resistance which in turn 

modulates the voltage in a circuit in proportion to the applied pressure [81]. Piezoelectric 

materials are also used as pressure sensors as they react to compression by producing a 

proportional charge [81]. Prior to use, sensor output is calibrated against a known pressure 

[79]. Most commercial insole systems can only measure force perpendicular to the sensors 

[79,95] and no shear forces. The spatial resolution of plantar pressure insoles is dependent on 
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the size and number of sensors and the temporal resolution is dependent on sampling 

frequency [79,81]. To increase reliability of pressure measurements it is recommended to use 

an average of several walking trials [8,79]. For comparison of plantar pressures between 

different regions of the foot or for the same region under different walking conditions, it is 

common to use an average of several sensors. To increase comparability between studies 

there are guidelines that recommend how to define different foot regions [8]. As plantar 

pressure is affected by body weight and shoe size it can be suitable to normalize data before 

comparison between participants.  
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2 AIMS 

The general aims of this thesis were to improve understanding of how injury and use of 

AFO affect load and deformation within the Achilles tendon and to adapt and evaluate an 

ultrasound based method for studying the biomechanics of the Achilles tendon during 

motion. The specific aims of each study are listed below.  

 

Study I To determine whether Achilles tendon load and lower leg muscle activity would 

decrease with increased restriction of dorsiflexion in an AFO with an adjustable foot plate.  

 

Study II To investigate the feasibility of a commercial ultrasound speckle tracking 

algorithm for assessing strain in tendon tissue in an in-vitro experimental set up. 

  

Study III To use ultrasound speckle tracking to compare tendon motion patterns between 

uninjured and surgically repaired Achilles tendons and to evaluate an in-house developed 

speckle tracking algorithm for analysis of displacement in tendon tissue. 

 

Study IV To combine ultrasound speckle tracking, electromyography of the lower leg 

muscles and plantar pressure measurement to investigate how the Achilles tendon is 

affected by the use of three different designs of AFO with varying degrees of ankle 

dorsiflexion limitation. 
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3 PARTICIPANTS AND METHODS 

Table 1 shows an overview of the four studies included in this thesis regarding study 

populations and measurements used. 

Thesis overview 

 Study I Study II Study III Study IV 

description investigation of an 

adjustable AFO 

evaluation of a 

commercial 

STA for 

estimation of 

strain 

1) evaluation of an 

in-house STA for 

estimation of disp 

2) comparison of 

injured and 

uninjured AT 

investigation of an 

adjustable AFO, a 

rigid AFO and a 

dorsal brace 

participants healthy participants one patient AT rupture patients healthy participants 

number of 

participants (♀/♂) 

8 (5/3) none 11 (1/10) 16 (8/8) 

tendon samples no 3 porcine grafts 

1 human graft 

2 porcine feet, soft 

tissue intact 

no 

force 

measurement 

optic fiber no no no 

speckle tracking no in-vitro strain 

evaluation 

in-vitro disp 

evaluation 

in vivo disp 

estimation 

in-vivo disp 

estimation 

EMG gcm, sol, ta no no gcm, gcl, sol, ta 

GRF / plantar 

pressure 

force plate system no no insole system 

Table 1. Overview of the study participants, tendon samples and measurement methods used 

in the different studies. AFO = ankle foot orthoses, AT=Achilles tendon, STA = speckle 

tracking algorithm, disp = displacement, GRF = ground reaction force, gcm = 

gastrocnemius mediale, gcl = gastrocnemius laterale, sol = soleus, ta = tibialis anterior 

 

3.1 PARTICIPANTS 

3.1.1 Study I 

Eight healthy participants, five female and three male with mean and standard deviation (SD) 

age: 24 ± 3 years, height: 170 ± 6 cm and weight 65 ± 8 kg participated in this study. The 

study was approved by the human ethics committee of the Karolinska Institute and by the 

ethics committee of the University of Jyväskylä; Finland. All participants gave written 

informed consent.  

3.1.2 Study II 

A human Achilles tendon allograft was used in this study. The tendon allograft with calcaneal 

bone attachment was harvested during a subacute lower leg amputation due to arteriosclerotic 



 

18 

ulcers. The Stockholm Regional Ethics Committee approved the study and the patient gave 

written informed consent.  

3.1.3 Study III 

Between February 2007 and April 2008, 68 patients were surgically treated for an Achilles 

tendon rupture at the Karolinska University Hospital Huddinge. Persons with age < 18 years 

or > 65 years, bilateral injury, re-rupture, post-operative infection or no longer living in 

Stockholm were excluded. Remaining persons were informed about the study by mail and 

eleven persons, one female and ten male with mean and SD age: 50 ± 9 years, height: 177 ± 

10 cm and weight 82 ± 16 kg agreed to participate. All patients were treated surgically and 

post-operatively they were immobilized in a plaster cast in equinus for two weeks followed 

by immobilization using an adjustable AFO for six weeks. Partial weight bearing was 

allowed two weeks after surgery and weight bearing as tolerated after six weeks. The 

Stockholm Regional Ethics Committee approved the study and participants gave written 

informed consent. 

3.1.4 Study IV 

Sixteen healthy participants were recruited for this study, eight females mean and SD age: 44 

± 3 years, height: 170 ± 5 cm, and weight: 66 ± 10 kg and eight males mean and SD age: 45 ± 

3 years, height: 183 ± 7 cm and weight: 82 ± 13 kg. The participants’ ages were chosen to 

match patients suffering an Achilles tendon rupture. The study was approved by the 

Stockholm Regional Ethics Committee and participants gave written informed consent. 

3.2 EXPERIMENTAL SET UP 

3.2.1 Evaluation of speckle tracking strain estimation (study II) 

A commercially available speckle tracking algorithm was evaluated for strain estimation in 

tendon tissue in an in-vitro set up. The algorithm was evaluated in three steps, first on a 

tendon phantom, secondly on three porcine flexor tendons, and lastly on a human Achilles 

tendon allograft. The objective of the first step was to test the performance of the algorithm 

under conditions similar to those expected in the Achilles tendon during walking regarding 

image resolution, depth, dimensions, strain and strain rates. A polyvinyl alcohol (PVA, 

Sigma-Aldrich, St Louis, USA) phantom with dimensions similar to the human Achilles 

tendon (115 x 15 x 5 mm) with addition of graphite powder (Merck, Darmstadt, Germany) to 

simulate a speckle pattern was molded. The PVA phantom was mounted in a materials testing 

machine (ElectroPuls E3000, Instron, Norwood, USA) which was programmed to simulate 

strain in the Achilles tendon during walking. A sensor on the motor shaft of the materials 

testing machine recorded displacement of the upper attachment of the PVA phantom, and 

reference strain was obtained by dividing lengthening by initial length. Ultrasound 

acquisitions of the PVA phantom were made during motion and ten strain cycles were 

recorded. In the second step of the evaluation, the speckle tracking algorithm was tested on 

porcine flexor tendons which have a speckle pattern resembling that of human Achilles 
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tendons. Fresh frozen porcine feet were purchased at the local food store and the flexor 

digitorum tendons with attached distal phalanx were removed. The proximal tendon end was 

attached in the materials testing machine using a pressure clamp and the distal bony 

attachment was molded into a fiberglass block which was screwed into the bottom plate of 

the materials testing machine. The tendons were then strained following the same protocol as 

for the PVA phantom while ultrasound acquisitions were made. In the final step the algorithm 

was tested on a human Achilles tendon allograft. The tendon allograft was mounted in the 

materials testing machine (Figure 8a) and strained in the same manner as the porcine tendons 

while ultrasound acquisitions were made.  

3.2.2 Evaluation of speckle tracking displacement estimation (study III) 

An in-house developed speckle tracking algorithm was evaluated for estimation of 

displacement in tendon tissue. The in-vitro set up described in 3.2.1 was designed as a model 

to provide a reference strain and not displacement. A limitation of the set up was that the 

reference strain was calculated from the motion of the materials testing machine, which due 

to possible slipping at the pressure clamps and inhomogeneity in tendon properties may not 

have been a true reference. For these reason, another model similar to that previously 

described by Korstanje et al [58,59] was used for displacement evaluation in study III. Two 

fresh frozen porcine feet were used. A 5x5 mm aluminum plate was inserted into a flexor 

digitorum tendon of each foot from the side, leaving skin and soft tissue covering the tendon. 

Sutures (no 2 Ethibond, Ethicon, Livingston, Scotland) were attached to each tendon end. 

The proximal tendon suture was attached to a steel wire, which in turn was attached to the 

materials testing machine (Figure 8b). A 500g weight was attached to the distal tendon 

suture. The materials testing machine was programmed to displace the tendon 5 mm, 10 mm 

and 15 mm at 5 mm/s, 10 mm/s and 15 mm/s. Ultrasound imaging of five trials for each 

displacement and velocity were acquired. Due to mechanical losses in the set up, the 

displacements and velocities known from the materials testing machine could not be used as 

references [59]. Instead both ends of the aluminum plate were manually tracked in the 

ultrasound sequence frame by frame, resulting in two displacement curves for each trial. 

Mean peak displacement was used as reference. 
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Figure 8a. Experimental set up for evaluation of speckle tracking strain estimation (study II). 

A human tendon allograft mounted in the materials testing machine with the ultrasound 

transducer fixed on the tendon. Insert: human tendon allograft. b. Experimental set up for 

evaluation of speckle tracking displacement estimation (study III). A porcine foot mounted in 

the materials testing machine with the ultrasound transducer fixed over the tendon. Insert: 

ultrasound image of a porcine flexor tendon with inserted aluminum plate *. 

 

3.2.3 Examination of Achilles tendons following surgical repair (study III) 

Eleven patients were examined on average 19 ± 4 months after surgical repair of an Achilles 

tendon rupture. They answered a general questionnaire and the Achilles tendon rupture score 

(ATRS) [77]. Patients lay prone on an examination table with both feet hanging over the end. 

Ankle range of motion was measured bilaterally using a goniometer. Three repeated 

Thompson’s squeeze tests were then performed [90,100] on the surgically repaired and 

uninjured tendons respectively. Patients then performed three repeated active ankle 

dorsiflexions between resting position and maximum dorsiflexion on both sides. Ultrasound 

images of the Achilles tendons were acquired during both motions. 

3.2.4 Investigation of ankle foot orthoses (study I and IV) 

In this thesis three different designs of AFO were investigated at different ankle angles, with 

regards to their effect on force and deformation in the Achilles tendon, muscle activity of the 

lower leg and plantar pressures. The first design was a rigid AFO with air bladders and a 

rocker bottom sole (Rebound Air Walker, Össur, Reykjavik, Iceland) where ankle angle was 

adjusted using zero, two or three 10 mm heel wedges (Study IV). The second design was an 

adjustable AFO in which the ankle angle could be set using an articulating hinge. It was 

investigated in study I (articulating walker, DeRoyal Europe Inc, Ireland) using three settings, 

dorsiflexion limited to 10° dorsiflexion with unrestricted plantarflexion, dorsiflexion limited 
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to 10° plantarflexion with unrestricted plantarflexion and locked at 20° plantarflexion with no 

range of motion. In study IV a similar AFO (ROM Walker, DJO Global, Vista, USA) was 

tested with settings dorsiflexion limited to 10º dorsiflexion, 10º plantarflexion or 30º 

plantarflexion respectively, while plantarflexion was unrestricted. This AFO design with 

similar settings was part of the clinical treatment protocol used for the patients examined in 

study III. The third type of AFO was a dorsal brace which was prepared for each participant 

using 10 layers of casting tape (Scotchcast Plus, 3M Health Care, St Paul, USA) with an 

ankle angle of 90°. It was fastened on the leg using cohesive bandage (Mollelast haft, 

Lohmann & Rauscher International GmbH & Co, Rengsdorf, Germany) and worn inside a 

running shoe. The dorsal brace was tested using zero or one 10 mm heel wedge. Both the 

rigid and the adjustable AFO were adjusted to make room for an optic fiber force transducer 

(Study I) or ultrasound transducer (Study IV). For the AFO conditions participants wore a 

running shoe on the contralateral foot to compensate for leg length differences. All 

participants also walked without an AFO and this condition will be referred to as barefoot 

walking.  

3.2.4.1 Study I 

In study I the adjustable AFO was investigated. Participants walked twice at self-selected 

speed along a 10 m force platform, barefoot without an AFO and wearing the AFO with the 

three settings described previously. Achilles tendon force was measured using an optic fiber 

force transducer. Muscle activity for the medial gastrocnemius, soleus and tibialis anterior 

and GRF were recorded.  

3.2.4.2 Study IV 

In study IV the rigid AFO, the adjustable AFO and the dorsal brace were investigated. 

Participants walked and ran on a treadmill at 2 km/h and 10 km/h respectively, barefoot 

without an AFO and wearing the AFO with the settings described above. Motion in the 

Achilles tendon was recorded using ultrasound, muscle activity was recorded for the medial 

and lateral gastrocnemius, soleus and tibialis anterior and plantar pressure was measured 

using an insole system (Figure 9). Three 15 s recordings were made for each walking 

condition.  
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Figure 9. Experimental set up for functional evaluation of different AFO designs in study IV. 

EMG = emg electrodes, UST = ultrasound transducer, PI = pressure insole, AFO = rigid 

AFO 

 

3.3 DATA COLLECTION AND ANALYSIS 

3.3.1 Optic fiber force measurement 

Achilles tendon force and rate of force development was measured using an optic fiber force 

transducer during walking barefoot and in an adjustable AFO (Study I). Before fiber insertion 

the skin over the Achilles tendon was anesthetized using EMLA cream (Astra Zeneca, 

Sweden). Participants lay supine with the right leg strapped to an ankle dynamometer with a 

90° ankle angle and a 100° knee angle (Figure 10a). As part of the calibration procedure 

participants were instructed to perform three ankle plantarflexions at MVC while ankle 

torque was measured. Thereafter the midportion of the Achilles tendon was palpated and a 

1.1 mm cannula was inserted through the tendon. The optic fiber (polymethyl methacrylate, 

thickness: 0.5 mm, length 1m, PRG series, Toray Inc, Japan) was passed through the cannula, 

and then the cannula was removed leaving the fiber in the tendon (Figure 10b). The ends of 

the fiber were connected to a light-emitting diode (GaAIAs semiconductor, HFBR-1414, 

Hewlett Packard, Palo Alto, USA) and a photodiode receiver (HFBR-2414, Hewlett 

Packard). For calibration participants performed three ankle plantarflexions at 10%, 20% and 

30% of MVC respectively, while ankle torque and optic fiber output were recorded. Achilles 

tendon force was calculated and the optic fiber signal was plotted against the calculated force 

and by using linear regression a correlation was found for each participant. Optic fiber signals 

were then recorded during barefoot walking and with the AFO set at three different ankle 

angles. Raw optic fiber data was converted into Achilles tendon force using the calibration 
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factor for each participant and then imported into Origin 6.1 (Microcal Software Inc, 

Northampton, USA). Peak Achilles tendon force during stance phase was manually identified 

for all steps in a walking trial, ignoring the first and last steps to avoid acceleration and 

deceleration effects. Mean peak force was calculated for all participants and walking 

conditions. To make force comparisons between participants relevant, the peak values were 

normalized to body weight. Rate of force development was calculated as the slope of the 

force-time curve during stance phase between the minimum and maximum values. Average 

rate of force development was then found for all participants and walking conditions.  

 

 

 

Figure 10a. Set up for calibration of the optic fiber output signal to ankle plantarflexion 

torque. b. Optic fiber in place in the Achilles tendon of one participant. 

 

3.3.2 Electromyography  

In study I and IV EMG was recorded for the medial gastrocnemius, soleus and tibialis 

anterior and in study IV the lateral gastrocnemius was also added. Bipolar surface electrodes 

were used and they were positioned over the muscle belly of the medial and lateral 

gastrocnemius and tibialis anterior during contraction. For the soleus a position below the 

muscle bellies of the medial and lateral gastrocnemius was chosen. To minimize impedance, 

skin was shaved and cleaned with alcohol before electrode placement. Electrodes, amplifiers 

and cables were secured with net bandages or compressive stockings to avoid loosening or 

movement artifacts. Sampling frequencies were 1013 Hz and 3000 Hz for study I and IV 

respectively. For further processing EMG raw data were imported into Origin 6.1 for Study I 

and Matlab (R2014a, Math Works Inc., Natick, USA) for study IV. EMG raw data were 

rectified using absolute values. For study I overshooting values were removed, whereas in 

study IV ten steps without overshooting values were chosen for analysis. Smoothing was 
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done using a 200 points moving average filter. In study I EMG for each muscle was 

normalized to mean muscle activity during barefoot walking. In study IV EMG during MVC 

was recorded for gastrocnemius, soleus and tibialis anterior and the intension was to 

normalize EMG data to MVC. During data analysis a large variation in the quality of MVC 

between participants was noted, and therefore mean peak muscle activity during barefoot 

running at 10 km/h was chosen for normalization instead. Peak EMG values were identified 

on the resulting curves. In study I mean peak activity and 95% confidence intervals were 

calculated for medial gastrocnemius, soleus and tibialis anterior for all participants and 

walking conditions. Mean EMG curves were reported for one participant. In study IV mean 

and SD of peak activity was calculated from ten steps for all participants and all walking 

conditions, for the medial and lateral gastrocnemius, soleus and tibialis anterior. To adjust for 

differences in step length, all EMG curves were interpolated to a fraction of the step before 

mean EMG curves were calculated.  

3.3.3 Ultrasound image acquisition  

Ultrasound image acquisition in the experimental set up in study II was conducted using an 

8L-RS linear array transducer (GE Healthcare, Horten, Norway) connected to a Vividi 

ultrasound machine (GE Healthcare). To achieve a realistic focus depth in the tendon 

samples, an acoustic stand-off pad was placed between the transducer and the tendon and 

covered with ultrasound gel. Longitudinal images of the PVA phantom or tendons were 

recorded. Two frame rates were evaluated, 39.4 Hz with center frequency 13 MHz and 78.6 

Hz with center frequency 10 MHz. One focus point at a depth of 3 cm was chosen.  

For the examination of the surgically repaired and uninjured tendons in study III, a Vivid 7 

ultrasound machine with an M12L linear array transducer (GE Healthcare) was used. The 

transducer was hand-held over the tendon during motion. Longitudinal images were then 

recorded during Thompson’s squeeze test and active dorsiflexion using center frequency 14 

MHz, frame rate 71.2 Hz and focus depth 3.5 cm. The same ultrasound system was used in 

the evaluation set-up in the first part of the same study. The transducer was mounted in a 

holder so that longitudinal images of the porcine flexor tendon with the inserted aluminum 

platelet could be obtained (14MHz, 65.3 FPS, depth 4 cm,).  

In study IV a portable ultrasound system was required, so a Vivid-q ultrasound machine with 

a 9L linear array transducer (GE healthcare) was used. For ultrasound imaging of the Achilles 

tendon during walking, the transducer could not be hand-held. It proved to be a challenge to 

hold the transducer in place during walking and running and to avoid air to pass in between 

the transducer and the skin. Testing was done with attachments to the AFO and different 

types of holders. Finally a solution with a custom made foam plastic holder taped over the 

tendon and an acoustic standoff pad was found (Figure 9), and good quality long-axis images 

could be obtained (10 MHz, 40 FPS, depth 3 cm).  
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3.3.4 Speckle tracking motion estimation 

Two different speckle tracking algorithms were used in this thesis, one commercially 

available algorithm and one in-house developed. 

3.3.4.1 Commercial speckle tracking algorithm 

Initial testing of three commercial speckle tracking algorithms on the tendon phantom 

described in 3.2.1 resulted in the choice of EchoPAC 110.1.2, 2D strain (GE Healthcare). 

Specifications regarding similarity measure, kernel size, kernel overlap and search areas for 

this algorithm were not known and could not be adjusted. The algorithm estimated strain 

within a chosen ROI as an average based on the motion estimates between kernels within that 

region. Two sizes of ROIs (11 mm and 22 mm) were evaluated. The ROIs were placed in the 

ultrasound sequences of the PVA phantom or tendon sample along the border facing the 

ultrasound transducer. The default settings for assessment of tracking quality, drift 

compensation and temporal and spatial smoothing were used. Strain data were then saved as 

text files. Mean strain curves for ten motion cycles and root mean square error (RMSE) 

between estimated strain and reference strain were calculated using Matlab. Peak strain was 

identified on all strain curves and compared to reference peak strain. The mean and SD of 

absolute errors was calculated for ten trials for the PVA phantom and tendon samples 

respectively using Excel (2013, Microsoft Corp., Redmond, USA).  

3.3.4.2 In-house speckle tracking algorithm 

The in-house speckle tracking algorithm used in study III and IV was originally developed 

for estimation of arterial wall strain [60]. The algorithm is written in Matlab and applied to B-

mode ultrasound images and is based on block-matching of kernels as previously described. 

The similarity measure used is normalized cross correlation. It was adjusted regarding kernel 

size, shape and overlap to suit conditions expected in the Achilles tendon and several 

different settings were tested using the experimental set up descried in 3.2.1. A kernel size of 

52λ (laterally) x 25λ (axially) and 80% kernel overlap was chosen and used in study III and 

IV.  

For evaluation of the in-house algorithm it was applied to ultrasound acquisitions of the 

porcine tendons with inserted aluminum platelets described in 3.3.2 (study III). A five mm 

ROI was placed in the image superficial to the aluminum platelet and displacement was 

estimated. This was repeated for five trials for 5, 10 and 15 mm displacement at 5, 10 and 15 

mm/s. Peak displacement estimated by speckle tracking was then compared to peak 

displacement found by manual tracking and mean, SD and coefficient of variation (SD/mean) 

of the absolute errors were calculated using Excel. Estimated peak displacement was plotted 

against reference peak displacement for all trails, a line was fitted to the plot and the Pearson 

coefficient of correlation was calculated using Origin 9.1. 

To examine motion patterns in the surgically repaired and uninjured Achilles tendons a 20 

mm ROI was used (study III). It was first placed in the superficial and then in the deep half of 
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the tendon. Displacement curves were plotted for all trials and peak superficial and deep 

displacement were identified and averaged for all trials and patients. Differential 

displacement was calculated as the difference between deep and superficial peak 

displacement.  

For examination of motion patterns in the Achilles tendon during walking with different 

designs of AFO (study IV), the same tens steps that were chosen for EMG analysis were 

examined. A 25 mm ROI covering the full thickness of the tendon was used. An alteration 

was made to the algorithm so that it automatically divided the ROI in three parts and 

presented average displacement in superficial, middle and deep layers of the tendon. 

Superficial and deep displacement curves were interpolated and averaged for ten steps for all 

participants and walking conditions respectively. Peak superficial and deep displacement was 

identified for all steps. Differential displacement was calculated as the difference in peak 

deep and superficial displacements.  

3.3.5 Plantar force measurement 

In study I a 10 m force platform (Raute Corp, Finland), with two sections which could 

register right and left steps separately was used. GRF for the right foot were analyzed and 

used for identification of step cycles and stance phases for analysis of Achilles tendon force 

and EMG data. Mean GRF curves for one participant were presented in study I, Fig 2 [33].  

3.3.6 Plantar pressure measurement 

To investigate how plantar pressure is affected by different designs of AFO a plantar pressure 

insole system (Pedar-xf-16/R system, Novel GmbH, Munich, Germany) was used. This 

system has 99 sensors on each insole. Each participant was fitted with a pair of insoles which 

were held in place by compressive stockings and worn inside the AFO or running shoes. For 

the barefoot condition only the plantar pressure insole inside a compressive stocking were 

worn. Between each change in walking condition the unloaded pressure of the insoles was set 

to zero by lifting each foot in turn. Data was sampled at 100 Hz and sent to PC via 

Bluetooth® and exported as asc-files to Matlab. Heel strike times were identified in the 

plantar pressure data and used for determination of the beginning and end of each step. The 

foot was divided into three regions forefoot (distal 40%), midfoot (middle 30%) and rearfoot 

(proximal 30%) [8]. Forefoot and rearfoot pressure were then calculated as the average 

pressure of the sensors within each region. Peak pressure was identified for the same ten steps 

used for analysis of EMG and Achilles tendon displacement, and normalized to mean peak 

pressure during barefoot walking for each participant. Mean and SD peak pressure was then 

calculated.  

3.4 STATISTICAL METHODS 

For evaluation of the commercial and in-house speckle tracking algorithms in study II and III 

estimated strain or displacement were compared to reference, and mean and SD of the 

absolute errors were calculated in Excel. In study II RMSE for strain estimation for two 
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different frame rates and ROI sizes were compared using paired t-tests in Matlab. In study III 

the Pearson coefficient of correlation between estimated and reference peak displacement was 

found using Origin 9.1. 

For comparison of displacement patterns between surgically repaired and uninjured tendons 

mean and SD of peak superficial and deep displacement were calculated. Peak superficial 

displacement was compared to peak deep displacement in individually matched couples using 

a paired t-test in Matlab. This was repeated for the comparison of differential displacement 

between surgically repaired and uninjured tendons.  

In study I and IV comparisons were made between several walking conditions. In study I a 

repeated measures analysis of variance (ANOVA) using SAS (9.1, SAS Institute Inc., Cary, 

USA) was performed to find any statistical differences in Achilles tendon peak force, 

Achilles tendon force rate and EMG activity between AFO settings. The Tukey post hoc test 

was used to make pairwise comparisons of walking condition means. In study IV, SPSS 

(Statistics 24, IBM, Armonk, USA) was used to perform a repeated measures ANOVA to 

establish any differences in superficial displacement, deep displacement, differential 

displacement, EMG activity, forefoot pressure and rearfoot pressure between barefoot 

walking or any of the settings of each AFO design. Differential displacement and EMG 

activity of the different AFO designs were compared to each other and to barefoot walking, 

firstly for the conditions with least dorsiflexion limitation (rigid AFO 0 wedges, adjustable 

AFO 10° dorsiflexion and dorsal brace 0 wedges) and secondly for the conditions with most 

dorsiflexion limitation (rigid AFO 3 wedges and adjustable AFO 30° plantarflexion). The 

dorsal brace was not included in the second comparison as it did not achieve the same degree 

of plantarflexion. Mauchly’s test of Sphericity was used to test the assumption of sphericity, 

and when violated the Greenhouse-Geisser correction was used. The Bonferroni correction 

was used to make pairwise comparisons of condition means. EMG activity in study I and 

plantar pressure in study IV were normalized to the mean during barefoot walking which was 

set to 100%. For comparisons between AFO conditions and barefoot walking the 95% 

confidence intervals (CI) of the condition means were calculated, and if the CI did not 

include 100% the difference was considered statistically significant.  
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4 RESULTS 

4.1 EVALUATION OF DISPLACEMENT AND STRAIN ESIMATION IN TENDON 
TISSUE (STUDY II AND III) 

Mean peak estimated strain, mean peak reference strain and RMSE between estimated strain 

and reference strain for the commercial speckle tracking algorithm are shown in Table 2. 

RMSE for estimation of strain in the tendon samples was significantly lower when using 

frame rate 39.4 Hz as compared to 78.6 Hz. In two of the tendon samples, RMSE were 

significantly lower when using the larger ROI (22 mm vs 11 mm).  

 

 Estimated peak strain 

mean ± SD (%) 

Reference peak strain 

mean ± SD (%) 

RMSE (%) 

PVA phantom 4.32 ± 0.05 4.07 ± 0.00 0.21 ± 0.08 

Porcine tendon 1 6.01 ± 0.59 4.41 ± 0.00 1.36 ± 0.40 

Porcine tendon 2 18.96 ± 3.95 4.12 ± 0.02 10.64 ± 3.40 

Porcine tendon 3* 4.20 ± 1.33 4.16 ± 0.01 1.85 ± 0.76 

Human allograft 3.77 ± 0.89 4.19 ± 0.01 1.19 ± 0.12 

Table 2. Evaluation of the commercial speckle tracking algorithm for estimation of strain. 

Mean and standard deviation of estimated peak strain (%), reference peak strain (%) and 

root mean square error (RMSE) between estimated strain and reference strain (in % strain) 

for 22 mm ROI and 39.4 FPS). * n=8  

 

Correlations between tendon displacement estimated by the in-house speckle tracking 

algorithm and reference displacement found by manual tracking are shown in Figure 11. The 

speckle tracking algorithm constantly underestimated tendon displacement for all conditions. 

The materials testing machine was programmed to displace the tendon 5 mm, 10 mm and 15 

mm at 5 mm/s, 10 mm/s and 15 mm/s and these settings resulted in displacements of 4.1 mm, 

8.4 mm and 12.1 mm and velocities of 4.1 mm/s, 7.7 mm/s and 11.5 mm/s respectively, as 

found by manual tracking. For 5 mm and 10 mm displacement at 5mm/s and 10 mm/s 

respectively, the coefficients of variation were between 1.4 and 11.7 for the two porcine 

tendons.  
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Figure 11. Correlation between peak displacement (mm) as estimated by the in-house 

speckle tracking algorithm and reference displacement at a 5 mm/s and b 10 mm/s for 

porcine tendon 1 (black) and porcine tendon 2 (grey). r = Pearson coefficient of correlation, 

p< 0.01 for all correlations. (Reprinted from study III [32], https://doi-

org.proxy.kib.ki.se/10.1007/s00167-016-4394-5) 

 

4.2 LOAD AND DEFORMATION IN THE ACHILLES TENDON (STUDY I, III AND 
IV) 

Achilles tendon mean peak force and mean rate of force development during walking in an 

adjustable AFO (study I) are shown in Table 3. Achilles tendon force showed a tendency to 

increase as restriction in dorsiflexion increased. Peak Achilles tendon force was significantly 

(p<0.01) smaller during barefoot walking than when using an adjustable AFO set at 20° 

plantarflexion. There were no significant differences for rate of Achilles tendon force 

development between any of the conditions. 

 

 barefoot 10° dorsiflexion  10° plantarflexion 20° plantarflexion 

AT peak force 

(*bw) mean ± SD 

2.1 ± 0.7 2.6 ± 0.6 2.6 ± 1.0 3.1 ± 1.1 

AT force rate (N/s) 

mean ± SD 

2799 ± 1325 2580 ± 1218 1999 ± 803 2192 ± 1175 

Table 3. Mean ± SD Achilles tendon (AT) peak force normalized to bodyweight and AT rate 

of force development during walking barefoot and in an adjustable AFO. 10° dorsiflexion = 

dorsiflexion limited to 10° dorsiflexion with unrestricted plantarflexion, 10° plantarflexion = 

dorsiflexion limited to 10° plantarflexion with unrestricted plantarflexion, 20° plantarflexion 

= locked at 20°, *bw = normalized to bodyweight. (Data adapted from study I [33]) 
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Mean displacement curves for surgically repaired and uninjured tendons during Thompsons’s 

squeeze test and active dorsiflexion are shown in Figure 12. The difference in peak 

displacement between superficial and deep tendon layers was significantly (p<0.01) higher in 

the uninjured tendons compared to the surgically repaired tendons. Displacement in the deep 

tendon layers was significantly (p<0.01) higher than in the superficial layers for both 

surgically repaired and uninjured tendon during active dorsiflexion, but only for the uninjured 

tendons during Thompson’s squeeze test.  

 

 

Figure 12. Mean displacement in the superficial (dashed) and deep (solid) layers of 

surgically repaired (black) and uninjured (grey) Achilles tendons for 11 patients during a. 

Thompson’s squeeze test and b. active dorsiflexion. (Reprinted from study III [32], 

https://doi-org.proxy.kib.ki.se/10.1007/s00167-016-4394-5) 

 

Mean Achilles tendon displacement curves for barefoot walking and walking in three 

different designs of AFO are shown in Figure 13. Mean peak displacement in the deep tendon 

layers was significantly larger (p<0.01) than in the superficial layers for all walking 

conditions. Difference in superficial and deep displacement was significantly reduced 

(p<0.05) in the rigid AFO as the number of wedges increased from zero to three and in the 

adjustable AFO as restriction in dorsiflexion increased from 10° dorsiflexion to 30° 

plantarflexion. There were no significant differences in differential displacement between the 

rigid AFO 0 wedges, the adjustable AFO 10° dorsiflexion and the dorsal brace 0 wedges or 

between the rigid AFO 3 wedges and the adjustable AFO 30° plantarflexion. 
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Figure 13. Mean displacement in the superficial (dashed) and deep (solid) layers of the 

Achilles tendon during walking on a treadmill at 2 km/h for 16 healthy participants under 

different conditions. a. barefoot walking b. rigid AFO with 0 wedges (black), 2 wedges (grey) 

and 3 wedges (light grey). c. adjustable AFO with ankle dorsiflexion limited to 10° 

dorsiflexion (black), 10° plantarflexion (grey) and 30° plantarflexion (light grey) d. dorsal 

brace with 0 wedges (black) and 1 wedge (grey). 

 

4.3 EMG OF LOWER LEG MUSCLES DURING USE OF AFO (STUDY I AND IV) 

During use of the rigid AFO there was a decrease in medial and lateral gastrocnemius and 

soleus activity compared to barefoot walking (p<0.05), and activity was lowest when three 

wedges were used (Figures 14 and 15). There was no significant difference in tibialis anterior 

activity between barefoot walking and the rigid AFO with any number of wedges. In the 

adjustable AFO, soleus activity decreased as dorsiflexion was progressively limited and the 

decrease was significant (p<0.05 or 95% CI did not include 100%) when the AFO was set at 

plantarflexion beyond 10° (Figure 15). Medial gastrocnemius activity varied between settings 

so that is was lower for the settings limiting dorsiflexion to 10° dorsiflexion and 30° 

plantarflexion than for the setting limiting dorsiflexion to 10° plantarflexion (Figure 14). 
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Using the adjustable AFO, tibialis anterior activity was significantly higher (p<0.05 or 95% 

CI did not include 100%) when dorsiflexion was limited to 10° plantarflexion than for 

barefoot walking. When the dorsal brace was used, muscle activity in the medial 

gastrocnemius and soleus was reduced compared to barefoot walking but the addition of one 

10 mm heel wedge did not significantly affect muscle activity (Figure 14 and 15). There was 

no significant difference in tibialis anterior activity between barefoot walking and any of the 

dorsal brace conditions. 

 

 

Figure 14. Mean EMG activity in the medial gastrocnemius with 95% CI. For the adjustable 

AFO in study I EMG is expressed as a percentage of mean EMG during barefoot walking. 

For the adjustable AFO in study IV, the rigid AFO and the dorsal brace EMG is expressed as 

a percentage of mean EMG during running. bf = barefoot, df = dorsiflexion, pf = 

plantarflexion, wdg = wedge.  
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Figure 15. Mean EMG activity in the soleus with 95 % CI. For the adjustable AFO in study I 

EMG is expressed as a percentage of mean EMG during barefoot walking and for the 

adjustable AFO in study IV, the rigid AFO and the dorsal brace EMG is expressed as a 

percentage of mean EMG during running. bf = barefoot, df = dorsiflexion, pf = 

plantarflexion, wdg = wedge. 

 

4.4 PLANTAR PRESSURE DURING USE OF AFO 

Forefoot pressure was significantly reduced compared to barefoot walking (the 95% CI did 

not include 100%) for all the AFO designs. During use of the rigid AFO forefoot pressure 

was 48% (39-58) of barefoot pressure with zero wedges, 42% (31-52) with two wedges and 

34% (24-43) with three wedges, which was a significant reduction with each extra wedge 

(p<0.05). When the adjustable AFO was used, forefoot pressure was significantly reduced 

(p<0.05) with each stepwise reduction in permitted dorsiflexion range of motion and was 

69% (57-82) of barefoot pressure with a 10° dorsiflexion limit, 45% (33-57) with a 10° 

plantarflexion limit and 27% (17-36) with a 30° plantarflexion limit. For the dorsal brace 

forefoot pressure was 65% (53-77) of barefoot pressure with zero wedges and 72% (58-86) 

when one wedge was used. 
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5 DISCUSSION 

5.1 ULTRASOUND SPECKLE TRACKING IN TENDONS  

Ultrasound systems are commonly available for use in clinical practice and software for 

speckle tracking motion analysis is commonly included. It can be tempting to apply the 

software to ultrasound sequences for estimation of motion in any tissue. However, the 

commercially available speckle tracking algorithms are commonly developed and tested only 

for motion estimation in the myocardium and motion estimation in other types of tissue with 

different speckle pattern and different magnitude and velocity of displacement may require 

adjustments of the algorithm. In study II a commercial speckle tracking algorithm was 

assessed to determine if it would be feasible to use for strain estimation in tendon tissue. The 

algorithm performed well on the PVA phantom whereas a high variability in measurement 

errors was found in the tendon samples. As the dimensions and speed of motion of the PVA 

phantom and tendon samples were similar, the difference is probably explained by 

differences in speckle pattern and elastic properties. Speckles in the PVA phantom were 

small, distinct and evenly distributed and presumably easier to track. Inhomogeneity in elastic 

properties along the length of the tendon samples may have led to local variations in strain, 

which was probably avoided in the homogenous PVA phantom. The high variability in 

measurement errors in the tendon samples makes the results unpredictable. The commercially 

available speckle tracking algorithm evaluated in study II has previously been used to 

evaluate strain in the supraspinatus tendon during elevation of the arm and remarkable large 

variations in strain were reported [52]. Results indicate that the algorithm used was not 

suitable for motion estimation in tendons [92]. It is important to be aware of the limitations of 

speckle tracking software when interpreting results and study II has contributed to 

highlighting this issue.  

The speckle tracking algorithm used for estimation of displacement in tendon tissue in studies 

III and IV was evaluated in study III. A high correlation was found between displacement 

estimated by speckle tracking and displacement estimated by manual tracking of an 

aluminum platelet in the tendon, but the speckle tracking algorithm was found to constantly 

underestimate displacement. Varying degrees of underestimation of displacement by speckle 

tracking in tendon tissue have been observed before. A commercial speckle tracking 

algorithm (Syngo VVI software, Siemens Medical Solutions Inc., Malvern, USA) was 

validated for measuring displacement in human flexor digitorum tendons and underestimation 

was found to be larger than for the in-house algorithm in study III [106]. Chernak et al also 

found high correlations between estimated displacement and reference displacement and a 

similar tendency for underestimation of displacement by speckle tracking as in study III [19]. 

Korstanje et al showed lower measurement errors for estimation of displacement [59]. The 

observed underestimation is likely due to momentary loss of tracking caused by tendon 

motion out of the ultrasound plane or difficulties in tracking the striated speckle pattern. For 

the magnitudes of tendon displacements and velocities seen during active dorsiflexion and 

Thompson’s test in study III, the coefficient of variation of the measurement error was less 
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than 11.7%. During walking at 2 km/h the magnitudes of tendon displacements and velocities 

were smaller and the coefficient of variation of the measurement error was less than 2.7%. 

Measurement errors can be described in terms of both precision and variability. Measurement 

errors that have a low variability can be compensated for, whereas errors with high variability 

are more difficult to handle. When interpreting the results of studies III and IV the 

underestimation should be considered. In both studies displacement in different parts of the 

tendons could be distinguished with statistical significance which indicates that the method is 

applicable. 

5.2 ALTERED PATTERNS OF DISPLACEMENT IN THE ACHILLES TENDON 
FOLLOWING INJURY 

The non-uniform displacement pattern with larger displacement in deep compared to 

superficial tendon layers that was observed in the uninjured tendons, is similar to that 

described in previous studies [4,31,93]. In the surgically repaired tendons, displacement was 

more homogenous across the thickness of the tendon. It has been suggested that the non-

uniform displacement pattern described in uninjured tendons reflects gliding between tendon 

fascicles [4,93]. Following rupture and scar tissue formation normal tendon morphology is 

altered, and the more uniform displacement pattern seen in the surgically repaired tendons in 

study III may be explained by a decreased ability of tendon fascicles to glide past each other. 

A similar decrease in the non-uniform displacement pattern of the Achilles tendon has also 

been observed in old compared to young adults during walking, and the difference was more 

pronounced at higher walking speeds (4.5 km/h) [31]. The more uniform tendon 

displacement patterns in old adults were correlated with reduction in plantarflexion moment, 

power and work during push off and are thought to be explained by increased collagen 

crosslinking with age [31]. Impaired fascicle gliding following rupture may have negative 

effects on the modulation of the actions of the different muscles of the triceps surae and may 

impair optimal force transmission at different knee and ankle joint angles. After an Achilles 

tendon rupture long term reduction in plantarflexion function compared to the uninjured leg is 

commonly seen [76,78,104], and the alterations in tendon deformation patterns observed in 

the surgically repaired tendons in study III may in part explain this. In animal studies loading 

of growing and healing tendons resulted in earlier formation of tendon tissue with thicker, 

better organized collagen oriented in line with tendon stress [17,50]. In patients with 

surgically treated Achilles tendon ruptures, active loaded plantarflexion exercises starting two 

weeks after injury resulted in higher tendon elastic modulus [87]. There is little knowledge of 

how loading of healing human Achilles tendons affects tendon morphology, but it can be 

speculated that repair tissue with better organized parallel collagen fibers may have better 

gliding properties which may in turn improve force transmission. 
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5.3 EFFECTS OF THE ANKLE FOOT ORTHOSES 

5.3.1 Tendon load and deformation 

For the adjustable AFO used in study I, force in the Achilles tendon was significantly higher 

when dorsiflexion was limited to 20° plantarflexion than during barefoot walking. This was 

an unexpected finding at the time as it had previously been shown that muscle activity in the 

gastrocnemius and soleus, which was also related to plantarflexion torque, decreased when 

the rigid AFO design was used with increasing number of wedges [1]. A possible explanation 

is that when the adjustable AFO design is set in plantarflexion it lacks support under the heel 

and the user is forced to support on the toes which makes it difficult to achieve a relaxed gait 

pattern. The plantarflexed setting is commonly used early in Achilles tendon rupture 

treatment protocols to adapt tendon ends, and at this stage patients are often instructed to use 

crutches. If this AFO design is to be used in more active treatment protocols with early full 

weight bearing, the risk of tendon forces which are higher than during barefoot walking 

should be considered for the most plantarflexed positions.  

To our knowledge study IV is the first study in which deformation patterns and muscle 

activity have been studied simultaneously in AFO and compared between different AFO 

designs. A non-uniform displacement pattern with larger displacement in deep tendon layers 

compared to superficial layers was present for all AFO conditions. No significant differences 

in differential displacement were seen between the AFO designs despite their differences. 

Since force in the Achilles tendon had been shown to increase with increasing limitation in 

dorsiflexion for the adjustable AFO in study I, while plantarflexion torque as estimated 

through EMG had previously been shown to decrease with increasing dorsiflexion limitation 

in a rigid AFO [1], some difference in tendon deformation pattern was expected between 

these designs. Instead the degree of limitation in dorsiflexion within each AFO design 

seemed to influence displacement patterns more. When the rigid or the adjustable AFO were 

used, displacement patterns in the tendon became more uniform as restriction in dorsiflexion 

increased. In rat models of Achilles tendon ruptures it has been shown that loading on the 

injured limb is beneficial to healing [2,3,17,25], but which type of loading provides the best 

stimulus is not known [2]. However, from rat models it appears that full time free and 

gradually increasing weigtbearing is more effective in stimulating healing than unloading 

with intermittent episodes of running [2]. It is not clear how these results translate into human 

Achilles tendons, but it may indicate that loading which mimics barefoot walking is a good 

stimulus for healing. The results of study IV show that the AFO settings with least limitation 

in dorsiflexion resulted in non-uniform tendon deformation patterns most resembling those 

during barefoot walking. A limitation of study IV is that it was conducted on healthy 

participants who were not limited by pain or caution when loading their braced leg, and 

deformation patterns in injured tendons may be different.  
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5.3.2 Muscle activity  

Muscle activity in medial and lateral gastrocnemius and soleus decreased compared to 

barefoot walking when the rigid AFO was used, and muscle activity continued to decrease 

with the addition of wedges. This is in agreement with previous results concerning this AFO 

design [1,46]. For the adjustable AFO investigated in study I and IV, soleus muscle activity 

decreased as dorsiflexion became gradually more restricted, in a manner similar to that in the 

rigid AFO with wedges. Muscle activity in the gastrocnemius showed a different pattern, 

where activity at the setting restricting dorsiflexion to 10° plantarflexion was higher than 

when dorsiflexion was restricted to 10° dorsiflexion. As mentioned previously this AFO lacks 

support under the heel when set in plantarflexed positions and participants supported on their 

toes and flexed the knee to varying degrees to avoid limping. Bending the knee is likely to 

affect EMG in the gastrocnemius due to the change in muscle length, but have less effect on 

the soleus. When using the adjustable AFO, muscle activity in tibialis anterior increased 

compared to barefoot walking when dorsiflexion was limited to 10° plantarflexion (study I 

and IV) and in study IV activity continued to increase with further dorsiflexion limitation. 

This may have been due to an increased effort to dorsiflex the foot during swing phase to 

avoid tripping and may lead to increased passive pull on the Achilles tendon. The main 

function of the dorsal brace was to restrict dorsiflexion to neutral and it did not offer the same 

degree of ankle support as the other AFO designs, but still gastrocnemius and soleus EMG 

activity was reduced compared to barefoot walking. For all the AFO designs EMG activity in 

the triceps surae was reduced as dorsiflexion was limited and the muscles shortened. In 

animal models it has been shown that calf muscles undergo more atrophy if they are 

immobilized in shortened positions than if they are immobilized in neutral or lengthened 

positions [16,80,91]. Limb immobilization leads to loss of muscle mass and strength and to a 

reduction in muscle protein synthesis rate [23,102]. It has been shown that these effects can 

be partly counteracted if electrical activity is maintained by neuromuscular electrical 

stimulation [23], which may indicate that a maintained EMG activity is positive for 

prevention of atrophy. In study IV it was shown that the AFO designs and settings which 

permitted more dorsiflexion resulted in less reduction in soleus and gastrocnemius activity 

and less triceps surae muscle shortening which is likely to be beneficial in preventing muscle 

atrophy. Immobilization with a dorsal brace with neutral ankle angle and weight bearing as 

tolerated was compared to a below the knee cast in equinus with no weight bearing following 

surgical repair of the Achilles tendon, and resulted in significantly less calf muscle atrophy 

[67].  

5.3.3 Plantar pressure 

Forefoot pressure was reduced compared to barefoot walking for all AFO conditions and in 

the rigid and adjustable AFO the reduction in forefoot pressure became more pronounced as 

limitation of dorsiflexion increased. Forefoot pressure has previously been shown to correlate 

to the degree of dorsiflexion allowed within an AFO [50]. During walking the forefoot is 

used for push-off against the ground and therefore forefoot pressure has been suggested as an 

important outcome to evaluate regarding Achilles tendon function [50]. Although forefoot 
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pressure can be expected to be affected by a number of factors, it was noted that it showed a 

similar tendency to decrease with increasing dorsiflexion limitation as non-uniform 

displacement in the Achilles tendon and muscle activity in the triceps surae. 

5.3.4 AFO settings 

AFO designs and settings which permitted more dorsiflexion resulted in a more non-uniform 

displacement pattern within the Achilles tendon and less reduction in gastrocnemius and 

soleus muscle activity, which may be beneficial to stimulate tendon healing and prevent 

muscle atrophy. However, to protect the healing tendon from elongation following surgical or 

non-surgical treatment of an Achilles tendon rupture, it is common to place the ankle in 

plantarflexion in a cast or AFO which is then gradually reduced to neutral 

[70,76,78,88,101,104]. There are a few studies of surgical treatment of Achilles tendon 

ruptures where the ankle was immobilized in neutral and weight bearing was allowed early in 

the treatment protocol. A dorsal brace permitting free plantarflexion and dorsiflexion to 

neutral applied either the day after surgery [48] or after two weeks [67] and full weight 

bearing allowed after 2-3 weeks was compared to cast treatment. There were no differences 

in re-rupture rate between the groups in any of the studies, and less decrease in calf muscle 

circumference [67], less reduction in calf muscle strength and no increase in tendon 

elongation [47,48] in the braced group. The adjustable AFO design set to limit dorsiflexion to 

neutral with unlimited plantarflexion applied two weeks postoperatively, has been compared 

to cast treatment and there was no difference in re-rupture rate or tendon elongation and 

patients in the AFO group regained ankle range of motion and returned to work earlier [74]. 

The above studies [47,48,67,74] indicate that for surgically treated Achilles tendon ruptures it 

is safe to put the ankle in neutral position early, whereas evidence is lacking for non-

surgically treated ruptures.  

5.4 METHODOLOGICAL CONSIDERATIONS 

5.4.1 Optic fiber measurements (study I) 

There are some limitations to the fiber optic force sensor technique used in study I. 

Calibrations of the optic fiber output signal to plantarflexion moment were made under static 

conditions, whereas the experiments were dynamic. To decrease errors due to mismatch 

between calibration and experimental conditions it has been recommended to use dynamic 

calibration [28]. However as plantarflexion and Achilles tendon moment arms about the 

ankle vary during ankle motion, dynamic force calculations are difficult and there are no 

other feasible alternatives for dynamic calibration for human in-vivo studies. Cable migration 

is another known source of error with this technique and was controlled for in study I by 

visual inspection [28]. Measurement artifacts caused by movement of the skin at the fiber 

insertion site may also affect results, but reports of the magnitude of these errors vary greatly 

[27,29]. Finni et al investigated this by pulling the skin over the Achilles tendon near the 

inserted optic fiber and report errors in the magnitude of 2% of peak forces recorded during 

walking [29]. In an experimental set up with a gait simulator using cadaver feet, force 
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measurement errors were found to vary between 24-81% of peak forces when the skin was 

intact and between 10-33% of peak forces after the skin had been removed [27]. However, 

skin properties of a cadaver foot may not be directly comparable to the in-vivo situation. 

Achilles tendon forces previously measured using the optic fiber technique during walking 

correspond well to those measured using the buckle transducer [30]. The above limitations 

should be kept in mind when interpreting the results.  

5.4.2 Plantar pressure measurements (study IV) 

Insoles for plantar pressure measurement can only measure force normal to the sensors, 

whereas medio-lateral and anterio-posterior forces cannot be measured. If the measurement 

insole is placed on an uneven or inclined surface only the force component normal to the 

surface will be measured, and there is risk for an underestimation of the vertical force [95]. In 

study IV plantar pressures were measured at different angles of plantarflexion. In the rigid 

AFO and dorsal brace plantarflexion was achieved with heel wedges. In these AFO the 

inclination of the measurement insole was most pronounced under the rear- and midfoot, 

whereas the forefoot was flat. In the adjustable AFO there was an inclination of the entire 

measurement insole in the plantarflexed positions. This is a potential source of measurement 

error. It has also been shown that the stiffness of the surface on which the sensor is placed 

may affect measurements, which should be considered when comparisons are made between 

different footwear [95]. The inner surface of the AFO and the running shoes used with the 

dorsal brace had similar stiffness. During the barefoot condition, participants walked directly 

on the treadmill which had a stiffer surface and this may have introduced errors when 

comparing AFO conditions to barefoot walking.  

5.5 FUTURE PERSPECTIVES 

In recent years ultrasound speckle tracking has been used to demonstrate non-uniform 

displacement patterns in uninjured Achilles tendons and that these patterns are altered by age 

and following injury. Further research is needed to explain the cause and function of these 

non-uniform displacement patterns and how disturbed patterns affect tendon function. 

Understanding of how these properties can be affected in healing tendons may be useful in 

designing treatment protocols. With improvements in ultrasound tracking techniques it is 

becoming possible to accurately estimate strain in tendon tissue which is likely to be a more 

important factor in understanding Achilles tendon function. Ultrasound based measurements 

for study of tendon biomechanics is a promising field as ultrasound is non-invasive and 

radiation free. Ultrasound equipment is becoming more portable and less expensive which 

makes it more readily available close to patients and athletes in clinical practice. With the 

development of 3D ultrasound the problem of out of plane motion is likely to be solved and 

measurement accuracy of tracking algorithms can be expected to improve. Commercial 

algorithms developed for tracking of tendon tissue will advance the field even further as the 

technique will be available to all.  
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6 CONCLUSIONS 

The general aims of this thesis were to improve understanding of how injury and use of 

AFO affect load and deformation within the Achilles tendon and to adapt and evaluate an 

ultrasound based method for studying the biomechanics of the Achilles tendon during 

motion. 

 During walking in an adjustable AFO with full weight bearing, Achilles tendon force 

increased compared to barefoot walking when dorsiflexion was restricted and the 

ankle was plantarflexed, despite reduction in soleus EMG activity (study I). These 

results raised the question if different designs of ankle foot orthoses affect the 

Achilles tendon in different ways. Experience with the invasive optic fiber technique 

lead to the choice of developing a non-invasive ultrasound based technique to study 

Achilles tendon biomechanics which would be more applicable on injured tendons.  

 High variability in strain estimation errors were found when a commercial ultrasound 

based speckle tracking algorithm developed for motion estimation in cardiac muscle 

was evaluated for estimation of strain in tendon tissue (study II). These results 

highlight the need for speckle tracking software to be evaluated before it is applied to 

new tissues and that it is important to be aware of its limitations when interpreting 

results. 

 An in-house developed speckle tracking algorithm for estimation of displacement in 

tendon tissue was shown to underestimate tendon displacement, but for the magnitude 

and velocity of displacement relevant during range of motion exercise and walking, 

low coefficients of variation were found (study III). Displacement in different parts of 

the tendons could be distinguished with statistical significance and it was concluded 

that the method is clinically applicable.  

 A more uniform displacement pattern was observed in previously ruptured and 

surgically repaired Achilles tendons compared to the non-uniform displacement 

pattern observed in uninjured tendons (study III). The altered displacement pattern is 

interpreted as a reduction in gliding between tendon fascicles which is proposed as a 

contributing explanation of reduced calf musle function.  

 The degree of dorsiflexion limitation within an AFO had greater effects on tendon 

displacement patterns and triceps surae muscle activity than differences in AFO 

design (study IV). AFO settings with least limitation in dorsiflexion resulted in tendon 

deformation patterns and triceps surae muscle activity most resembling those during 

barefoot walking. 
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