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Optimism is the faith that leads to achievement;  
nothing can be done without hope and confidence.
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General introduction

Tendinopathy, the most prevalent tendon disorder, is considered an important 

overuse injury of the tendon. It is common in sports and its prevalence is ever- 

increasing.2, 43, 64 In this dissertation, the focus is on Achilles tendinopathy since the 

Achilles tendon is one of the most frequently injured tendons in the human body 

despite its strength.67 Since prevention is imperative, this dissertation investigates 

possible risk factors and contributing factors in the development of Achilles 

tendinopathy. The introduction of this thesis starts with an explanation of healthy 

tendon structure and function. Then, epidemiology and the clinical impact of 

Achilles tendinopathy is described, followed by the clinical diagnosis and Imaging 

of Achilles tendinopathy. Next, the pathophysiologic process of tendinopathy is 

included, and previously identified risk factors for Achilles tendinopathy are listed. 

Subsequently the aims of this dissertation are proposed in the introduction.

Achilles tendinopathy 

Healthy Achilles tendon
The Achilles tendon is the thickest and strongest tendon in the human body.47  

The Achilles tendon is the combination of tendons of soleus and gastrocnemius 

muscles, inserting approximately halfway the calcaneus. The gastrocnemius muscle 

crosses the knee, subtalar and ankle joints, originating from the posterior medial 

and lateral femoral condyles and inserting onto the calcaneus. The soleus muscle 

lies anterior to the gastrocnemius muscle and originates from the proximal tibia, 

fibula and interosseous membrane and crosses the ankle and subtalar joints. 

Distally, both the gastrocnemius and soleus muscles form an aponeurosis, from 

each of which a tendon originates. At about the level where the soleus contributes 

fibers to the Achilles tendon, rotation of the tendon begins and becomes more 

marked 2–6 cm proximal to the insertion onto the calcaneus. The gastrocnemius 

fibers rotate to lateral and the soleus fibers are positioned medial to the insertion.81 

A normal tendon includes three main components: (1) type I collagen fibers, which 

are predominantly parallel orientated and well-organized, providing high tensile 

tendon strength48; (2) a well-hydrated, extracellular matrix (rich in glycosamino-

glycans); and (3) cells.95 The predominant cell population in healthy tendon is 

traditionally categorized as fibroblasts, responsible for the synthesis of the 

extracellular matrix and collagen fibers.37 In healthy Achilles tendons, no significant 

renewal of the collagen matrix seems to occur during adult life since Heinemeier et 

a.39measured 14C content within the tendon and concluded that tissue turnover, 
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indicating tendon adaptability, is mostly seen during adolescence and is limited 

hereafter. A collagen fibril is the smallest entity of a tendon. The Achilles tendon 

comprises bundles of collagen fibrils, each wrapped in endotenon, which in turn 

are enveloped by an epitenon. Further protection and stability is provided to the 

Achilles tendon by the paratenon, a layer of thin, areolar tissue wrapped around the 

epitenon.111 This hierarchical tendon structure is illustrated in Figure 2.

Fig. 1  The rotation of the Achilles tendon in a right limb (dorsal view).

Fig. 2  The hierarchical structure of tendon (www.sportEX.net).
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The Achilles tendon is supplied by both the posterior tibial and the peroneal artery.3 

The vessels of the anterior paratenon, deriving from the posterior tibial artery, 

supply the length of the tendon. Also, the peroneal artery, probably through 

anastomoses with the posterior tibial artery, makes small contributions and the 

anterior tibial artery appears not to be involved.102 Vascular supply of the Achilles 

tendon has originally thought to be poor, but more recent studies state that Achilles 

tendon blood flow is adequate for metabolic demands.1 The neural supply to the 

Achilles tendon and the surrounding paratenon is provided by nerves from the 

attaching muscles and by small fasciculi from cutaneous nerves, in particular the 

sural nerve.1 The nerve endings in tendons include Ruffini corpuscle and Golgi 

tendon organ mechanoreceptors as well as free nerve endings that serve a 

nociceptive function.90 

The function of a tendon is to attach muscle to bone, thereby transferring force of 

the contracting muscle to bone and either inducing or controlling movement.90 

The Achilles tendon is part of a musculotendinous unit that spans three joints, 

producing knee flexion, plantarflexion and subtalar inversion (exerting a medial pull 

on the calcaneus).106 It is one of the most frequently and highest loaded tendons 

in the human body, especially during physical weight bearing activities such as 

running, walking, jumping et cetera.44, 55, 57 In vivo experiments have measured 

peak forces for Achilles tendon ranging from 3kN to 9kN exceeding 12 times the 

body weight during these sport activities.54 A healthy tendon can adapt to various 

forms of physical activity through communication of the cells and cell-driven 

adaptation of the matrix, this is called mechanotransduction.51 The Achilles tendon 

is an energy storage tendon, showing a large capacity to store and release energy. 

During concentric contractions the function of the tendon is the transmission of 

force from the muscle fibers to the bone, while during eccentric contractions the 

tendon stores elastic energy.103 During the stretch-shortening cycle when an 

eccentric contraction is immediately followed by a concentric contraction, this 

stored energy is thought to contribute to the force generation and mechanical 

efficiency of the movement.56 In repetitive hopping for instance, most of the elastic 

energy is stored in the Achilles tendon itself. The contribution of the elastic energy 

in hopping is about 40% of the total mechanical work.33, 59 This implies that the 

tendon plays a very important role during locomotion and sport.64 

Epidemiology and Clinical impact
Achilles tendinopathy (AT) is one of the most prevalent overuse tendon injuries.90 

Typically, this injury is more prevalent among track athletes, distance runners and 

individuals who participate in multidirectional sports such as volleyball, basketball, 

soccer and badminton.28, 43, 58, 85 Studies show that a prevalence up to 36% has 
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been reported for AT in adult runners.40, 62 However, AT is also seen in individuals 

who are not physically active.6 The highest incidence for AT is usually reported to 

occur in middle-age recreational male athletes.5, 67, 82 It should be mentioned that 

the prevalence of AT is probably an underestimation since time-loss is often taken 

into account for diagnosis, while more recent studies found that tendon injuries are 

not adequately captured using a traditional time-loss definition.23

The treatment, that usually consists of relative rest and load management, makes 

the rehabilitation of tendinopathy a time-consuming process,86 with a median 

recovery time of 82 days (ranging from 21-479 days).79 Furthermore, the prognosis 

is often poor, with a high incidence of recurrence.18, 31, 49 Reinjury rates of AT in 

soccer players range from 27% to 44%.34, 38, 97 The high recurrence rate for AT and 

the little evidence on how to prevent these recurrences,34 may indicate that other 

strategies should be considered in the rehabilitation approach. 

AT, associated with persistent pain, significantly affects the patients physical and 

psychosocial well-being.73 Furthermore, the consequences of this overuse injury 

constitute a major influence on an athlete’s sports career and quality of life.10, 60 

Since AT causes considerable morbidity and functional impairment among athletic 

and general populations,42 improving knowledge on development and prevention 

of AT will contribute to a healthy ageing population.

Clinical diagnosis and Imaging
The term tendinopathy is the description of tendon conditions encompassing pain 

(mostly during activity), possible palpable thickening, and impaired performance.65 

Clinical examination is the best diagnostic tool, and pain is the cardinal symptom of 

AT.66 Also, a sensation of morning stiffness and tenderness to palpation is frequently 

reported by these patients.19, 97 AT most often occurs at the midportion of the 

Achilles tendon, located 2-6 cm proximal to the calcaneal insertion, followed by 

insertional Achilles disorders (at the calcaneus-Achilles tendon junction).27, 43, 63

Achilles tendinopathy is the most common cause of posterior heel pain; other 

tendinopathies (plantaris, flexor hallucis longus, tibialis posterior and the peroneal 

tendons) result in pain localized at the affected tendon. Pain location of plantaris 

tendon pain is medial, where the plantaris sits adjacent to the Achilles. Pain is 

typically 6-8 cm above the Achilles insertion, where the plantaris merges with the 

Achilles tendon and its tendon sheath. Midportion Achilles tendinopathy will be 

slightly lower in the body of the tendon, whilst insertional Achilles tendinopathy will 

be much lower at the insertion point of the Achilles on the calcaneus. Posterior 

heel pain can also be attributed to Haglund deformity (a prominence of the 
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calcaneus that may lead to retrocalcaneal bursa inflammation) or Sever disease 

(calcaneal apophysitis common in children and adolescents). Also, Inflammation at 

the enthesis, i.e. enthesitis, is a characteristic feature of spondyloarthropathy (a general 

inflammatory disease).91, 105, 110 

Ultrasound (US) imaging is often used to confirm the clinical diagnosis of AT,72 since 

this is more popular than MRI among musculoskeletal practitioners by offering 

advantages as minimal invasive, more affordable and being quick and feasible to 

use.22, 60 A conventional ultrasound image can show anterior-posterior diameter, 

presence of a hypoechoic area, calcifications and peritendinous abnormalities, 

whereas Doppler ultrasound can image vascular ingrowth in the tendon.72 It should 

be mentioned that one of the most frequently cited criticisms in relation to US 

imaging is its reliability since it is perceived to have a higher risk of error or variance 

when evaluating tendon modalities, except for measuring tendon thickness.35, 72 

Also, Ultrasound elastography (EUS) is a method to assess the mechanical properties 

of tissue, by applying stress and detecting tissue displacement using ultrasound. 

There are several EUS techniques used in clinical practice; strain EUS is the most 

common technique and is stated to be is an accurate clinical tool in the evaluation 

of Achilles tendinopathy, comparable to US.25, 83

Because of a growing interest to quantify tendon integrity, a new imaging technique 

was developed to visualize tendon structure: Ultrasound Tissue Characterisation 

(UTC).108 UTC uses conventional ultrasonography to construct a 3D image of the 

tendon and dedicated algorithms quantify the stability of echopatterns, whereby 

four echo-types can be discriminated which reflect the structural integrity of the 

tendon: (echo-type I) intact and aligned tendon bundles; (echo-type II) discontinuous  

or waving tendon bundles; (echo-type III) more fibrillar and disorganized tissue 

structure; and (echo-type IV) amorphous matrix largely composed of fluid,108 as 

visualized in Figure 3.

Pathophysiology and pain 
The process of tendinopathy involves the collagen matrix and the tenocytes. 

Normally, collagen fibers in tendons are tightly bundled in a parallel fashion but 

tendinopathic samples show unequal and irregular crimping, loosening and increased 

waviness of collagen fibers, with an increase in type III reparative collagen.50 Next 

to this disrupted collagen, pathological tendons have proliferation of cells with 

abnormal rounded nuclei, increased amount of ground substance/ matrix proteins 

and possibly abnormal ingrowths of vessels and nerves, called neoneurovascular-

ization,96 as illustrated in Figure 4. Neovascularization is a US-detectable intra-

tendinous vascularization and is frequently associated with tendon disorders 
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because of its occurrence in 47% to 88% of patients with Achilles tendinopathy.93, 

104 Doppler studies consistently identify neovessels on the aspect of the tendon 

immediately adjacent to the neighboring fat pad, namely in the Achilles tendon 

where neovessels infiltrate the ventral aspect of the tendon.109 However, a mere 

association of neovascularization with disorders is questionable,13, 104 since neo-

vascularization has also been found in up to 35% of asymptomatic Achilles 

tendons.14, 40 Furthermore, previous research stated that the detection of neo-

Fig. 3  UTC software. Visualization of a right AT in the transversal view. Echo- type I is 

colored green, echo-type II is colored blue, echo-type III is colored red, and echo- 

type IV is colored black.

Fig. 4  Structural changes in Achilles tendinopathy (by Scott et al.96). The left side of 

the hypothetical tendon is healthy. The right side represents typical changes in a 

tendinopathic tendon.
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vascularization has no additional value for the diagnosis, no firmly confirmed 

prognostic value, and no proven relation with symptoms and therefore suggested 

that the role of neovascularization should be re-thought.104 More recently, the role  

of neovascularization shifted from an indicator for pathology to critical for tissue 

repair and wound healing.101

Achilles tendinopathy is associated with impairments such as decreases in motor 

control, strength, endurance, and plyometric ability.7, 69, 97 The mechanical 

properties of the tendon also change with tendinopathy.8 The tendinopathic 

tendon has been found to have lower tendon stiffness,71 which might also affect 

the force-generating capability of the tendon.97 This pathological tendon structure 

is assumed to be less able to tolerate load and more vulnerable to further injury.113 

Several models have been proposed to explain the pathophysiology of Achilles 

tendinopathy.1 A few examples of these models are the ‘iceberg’ model of Abate et 

al.,1 that states that micro-ruptures and neurogenic inflammation exist before 

presentation of symptoms of tendinopathy, and the ‘failed healing’ theory of Fu et 

al.,32 that proposes a 3-stage model in which multiple factors influence the tendon 

in three stages: injury, failed healing and eventually clinical presentation of 

symptoms. The most accepted theoretical patho-etiological model however is the 

“continuum model”.21 The continuum model of tendon pathology suggested by 

Cook and Purdam20 consists of three stages: reactive tendinopathy, tendon 

disrepair and degenerative tendinopathy, as illustrated in Figure 5. Load magnitude 

and recovery time, as well as numerous other factors (type and consistency of load 

stimulus), may influence tendon response and the progression along the 

continuum.68 The first stage of the pathology results from acute overload of the 

Achilles tendon and can be characterized as a non-traditional inflammatory 

proliferative response in the cell and matrix. The second stage is described as 

attempted tendon healing, through increased production of collagen and 

proteoglycans. Degenerative tendinopathy is the third stage and characterized by 

potentially irreversible changes in cell and matrix condition such as tenocyte 

apoptosis and matrix disorder.20 Since there is little capacity for reversibility of 

pathological changes at this stage,20 early detection of pathology followed by 

adequate treatment would be beneficial to inhibit forward progression in the 

continuum model and prevent recurrences. It is stated that the continuum model 

uses a structure based classification of tendinopathy.21 Furthermore, UTC is 

demonstrated to be able to detect subtle changes in tendon structure.108 Therefore, 

it is possible that UTC could be useful in the early detection of alterations in tendon 

structure, leading to a quick and adequate management, to inhibit forward 

progression in the continuum or even to prevent symptoms.
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Achilles tendon pain remains an enigma, although different hypotheses about the 

origin of pain exist.92 Originally, the pain of Achilles tendinopathy was attributed to 

an inflammatory process. While inflammatory cells have been observed, particularly 

in the early stages of Achilles tendinopathy, the response does not seem to be a 

traditional inflammatory response.95 Both local tendon based nociceptive 

contributors and extensive mechanisms within the periphery and the central 

nervous system are described in previous research investigating mechanisms for 

tendon pain.92 Tendon pain is partly related to function, with tendinopathy 

decreasing muscle strength and motor control, which in turns reduces function.98 

However, alterations in tendon function also occur in the presence of structural 

pathology, independent of pain. For instance, it has been shown that athletes with 

an asymptomatic tendinopathy displayed a different landing strategy compared 

with their counterparts with normal tendons.26, 70 This highlights the complex 

interplay among structure, pain and function.20 

Fig. 5  The continuum model of tendon pathology (by Cook and Purdam20).
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Despite the high prevalence and the often deleterious consequences of Achilles 

tendinopathy, many aspects of its aetiology remain unknown. Overuse is generally 

considered to induce the condition since relative overuse of the tendon may cause 

an imbalance between anabolic and catabolic processes in the extracellular matrix 

of the tendon.52 In this process, both intrinsic and extrinsic factors play an important 

role.67, 82 Thus, although load is a major patho-aetiological component, it is 

modulated by an interaction between intrinsic and extrinsic factors.20 

Risk factors and Early signs of pathology
Any causal factor increasing the chance of an injury occurring is considered a risk 

factor.10 Risk factors are often divided into two main categories: extrinsic and 

intrinsic factors.76 Extrinsic risk factors are considered to act on the predisposed 

athlete from outside and are classified as enabling factors that facilitate the 

manifestation of injury. Intrinsic risk factors are related to the individual biological 

and psychological characteristics and determine the load tolerance. Hence, they 

might make the individual predisposed to injury.10 These risk factors will determine 

whether a specific event or force will lead to injury occurrence.11 To date, and to the 

best of our knowledge, no distinction for modifiable and non-modifiable risk 

factors for Achilles tendinopathy has been made. Therefore, the described risk 

factors below are categorized in extrinsic/modifiable, extrinsic/non-modifiable, 

intrinsic/modifiable or intrinsic/non-modifiable.

Intrinsic/ 
non-modifiable

Intrinsic/ 
modifiable

Extrinsic/ 
non-modifiable

Extrinsic/ 
modifiable

Male sex Tendon vascularity Environmental 
factors such as 

temperature 

Steroids & antibiotic 
exposure

Advancing age Altered gait 
kinematics & kinetics, 

particularly foot 
pronation

Physical activity-
related factors: 

alteration to activity 
level

Genetics Flexibility Footwear

Systemic diseases 
and associated 

factors

Neuromuscular 
alterations

Training surfaces

In recent years there has been an increase in studies examining different variables 

as potential risk factors for the development of AT.67 The majority of these are cross 

sectional, termed association studies rather than longitudinal studies, which are 
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often prospective in nature. The two types of studies have different uses. Association 

studies develop information about relationships between diseases and variables 

whilst prospective studies allow some measure of the cause and effect relationship 

to be established.82 The current literature suggests that risk factors in the 

development of AT may include male sex 46, 61 and advancing age.61, 64, 112 These 

factors have not been prospectively examined82 but are suggested since the 

highest incidence for AT is usually reported to occur in middle-age recreational 

male athletes.4, 5, 67, 82 These suggested risk factors have been previously explained  

by the association of age with increased prevalence of degenerative changes,  

such as decreased cellularity, increased glycosaminoglycan content, lack of fiber 

organization,67 and since estrogen is suggested to affect tendon structure 

positively.17 

Another frequently suggested risk factor is tendon vascularity, since it is suggested 

that in a hypovascular tendon the extent of necessary matrix remodeling is 

restricted, which may lead to weakening of the tendon structure, causing 

tendinopathy.87, 89 Although 23 articles indicate a restricted blood supply, and its 

correlation to the pathogenic role of hypoxia, as an important risk factor,67 it 

remains unclear whether this predicts future symptoms. These studies reported the 

need for longitudinal studies to investigate the physiological or pathological effect 

of vascularization, especially after physical activity, and its predictive value in the 

development of AT.14, 80 

Next, altered gait kinematics and kinetics, particularly foot pronation, are frequently 

hypothesized to be a risk factor for AT.78 It has been suggested that excessive foot 

pronation creates an accentuated rotation of the Achilles tendon, which is defined 

as the “whipping phenomenon”, as the foot rotates rapidly from an inverted position 

at heel strike to an excessively everted position in midstance, and that this wringing 

out of the tendon results in vascular blanching of the midportion of the tendon, 

causing AT.15, 88, 99 This whipping hypothesis is supported by more recent studies 

that demonstrated an association between pronation and AT,24, 74, 94 since they 

found that subjects with AT showed greater pronation during running than controls. 

However, prospective studies are needed and further evidence should be provided 

to support the theory that this accentuated rotation causes a wringing of the 

Achilles tendon that is associated with AT.78 

Furthermore, recent injuries or previous lower limb tendinopathy tendinopathy2, 82 

are indicated by experts in a Delphi study as the prime risk factors for the development 

of AT. Also, flexibility, including a decreased flexibility of the gastrocnemius/soleus 

complex and an altered ankle dorsiflexion range of motion, have been proposed as 
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intrinsic risk factors for AT. 70, 89 In addition, altered neuromuscular control of the 

triceps surae has been indicated to play a role in AT. 39, 70 Reduced isokinetic 

plantarflexion strength has been reported in subjects with AT, as has decreased 

EMG amplitude of the triceps surae just after heel strike and push-off.12, 113 Other 

suggested intrinsic risk factors are systemic diseases and associated factors like 

diabetes mellitus,1, 13 rheumatologic disease,44 dislipidemia,96 hypertension,42 

obesity,33 genetics,91 hormone replacement therapy and menopause.18

As extrinsic risk factors, steroid and antibiotic exposure (more specific quinolones) 
100, 112 and physical activity-related factors; including “training errors” and alterations 

to activity levels, footwear and environmental factors such as temperature and 

training surfaces 9, 53, 63, 77 are described to be involved.

Because of conflicting results of longitudinal studies regarding Achilles tendon 

structure as risk factor for AT, it is possible that structural changes in asymptomatic 

populations may represent markers of early presymptomatic pathology.73 Given 

the substantial impact of AT, this identification of ‘early signs of pathology’ should 

be a priority, and further research is warranted. As stated, several studies have 

investigated whether tendon structure in asymptomatic individuals, visualized by 

US, is predictive for future symptoms, and showed conflicting results.13, 16, 30, 36, 41, 

45, 84 A relationship between the presence of Achilles tendon abnormalities, more 

specifically hypoechoic regions, and the development of future symptoms was 

reported by both Comin et al.16 and Fredberg et al.,30 whereas Giombini et al.36 and 

Ooi et al.84 could not support this finding. Hirschmuller et al.41 found that the 

presence of neovascularization was associated with increased risk of developing 

symptoms, whereas Boesen et al.,13 Comin et al.16 and Ooi et al.84 did not find this. 

Also, Jhinghan et al.45 and Ooi et al.84 found that tendon thickness in asymptomatic 

individuals is predictive for future symptoms, but this finding is in contrast to Comin 

et al.,16 Giombini et al.36 and Hirschmuller et al.41 who found no relationship 

between tendon thickness and the development of symptomatic AT. 

Unfortunately many of these reported risk factors are not based on primary epide-

miological data and often represent author opinion. Two systematic reviews on risk 

factors for AT exist with one addressing biomechanical alterations78 and the other 

focusing solely on runners.63 Although several associating factors have been 

proposed (e.g. increased BMI, adverse lipid profile, certain genetic markers, altered 

plantar loading, altered neuromuscular control and increased rearfoot eversion), 

neither of these reviews could identify strong risk factors since the evidence is weak 

for most variables and there is a lack of high quality studies.63, 78 Furthermore, only 

prospective studies can be used to make conclusions about causality, but 
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unfortunately there are only few prospective studies investigating risk factors for 

the development of AT.63, 78, 82 Next to their crucial role in (secondary) prevention,75 

these risk factors may alter the progression forward or back in the continuum  

and most are likely to have an important role in the response to treatment in 

tendinopathy.20 Therefore, further research is needed to address this gap.
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Background and aims 

Additional research on AT is imperative because of the lack of knowledge of its 

complex aetiology and pathophysiology, and the high prevalence of AT with clinical 

impact on activities of daily living and sports remains. Understanding the cause of 

injury is a necessity to advance knowledge concerning prediction and prevention.29, 

107 As a consequence, this dissertation aimed to better understand demographic, 

structural, biomechanical and vascular parameters of AT and to prospectively 

investigate suggested intrinsic risk factors for the development of AT. Since AT most 

often occurs at the midportion of the Achilles tendon,27, 63 this project focused on 

midportion AT.

Specific aim of this thesis are:

1. To better understand demographic, structural, biomechanical and vascular 

parameters of AT

2. To prospectively investigate suggested risk factors for the development of AT 

AIM 1: To better understand demographic, structural, 
biomechanical and vascular parameters of AT 

In chapters I and II we investigated tendon structure and the whipping phenomenon 

in a healthy population since there is a need for better knowledge of the normal 

Achilles tendon structure and the whipping phenomenon before linking this to AT. 

Regarding tendon structure, the aforementioned UTC technique was used. 

Because of increasing publications using UTC, there is a need for normative data in 

order to correctly analyze results of UTC studies. Moreover, these normative data 

are imperative before being able to detect aberrant tendon structure. Furthermore, 

it remains unknown whether sex or dominance affect the echo-type distribution in 

the Achilles tendon. This normal tendon characterization was investigated in 

chapter I. In chapter II, the whipping phenomenon was studied since this mechanism 

is frequently suggested to contribute to the etiology of AT.15 However, despite 

(cross-sectional) evidence that links pronation to the onset of AT,15, 24, 74, 94 this 

underlying injury mechanism was surprisingly never investigated before. Next, 

since the highest incidence for AT is reported to occur in middle-aged male 

athletes, chapter IV examined the role of age and sex on an established risk factor 

in the development of AT.
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AIM 2: To prospectively investigate suggested risk factors for  
the development of AT
The pathogenesis pathways of AT are heterogeneous. Both structural and vascular 

factors have been suggested as risk factors for the development of AT. However, 

although tendon vascularity is often suggested as risk factor, longitudinal studies 

are necessary to investigate the predictive value in development of tendinopathy.14 

Because of the cross-sectional evidence that links pronation -whether or not 

associated to blood flow- to AT, the role of foot posture in the development of AT 

was also investigated in this project. Furthermore, there is inconclusive evidence on 

the role of tendon structure, visualized by US, in the detection of early signs of 

pathology and the prediction of future symptoms. Since UTC is suited to quantify 

subtle tendon structure changes,108 the hypothesis is that UTC could be useful in 

the early detection of AT. Despite increasing publications on the use of UTC, no 

prospective studies have been published. Therefore, in chapter III, we prospectively 

investigated the role of the vascular response to activity, foot posture, Achilles 

tendon thickness and UTC tendon structure as possible risk factors in the 

development of AT. Further elucidation of risk factors and early signs of detection 

will aid in the understanding of tendon pathology and patient risk, thereby improving 

prevention for AT.
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Abstract

Recently Ultrasound Tissue Characterisation (UTC) was introduced as a reliable 

method for quantification of tendon structure. Despite increasing publications on 

the use of UTC, it is striking that there is a lack of normative data in active adolescents. 

Therefore, the aim of this study was to provide normative values of the Achilles 

tendon as quantified by UTC. Seventy physiotherapy students (26 male and 44 

female) with no history of Achilles tendon injuries were recruited. The Achilles 

tendons were scanned with UTC to characterise tendon structure. This study 

demonstrated that Achilles tendons of active, healthy adolescents contained 54.6% 

echo-type I, 42.8% echo-type II, 2.2% echo-type III, and 0.3% echo-type IV at 

midportion. The comparison between insertion and midportion of the tendon 

showed more echo-type II at insertion (p<0.001). Furthermore, female tendons 

contained significantly more echo-type II, in both insertion and midportion 

compared to male tendons (p=0.004 and p=0.003, respectively). The results of this 

study, with respect to the MDC (minimum detectable change), highlight differences 

in the UTC echopattern in the normal population (sex and regional location), which 

are important considerations for future studies.

 

Key words: Achilles tendon, ultrasound, Ultrasound Tissue Characterisation, adolescents, 

echo-type distribution
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Introduction

Although the Achilles tendon is the largest and strongest tendon in the human 

body, injuries are common.29 Achilles tendon injuries are frequently found in 

athletes who participate in racquet sports, track and field, volleyball, soccer and 

other ball games.22, 28 The incidence rate can vary between different sports and 

has been described at 8-9% in rugby players, bicyclists, and runners.21, 32, 37 The 

most common Achilles tendon injury is tendinopathy.1 Clinical signs of tendinopathy 

are pain, swelling, and loss of function.6 Despite the high prevalence and the often 

deleterious consequences of Achilles tendinopathy, many aspects of the aetiology 

remain unknown. 

Recently a new technique was developed to visualize tendon structure; Ultrasound 

Tissue Characterisation (UTC).34 This novel technique has been demonstrated to 

be suitable to quantify subtle changes in tendon structure and has been used in 

several recent publications.10, 11, 14, 15, 30, 33, 34 UTC uses conventional ultrasonogra-

phy to construct a 3D image of the tendon after capturing 600 transverse images 

over a 12 cm region.34 Dedicated algorithms quantify the stability of echopatterns 

over multiple transverse images. Four echo-types can be discriminated, which 

reflect the structural integrity of the tendon: (echo-type I) intact and aligned tendon 

bundles; (echo-type II) discontinuous or waving tendon bundles; (echo-type III) 

mainly fibrillar tissue; and (echo-type IV) amorphous tissue with mainly cellular 

components and fluid.34 Echo-type I corresponds with high stability in grey scale 

pixels over contiguous images. Where there are increasing degrees of variability in 

grey scale pixel brightness, the tendon is classified as echo-type II, III or IV.34 

According to prior research, the distribution of echo-types representing alterations 

in tendon bundles alignment (II, III, and IV) represent inferior tendon quality and 

potentially pathology.15, 30, 34 However, it remains unclear whether the presence of 

echo-type II, indicating disorganized and waving tendon bundles, is a positive/

adaptive response to load or a negative/early pathological response from the 

tendon. 

Despite increasing publications on the use of UTC, it is striking that there is a lack of 

normative data at large scale and that there is no available data in young, active 

adolescents. Previous studies have all evaluated populations older than 24 years 

and none of the existing studies are suited to represent normative data since the 

maximum number of participants in these studies was 26, as shown in Table 1. 

Furthermore, it remains unknown whether sex, dominance or specific location on 

the Achilles tendon affect the echo-type distribution. This normal tendon charac-

terisation is needed to be able to correctly analyze all future results of UTC studies. 
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Therefore, the main aim of this study was to investigate the normal tendon charac-

terisation and to describe the distribution of echo-types amongst young, healthy 

adolescents and this in a large sample. Since there are many indications that 

underlying degeneration starts long before the onset of symptoms, it might be 

possible that the tendons of an elder asymptomatic population cannot be regarded 

per se as normal tendons.19 Therefore, a young active asymptomatic population 

was targeted to investigate normal tendon characterisation and to exclude 

age-related degeneration. Furthermore, this study aimed to assess differences in 

echo-type distribution between the insertion and the midportion of the tendon 

and investigate sex-related and dominant-related differences. 

Materials and methods

Participants
Seventy freshmen physiotherapy students (29 male and 41 female) at Ghent 

University, Belgium, participated in this study. Participants were excluded from this 

study if they had a history of Achilles tendon injuries, a surgery of the lower extremity 

or pain, ache or soreness in the lower extremity within the previous year. UTC 

findings of hypoechoic (focal structural change) areas did not lead to exclusion. 

These 70 students were evaluated during the academic year 2013-2014. All subjects 

signed informed consent and knew the goals of the study. Mean age of these 

students was 17.9±0.5 years (table 2). The average weekly sports participation (basic 

sports education, practice hours, sports participation outside the official educational 

programme) was registered and shown in Table 2.

Table 1  Overview of normal Achilles tendons imaged in the different studies.

Authors (year of publication) Number of participants ( / ) Mean age (y)

de Jonge et al10 24 46.6

Docking et al15 6 (5/1) 26.8

Docking et al14 15 (15/0) 23.8

Rosengarten et al30 12 (12/0) 23.8

Van Schie et al34 26 (16/10) 43.6
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Study design
In all subjects, ultrasound tissue characterisation of both Achilles tendons was 

performed. Participants were instructed not to engage any sports activities 48 h prior  

to testing to exclude short-term load-induced changes in the UTC echopattern.30  

The students were asked to fill in a questionnaire concerning demographic and 

anthropometric data (age, sex, height, weight, limb dominance), sport activities, and 

injury history. This study was approved by the Ethics Committee of the Ghent 

University Hospital (number of approval: EC/2013/616).

Ultrasound Tissue Characterisation (UTC)
The UTC measurements were performed by the same experienced researcher  

(first author of this paper). The subjects were placed in a prone position on the 

examination table with their feet hanging over the edge and with the ankle in 

approximately 5–10° dorsiflexion, to slightly pretension the Achilles tendon.10  

A 12 MHz linear-array transducer (Smartprobe 12L5, Terason 2000+, Teratech, 

Burlington, Massachusetts, USA) moved automatically over the length of the tendon  

by means of a motor-drive, allowing for transducer tilt, gain, focus, and depth to be 

standardized (12MHz, focus = 1.3 cm, depth = 3cm). Transverse images were 

collected at even distances of 0.2 mm and compilation of these images resulted  

in a 3D data volume block. Tissue characterisation was based on the degree of 

stability of echopatterns over contiguous images, analyzed by means of dedicated 

UTC algorithms (UTC 2014, UTC Imaging, Stein, the Netherlands). Four valid 

echo-types can be discriminated: echo-type I represents intact, continuous and 

aligned fibers and fasciculi, echo-type II represents less continuous and/or more 

wavy fibers and fasciculi, echo-type III represents a mainly fibrillar matrix and 

echo-type IV represents complete disintegration, with tendon tissue replaced by an 

Table 2  Demographics of participants (n = 70)

Age, mean ± SD (y) 17.9 ± 0.5

BMI, mean ± SD 21.0 ± 2.1

Sex

    Male, n (%)

    Female, n (%)

29 (41.4)

41 (58.6)

Limb dominance

    Right dominant, n (%)

    Left dominant, n (%)

62 (88.6)

8 (11.4)

Time of sports participation, mean ± SD (hours/week) 5.0 ± 3.3
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amorphous matrix and fluid.34 The tendons ultra-structure was characterised and 

quantified by means of relative percentages of these 4 echo-types.

Data analysis
For analysis, Achilles tendons were subdivided into an insertional volume (0-2 cm 

proximal of the calcaneus) and a midportional volume (2-6 cm proximal of the 

calcaneus), starting from the proximal border of the calcaneus in proximal direction. 

Images were analyzed by selecting a region of interest (ROI), defined by the outline 

of the Achilles tendon in the transverse plane. An example of these so called 

contours is shown in Figure 1. Five ROIs for the insertion and nine ROIs for the 

midportion were placed in the longitudinal plane at regular intervals of 5 mm. 

Contours were then interpolated between these contiguous ROIs creating a tendon 

volume of the insertion (0-2 cm) and midportion (2-6 cm) separately, in which the 

proportions of echo-types were quantified. The window size used for interpolation 

was 17, i.e. tendon structure was quantified with dedicated UTC algorithms that 

assessed the echopattern by means of relative intensity and distribution of grey 

levels of corresponding pixels over 17 images (3.2 mm). Each ROI was subdivided 

into four quadrants; namely posterolateral, anterolateral, anteromedial, and 

posteromedial. One insertion tendon volume and five midportion tendon volumes 

were excluded for final analysis, due to possible artifacts.

Fig. 1  UTC software. Visualisation of a right AT in the transversal view. Example of a 

contour made at the ROI in the AT. (S: skin; P: peritendinous space; AT: Achilles tendon.)
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Statistical analysis
Differences in echo-types between insertion and midportion, dominant and 

non-dominant side, medial and lateral, and anterior and posterior part of the 

tendon were analyzed using the non-parametric Wilcoxon test, as the data were 

not normally distributed. To investigate differences in echo-types between men 

and women, a Mann-Whitney U-test was applied. The dominant Achilles tendon 

was selected for statistical analysis, except for the comparison of the dominant and 

non-dominant side. Data analysis was done with the SPSS V.22 Statistical Software 

package (IBM Corp., New York, USA), and the level of significance was set at α=0.05. 

Test-retest reliability was investigated in ten Achilles tendons and tendon structure 

was quantified using the same methods as described above. A two-way mixed 

single measures intra-class correlation for absolute agreement was performed to 

calculate the standard error of the measurement (SEM= SD of the population x 

√(1-ICC)). The minimal detectable changes (MDC = 1.96 x SEM x √2) were calculated.

Results

The Intra Class Correlation Coefficients (ICCs) for intra observer reliability overall 

were between 0.945 and 0.994, with mean differences between the two analyses 

performed on the same scan with a time interval of 8 months between -1.25% and 

2.27%. The minimal detectable changes were calculated as 5.5%, 5.4%, 0.3% and 

0.0% at insertion and 7.0%, 6.5%, 0.8% and 0.2% at midportion for the four 

echo-types, respectively.

Distribution of UTC echo-types at the insertion and midportion  
of the AT
Results of the comparison of echo-types between insertion and midportion are 

visualized in Figure 2. The insertion of the Achilles tendon showed significant 

differences in echopattern in comparison to the midportion of the tendon. 

Interestingly, the insertion had significantly more echo-type II tendon bundles 

(p<0.001), whereas more echo-type I were seen in the midportion of the tendon 

(p<0.001). The midportion also contained significantly more echo-types III and IV 

(p=0.003 and p<0.001, respectively, table 3). Differences in the echo-types were 

greater than the minimum detectable change, except for echo-types III and IV.
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Distribution of UTC echo-types at the anterior & posterior section 
of the AT
Table 4 shows the results of the comparison of echo-types between the anterior 

and the posterior part of the tendon, in both insertion and midportion. Significant 

differences in the echopattern were observed between the anterior and the 

posterior part of the insertion. The anterior part of the tendon contained significantly 

more echo-types III and IV in comparison to the posterior part of the tendon 

Fig. 2  Distribution of echo-types at the insertion and the midportion of the Achilles 

tendon.

Table 3   Mean percentages (SD) of UTC echo-types at the insertion and midpor-

tion of the Achilles tendon. 

Insertion

N = 69

Midportion

N = 65

P-value

Echo-type I (%) 40.1 (12.3) 54.6 (14.4) P<0.001**

Echo-type II (%) 58.2 (10.9) 42.8 (12.3) P<0.001**

Echo-type III (%) 1.6 (2.8) 2.2 (3.8) P=0.003*

Echo-type IV (%) 0.2 (0.3) 0.3 (0.5) P<0.001*

* indicates p<0.05. ** indicates p<0.05 and the difference is greater than the MDC.
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(p<0.001 and p<0.001, respectively), and these differences in echo-types were 

greater than the MDC. These significant differences in echo-types III and IV were 

also observed in the midportion of the tendon (p=0.012 and p<0.001, respectively). 

Furthermore, echo-types I and II also differed significantly in the midportion with 

anteriorly more type II, and less type I (p=0.025 and p=0.007, respectively). 

However, these differences in echo-types were not greater than the MDC.

Distribution of the UTC echo-types at the medial and lateral 
section of the AT
Results of the comparison of echo-types between medial and lateral part of the 

tendon are displayed in table 5. For the insertion as well as for the midportion, a 

significant difference was seen for type I and II. The lateral side contained more 

type I (p=0.012 and p=0.024, respectively), whereas the medial side contained 

more type II (p=0.003 and p=0.023, respectively). Echo-type III was only significantly 

different at insertion, with more type III in the lateral part of the tendon (p=0.044). 

Echo-type IV was also significantly more present in the lateral part of the tendon, 

and this in both insertion and midportion (p=0.020 and p=0.002, respectively). 

However, these differences in echo-types were not greater than the MDC, except 

for the difference in echo-type IV at the insertion.

Table 4   Mean percentages (SD) of UTC echo-types at the anterior  

and posterior section of the Achilles tendon for the insertion and  

midportion separately.

Insertion

N = 69

P-value Midportion

N = 65

P-value

Anterior Posterior Anterior Posterior

Echo-type I (%) 40.2 (10.1) 39.9 (14.4) P=0.786 53.5 (14.4) 55.9 (15.1) P=0.007*

Echo-type II (%) 57.6 (8.7) 58.7 (13.2) P=0.297 43.7 (11.8) 42.0 (13.5) P=0.025*

Echo-type III (%) 2.0 (3.6) 1.3 (2.5) P<0.001** 2.5 (4.9) 1.8 (3.2) P=0.012*

Echo-type IV (%) 0.2 (0.4) 0.1 (0.2) P<0.001** 0.4 (0.6) 0.2 (0.4) P<0.001*

* indicates p<0.05. ** indicates p<0.05 and the difference is greater than the MDC.



42

CHAPTER I

Difference in distribution of UTC echo-types between male  
and female
Table 6 presents the difference in echo-types between male and female tendons. 

The tendons of young, healthy men contained more type I in both the insertion 

and the midportion (p=0.022 and p=0.008, respectively). In contrast, the tendons 

of the female population had significantly more type II in both the insertion and the 

midportion (p=0.004 and p=0.003, respectively). At the insertion, men had 

significantly more echo-type IV (p=0.037). All these significant differences in 

echo-types were greater than the MDC. Multiple linear regressions were used to 

investigate whether physical activity of the participants accounted for significant 

differences in echopattern between male and female tendons. However, no effects 

of physical activity were observed. 

Difference in distribution of UTC echo-types between the 
dominant and non-dominant side
No significant differences could be found between the dominant and the non- 

dominant Achilles tendon, as presented in table 7. This applied for both insertion 

and midportion.

Table 5   Mean percentages (SD) of UTC echo-types at the medial and lateral 

 section of the Achilles tendon.

Insertion

N = 69

P-value Midportion

N = 65

P-value

Medial Lateral Medial Lateral

Echo-type I (%) 38.7 (12.0) 41.5 (13.4) P=0.012* 53.6 (15.6) 55.8 (14.5) P=0.024*

Echo-type II (%) 59.7 (10.7) 56.6 (12.1) P=0.003* 44.0 (13.1) 41.7 (12.9) P=0.023*

Echo-type III (%) 1.5 (2.7) 1.8 (3.1) P=0.044* 2.2 (4.5) 2.2 (3.6) P=0.150

Echo-type IV (%) 0.1 (0.3) 0.2 (0.4) P=0.020** 0.3 (0.4) 0.3 (0.5) P=0.002*

* indicates p<0.05. ** indicates p<0.05 and the difference is greater than the MDC.
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Discussion

The most striking finding in this study was the high percentage (43- 58%) of 

echo-type II tendon bundles in the Achilles tendons of active, healthy adolescents 

since previous research stated that the distribution of echo-types representing 

alterations in tendon bundles alignment (II, III and IV) possibly represent inferior 

tendon quality and potentially pathology.15, 30, 34 Moreover, this study revealed that 

the tendons of young, healthy men contained more type I in contrast to the female 

tendons that showed significantly more type II at both the insertion and the 

midportion. In addition, this study showed some remarkable differences between 

Table 6   Mean percentages (SD) of UTC echo-types for men and  

women separately. 

Sex Insertion

N = 69

P-value Midportion

N = 65

P-value

N = 29 N = 40 N = 26 N = 39 

Echo-type I (%) 44.4 (12.2) 37.4 (12.8) P=0.022** 61.0 (9.4) 50.7 (15.7)  P=0.008**

Echo-type II (%) 53.5 (10.5) 61.0 (11.5) P=0.004** 37.0 (8.6) 46.5 (13.0)  P=0.003**

Echo-type III (%) 1.8 (3.2) 1.4 (2.3) P=0.349 1.6 (2.1) 2.6 (4.5)  P=0.688

Echo-type IV (%) 0.2 (0.4) 0.1 (0.2) P=0.037** 0.4 (0.5) 0.3 (0.5)  P=0.057

** indicates p<0.05 and the difference is greater than the MDC.

Table 7   Mean percentages (SD) of UTC echo-types in the dominant and non-

dominant Achilles tendon. 

Limb dominance Insertion P-value Midportion P-value

Non-
dominant

N = 67

Dominant

N = 69

Non-
Dominant

N = 70

Dominant

N = 65

Echo-type I (%) 42.1 (11.7) 40.1 (12.3) P=0.214 56.4 (13.8) 54.6 (14.4) P=0.375

Echo-type II (%) 56.3 (10.5) 58.2 (10.9) P=0.170 40.7 (11.1) 42.8 (12.3) P=0.201

Echo-type III (%) 1.5 (3.1) 1.6 (2.8) P=0.666 2.6 (4.6) 2.2 (3.8) P=0.602

Echo-type IV (%) 0.2 (0.4) 0.2 (0.3) P=0.798 0.4 (0.6) 0.3 (0.5) P=0.400
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insertion and midportion, with the insertion containing more echo-type II tendon 

bundles, whereas more echo-type I bundles were seen in the midportion of the 

tendon. Significant differences were also observed in the echo pattern when 

comparing different regions of the transverse plane as well. The distribution of 

echo-types I and II differed in the midportion with anteriorly more type II and less 

type I compared to posterior. Next, the lateral side contained more type I, whereas 

the medial side contained more type II and this throughout the tendon.

In this study we observed a fairly high percentage of echo-type II fibers (43- 58%) in 

active, healthy adolescents. This finding is surprising since one would expect that 

healthy tendons are supposed to be composed of almost solely type I echo fibers, 

since according to van Schie et al34 they reflect intact, continuous and aligned 

fibers and fasciculi, whereas echo-type II fibers are by definition less continuous 

tendon bundles and represent slight separation and increased waviness of tendon 

fibrils. In addition, Rosengarten et al30 writes that a decrease in echo-type I 

coinciding an increase in echo-type II suggests that the normal tendon integrity 

has been negatively affected. In this study the subjects were adolescent athletes. 

This could be a possible explanation for observing such a high percentage of echo 

type II fibers. One important consideration when dealing with adolescent athletes 

is the consequences of maturation.2 Previous research demonstrated that 

maturation affects the properties of muscle and tendon.26 Heinemeier et al18 

measured 14C content within the tendon and concluded that tissue turnover is 

mostly seen during adolescence, indicating tendon adaptability, and is limited 

hereafter. Rosengarten et al30 stated that echo-type II is indicative for reversible 

tendon matrix remodeling, leading to the consideration that the higher percentage 

echo-type II in our young, active population could possibly be explained by the 

higher tissue turnover during adolescence. Since this study is the first to examine 

the normal tendon characterisation in a healthy active adolescent population, 

comparison with other studies is rather difficult. Furthermore, the number of 

studies using UTC is still small and previous studies have used different scanning 

positions (weight-bearing versus non-weight-bearing), a smaller sample size, and 

showed differences in the analyzed tendon volume.9, 12, 14, 15, 30, 34 These differences 

indicate that caution is advised in comparing UTC data from previous studies to our 

results. However, looking at the results of the previous studies, our study showed a 

higher percentage echo-type II than any of the other published studies using UTC 

in a healthy population.12, 14, 15, 30, 34 Rosengarten et al30 found that the tendon was 

composed of 92% of echo-type I. In the study of van Schie et al34 approximately the 

same amount of type I (48%), but less type II (28%), and more type III (13%) and IV 

(11%) tendon bundles were detected. This variation in echo-types could partially be 

explained by the study population. The participants in this study were both male 
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and female freshmen students, with a mean age of 18 years. Interestingly, previous 

studies have all evaluated populations older than 24 years.10, 11, 14, 15, 30, 34 Mean age 

of the participants in the study of van Schie et al34 was 45 years. Previous research 

stated that age is commonly associated with increased prevalence of degenerative 

changes, such as decreased cellularity, increased glycosaminoglycan content and 

lack of fiber organization.23 Therefore, it might be possible that the tendon of an 

elder population shows differences in echopattern compared to the adolescent 

tendons observed in this study. Further research is necessary to elucidate this. 

Furthermore, both Docking et al15 and Rosengarten et al30 evaluated exclusively 

male elite football players (mean age 24 years), to examine load-related tendon 

change. Docking et al15 found a significant increase in echo-type I after a 5-month 

training period, suggesting that the UTC echopattern improves due to high loads, 

which might explain the high amount of echo-type I present in their athlete 

population. Besides the fact that our sample also included women, meaning more 

echo-type II, our population was also younger. As mentioned before, an important 

explanation for the observed difference in echo-types between studies could be 

due to the use of different UTC components, protocols and analyzing techniques. 

For example, Docking et al15, Rosengarten et al30, and van Ark et al33 used window 

size 25 (consecutive images correlated over 4.8mm), whereas this study analyzed 

with window size 17 (consecutive images correlated over 3.2mm). A smaller window 

size means that images can be analyzed in greater detail. This is more suited for 

detection of small-scale waviness, therefore our results are probably a better 

representation of the actual tendon structure. 

This study is the first to report the comparison in echo-type distribution between 

the insertion and midportion of the tendon. The results of this study identified that 

the insertion of the Achilles tendon contained more echo-type II, whereas 

echo-type I was more present at midportion. As stated by van Schie et al34 

echo-type II is a representation of an elevated percentage of wavy tendon bundles. 

The shape of the Achilles tendon varies from proximal to distal as it approaches its 

calcaneal attachment site.3 Flaring of the Achilles tendon at calcaneal attachment 

is an adaptation to securing skeletal anchorage.4 More proximally, especially at 

midportion, the tendon becomes more cylindrical in shape with linear arrangement 

of fibers, suggesting internal reorganization of Achilles tendon fascicles.4, 27 These 

morphological observations explain the high presence of echo-type II at insertion 

compared to midportion. Another possible explanation for this difference between 

the insertion and midportion might be compositional differences. A immunohisto-

chemical study demonstrated striking differences in the extracellular matrix (ECM) 

between the Achilles tendon midportion and its insertion.36 The range and 

distribution of ECM molecules detected in the Achilles tendon reflect the differing 
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forces acting on it; the midportion largely transmits tension and is characterised by 

molecules typical of fibrous tissues, whereas the insertion must also resist 

compression and thus also contain fibrocartilages molecules, like aggrecan.36 

Aggrecan is a proteoglycan (PG) that exhibits a bottlebrush structure, in which 

 glycosaminoglycan (GAG) chains are attached to an extended protein core.25  

The localized high concentrations of aggrecan provide the osmotic properties 

necessary for normal tissue function with the GAGs producing the swelling pressure 

that counters compressive loads on the tissue.31 Importantly, recent studies have 

shown that the fibrillogenesis of the tendon is regulated by PGs, associated with 

aggrecan, that are present in the ECM.8, 13, 16 Since PGs regulate the assembly of 

the chief structural component of the tendon, this might explain the structural 

differences found in the insertion compared to the midportion of the Achilles 

tendon. In support of these notions the presence of echo-type II may not indicate 

inferior tendon quality but a necessary morphological, histological and functional 

requirement.

When comparing different compartments of the tendon, significant differences 

between both the anterior and posterior part as well as between the medial and 

lateral part of tendon were found, although these significant differences were not 

greater than the MDC. At the midportion, the anterior part of the tendon contained 

a greater amount of echo-type II and to a lesser extent echo-type I compared to 

the posterior part. Furthermore, when medial and lateral sections were compared, 

the lateral side contained more type I, whereas the medial side contained more 

type II. Recently, van Sterkenburg et al35 described the hypothesis of compression 

between the Achilles tendon and the M. Plantaris tendon, which is located medially 

to the Achilles tendon. The M. Plantaris tendon is stiffer, less extensible, and could 

create repeated shear stresses to the Achilles tendon.20 This involvement of the M. 

Plantaris might explain the increased presence of echo-type II, i.e. waving tendon 

bundles, at the medial side of the Achilles tendon. Interestingly, these locations are 

more frequently involved in tendinopathy compared to the posterior and lateral 

midportion of the tendon.7, 17 

Finally, another interesting finding in this study showed that the tendons of young, 

healthy men contained more echo-type I in contrast to the tendons of the female 

population, who showed significantly more type II. Moreover, linear regression 

analyses showed that physical activity of the participants did not account for these 

significant differences observed in echopattern between male and female tendons. 

This study demonstrates a difference in UTC echo-type between female and male 

participants that has not previously been identified. However, previous studies 

stated that there are sex-related differences in the mechanical properties of the 
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tendon fascicles.24 Furthermore, Bryant et al5 found that estrogen has an effect on 

both the functional and structural properties of the Achilles tendon, which might 

explain this sex difference in echo-types distribution.

The results of this study have important clinical implications since, in line with our 

findings, we suggest that the high percentage echo-type II (42.8%) tendon bundles 

is a normal physiological finding in an active, adolescent population and should not 

be considered as abnormal. Furthermore, our results also suggest to analyze male 

and female data differently since a sex difference in echo-types distribution was 

found, with more echo-type II in female tendons. Moreover, the finding of more 

echo-type II at the insertion, compared to the midportion should be taken into 

account when evaluating UTC results. Therefore, our large-scale data highlights 

important differences, with respect to the MDC, in the UTC echopattern in the 

normal population which needs to be considered in future studies.

A limitation of this study is that our results concern an active, adolescent population. 

Therefore, these results cannot be generalized. Nevertheless, this population was 

targeted to exclude age-related degeneration and represents normal, healthy 

tendons. Another limitation of this study is that it was performed in an age-cohort 

that does not get Achilles tendinopathy. This may limit comparison of the 

pathological tendon in future studies, as the ages are likely to be significantly 

different. Also, no US imaging of the tendon structure was performed to exclude/

include subjects in this study. The strength of this study is that this is the first study 

to report UTC findings on a large sample size compared to previous studies.10, 11, 14, 

15, 30, 33, 34 

Perspectives

This study was the first to investigate the normal tendon characterisation and this is 

the largest observational study of normal tendons. UTC has been demonstrated  

to be suitable to quantify subtle differences in tendon structure that may precede 

the development of symptoms.34 However, before establishing aberrant tendon 

structure, normative data are imperative and differences between sexes, and 

different locations in the tendon should be taken into account. 
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Abstract

In the etiology of Achilles tendinopathy (AT) it is frequently suggested that excessive 

pronation causes a vascular constriction of the Achilles tendon, described as the 

“whipping phenomenon”.6 Although previous studies focused on the association 

between pronation and AT, it is striking that the underlying association between 

foot pronation and blood flow has not been studied yet. Therefore, the aim of this 

study was to investigate whether the amount of pronation during running influences 

the Achilles tendon blood flow. Twenty-five experienced runners, aged 34.5 ± 10.2 

years, participated in this study. 2D-lower limb kinematics during barefoot and shod 

running in both frontal and sagittal plane were assessed. Blood flow of the Achilles 

tendon was measured before and after barefoot and shod running, using the 

oxygen-to-see device. The results of this study showed a significant effect of 

eversion excursion on the increase in Achilles tendon blood flow after shod running. 

More specifically, the more eversion excursion observed, the lower the increase in 

blood flow (p= 0.013). We therefore suggest, in individuals with increased inversion 

at touch down and increased eversion around midstance during shod running, that 

anti-pronation measures could be useful in both preventing and managing Achilles 

tendinopathy.

Key words: Achilles tendon, pronation, whipping phenomenon, eversion, blood 

flow, vascular constriction, running.
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Introduction

The Achilles tendon is the thickest and strongest tendon in the human body. 

Nevertheless, injuries are common, especially in runners.3 Epidemiologic studies 

show that 5-34% of all runners develop Achilles tendon pain or Achilles tendinopathy 

(AT).12, 16, 18 Hence, AT is one of the most common overuse injuries for both 

recreational and elite runners. Numerous studies and reviews have therefore been 

published investigating intrinsic and extrinsic risk factors for developing AT to better 

understand the multifactorial mechanism of AT.13 Abnormalities in movement 

patterns as a risk factor for AT have been a topic of discussions since the 1980s. In 

particular, foot pronation is believed to be strongly associated with AT injuries based 

on several cross-sectional analyses.6, 7, 20, 27 Pronation is a triplanar motion involving 

a combination of rearfoot eversion, dorsiflexion and abduction of the foot.30 It has 

been suggested that excessive foot pronation creates a whipping or torsional 

action upon the Achilles tendon, which is defined as the whipping phenomenon, 

as the foot rotates rapidly from an inverted position at heel strike to an excessively 

everted position in midstance. Vascular blanching of the midportion of the Achilles 

tendon is thought to result from this purported torsional effect.6, 26, 28 This whipping 

hypothesis is supported by more recent studies, where it is found that subjects with 

AT averagely demonstrate greater maximum rearfoot eversion (±2.23°) and greater 

rearfoot eversion range of motion (±4.77°) during running than controls.7, 20, 27 

Despite evidence linking pronation to the onset of AT, there is little to no conclusive 

evidence of the injury mechanism behind this. Excessive eversion has been 

hypothesized to accentuate the rotation of the tendon and cause a wringing out of 

the tendon, leading to AT. However,previous studies stated that the Achilles tendon 

blood flow increases during and after activity, in comparison with the measured 

resting values, and that this increase in blood flow is a normal physiological 

response to activity.4, 15 If excessive subtalar joint movement accentuates the 

torsion of the tendon6 sufficiently to cause constriction of the vascular networks,32 

then it is possible that more eversion during running may induce a lower increase 

in blood flow after running. However, although this hypothesis is often described as 

an injury mechanism to develop AT, it is striking that this has not been studied yet. 

Therefore, the aim of this study is to investigate whether the amount of eversion 

during running influences Achilles tendon blood flow. 
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Materials and methods

This experimental study was performed at the Runners Service Lab, Zwijndrecht, 

Belgium. Approval was obtained by the Ethics Committee of the Ghent University 

Hospital (number of approval: EC/2013/984) and all participants signed an informed 

consent. Lower limb kinematics during running in both the frontal (dorsal view) and 

the sagittal plane were assessed. Blood flow measurements of the Achilles tendon 

were performed before running trials, and after barefoot and shod running. 

Participants
Twenty-five healthy subjects participated in this study. Participants were included 

only when their average mileage was at least 30 km a week. Exclusion criteria for 

this study were: (a) pain, ache or soreness in the lower extremity within the previous 

year (with specific attention for Achilles tendon pain), (b) surgery of the lower 

extremity, (c) neurologic problems that would affect lower extremity function. 

Table 1 presents the characteristics of the participants. 

Study design
Participants were instructed not to engage in any sports activities 48 h prior to 

testing to ensure a valid measure of exercise related increase in blood flow. First, 

participants were instructed to rest on a treatment table for 10 minutes. After this 

resting period, blood flow was measured for a first time. The blood flow was 

measured approximately for 10 seconds per measurement point, in the same prone 

position on this treatment table. This blood flow measurement was expressed as 

Table 1  Demographics of participants (n = 25).

Age, mean ± SD (y) 34.5 ± 10.2

Weight, mean ± SD (kg) 68.3 ± 13.1

Length, mean ± SD (m) 1.78 ± 0.1

BMI, mean ± SD (kg/m²) 21.4 ± 2.1

Sex

    Male, n (%)

    Female, n (%)

15 (60)

10 (40)

Limb dominance

    Right dominant, n (%)

    Left dominant, n (%)

18 (72)

7 (28)

Time of running participation, mean ± SD (hours/week) 6.1 ± 2.4
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initial tendon blood flow. Then, prior to the actual running tasks, marker placement 

and a static standing trial (10 sec) was executed. After this 10 minutes of preparation,  

the actual running task started with 10 minutes of barefoot running at a self-selected 

speed during which kinematics were recorded. Immediately after this, blood flow 

measurements were repeated in the same prone position on the treatment table 

(post-barefoot run blood flow). The treatment table was positioned next to the 

running track to minimalize the transition time. Next, participants were asked to run 

shod for 10 minutes wearing standard neutral Pearl Izumi© shoes. Finally, a post- 

shod running measurement of the blood flow was conducted immediately after 

the running task (post-shod run blood flow). In conclusion, three blood flow 

measurements were conducted: initial blood flow, immediate post-barefoot run 

blood flow, and immediate post-shod run blood flow. Prior to the actual testing 

procedure, participants tried out the Pearl Izumi© shoes of their size for a smooth 

transition to the shod running trial. The Pearl Izumi© shoes had a heel-toe offset of 

7 mm and no special features to prevent excessive pronation. To guarantee a valid 

study, this study was performed at Runners Service Lab, a specialized running Lab. 

The standard protocol of Runners Service Lab was applied, consisting of barefoot 

running trials followed by shod running trials.

Participants were instructed to run at a self-selected speed during both running 

conditions (barefoot and shod). In order to keep the self-selected speed as constant 

as possible, Noptel© (Teknologiantie 2, FI-90590 Oulu, Finland) (CM-distance 

sensor, type CM5) was used, a laser registration device with a precision of 0.1 m.s-1. 

Participants were asked to correct their speed if there was a deviation of 0.2 m.s-1 

from their average running speed. Between both running conditions a maximal 

difference of 0.2 m.s-1 was allowed. Average running speed was 3.1 (SD = 0.4) m.s-1 

during barefoot running and 3.2 (SD = 0.4) m.s-1 during the shod condition. 

Before the experimental protocol, the participants were asked to fill in a questionnaire 

concerning demographic and anthropometric data (age, sex, height, weight, limb 

dominance), running activities, and injury history. 

To obtain a reproducible location for the blood flow measurements, bilateral skin 

markers were placed for transducer placement at the point 4 cm proximal from the 

upper border of the calcaneal bone in the centre of the Achilles tendon, representing 

the midportion of the Achilles tendon. Blood flow data were collected by use of the 

oxygen-to-see® (O2C) device (LEA Medizintechnik, Giessen, Germany). The O2C is 

a non-invasive device capable of measuring the perfusion and oxygenation of  

the subcutaneous tissue up to a depth of 8 mm by using an optical fiber probe.  

The fiber probe incorporates both white light spectroscopy (wavelengths of 
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500-800 nm) and the laser Doppler technique (830 nm and 30 mW). The white 

light spectroscopy allows to detect haemoglobin parameters. The laser Doppler 

flowmetry allows to determine perfusion parameters in the tissue as it detects all 

moving erythrocytes. The number of moving erythrocytes combined with the 

blood flow velocity is processed to the parameter blood flow which is expressed  

in arbitrary units. This device has been shown to be reliable and valid.9, 11, 33 

Environmental factors such as light and temperature were kept constant for stan-

dardization purposes. All measurements were performed by the same experienced 

researcher (first author of this study). The stability of the measurement of blood 

flow has been investigated for the measurement point 4 cm proximal from the 

upper border of the calcaneal bone in the center of the Achilles tendon. A two-way 

mixed single measures intra-class correlation for absolute agreement was 

performed after a ten min rest period in ten Achilles tendons of age-matched 

subjects. The ICC for intra observer reliability was 0.75 for this measurement point. 

The set-up for the kinematic measurements is illustrated in Figure 1. Participants 

were instructed to run on a 45 m long Mondo© running track, while 4 synchronized 

Quintic© GigE High-Speed LIVE cameras (125 Hz) and Quintic© software 

(Columbiaville, MI) were used for the recording of both the frontal (1 dorsal camera) 

and sagittal plane (1 left, 2 right cameras) during both running conditions (barefoot 

and shod). 

Eight reflective 2D-markers were placed on anatomical reference points, as 

illustrated in Figure 2. Markers were placed bilaterally: 2 markers were placed on the 

midline of the heel (one distal and one proximal), 2 markers on the Achilles tendon 

(one distal and one in between the lateral and medial head of the m. Gastrocnemius), 

and one marker on the lateral aspect of the fifth metatarsal head, on the distal point 

of lateral malleolus, on the lateral knee joint line, and on the greater trochanter.

Fig. 1  Study set-up for the kinematic measurements during barefoot and shod running.

CAMERA 1

RUNNING DIRECTIONCAMERA 4
+ LASER

CAMERA 2 CAMERA 3
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Data analysis
The reflective markers were digitized using Maxtraq® version 2.6.1.1(©Innovision 

Systems, Inc., Natick, MA). For each running condition three trials (containing on 

average 4 stances in dorsal view and 2 stances in sagittal view) for which full sagittal  

and frontal kinematics could be obtained were randomly selected. For all included 

variables (Achilles tendon angle and ankle angle, see next paragraph) average 

values were calculated for both sides of the 25 subjects, based on 12 stances 

(averagely 4 stances per 3 trials) for the dorsal variables and on 6 stances (averagely 

2 stances per 3 trials) for the sagittal variables. Initial contact and toe-off were 

visually defined as respectively the first and last instant of foot-ground contact. In 

both sagittal and dorsal views, marker digitisation started 10 frames before initial 

foot contact and finished 10 frames after toe-off for the sagittal views and 10 frames 

after heel-off for the dorsal views. 

Calculations of kinematic variables were performed in Matlab® (©The MathWorks, 

Inc., Natick, Massachusetts, United States). 2D-marker trajectories were filtered 

using a second order Butterworth low-pass filter with a cut-off frequency of 18 Hz 

with mirrored endpoint extrapolation to avoid endpoint artefacts. 

Fig. 2  Right Achilles tendon angle and ankle angle in shod condition.
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Kinematic variables of interest were the ankle angle in the sagittal plane (plan-

tarflexion-dorsiflexion) defined by the angle between the markers on the lateral 

aspect of the fifth metatarsal head, on the distal point of lateral malleolus, and on 

the lateral knee joint line, and also the Achilles tendon angle in the frontal plane 

(inversion-eversion) defined by markers on the Achilles tendon and the heel markers 

(Figure 2). Eversion is defined as an inward rotation of the foot with respect to the 

longitudinal foot axis. For the ankle and Achilles tendon angles, eversion and 

dorsiflexion excursion was calculated. Eversion excursion is determined as the 

difference between the Achilles tendon angle at initial contact or maximal initial 

inversion, if initial contact was not the maximal initial inversion, and the maximal 

eversion angle (illustrated in Figure 3). Dorsiflexion excursion is determined as the 

difference between the ankle angle at initial contact or maximal initial plantarflexion, 

if initial contact was not the maximal initial plantarflexion, and maximal dorsiflexion. 

Left sides were mirrored to obtain positive eversion and dorsiflexion excursions for 

both sides. Since it has been suggested that the whipping action upon the Achilles 

tendon occurs as the foot rotates rapidly from an inverted position at heel strike  

to an excessively everted position in midstance, velocities were also calculated. 

Average and maximal dorsiflexion and eversion velocities were calculated using  

the first time-derivative of the respective angles. Initial foot contact pattern was 

determined because it influences the following foot-ankle movements during the 

first part of stance and thus can influence Achilles tendon blood flow.5 Foot angles 

at initial contact were calculated taking into account the foot angles during the 

static measurement, classifying participants in 3 groups: initial rearfoot, midfoot,  

or forefoot contact pattern.1 

Fig. 3  Examples of the inversion/eversion movement from initial contact (IC)  

to heel off (HO) from the participants with the least (8°) and the most (24°) 

eversion excursion.
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Statistical analysis
Statistical analysis was done with the SPSS V.23 Statistical Software package (IBM 

Corp., New York, USA). The effect of kinematic variables (eversion excursion, dorsi- 

flexion excursion, average and maximal velocities, and initial foot strike pattern)  

on the increase in blood flow after barefoot and shod running (post-barefoot/shod 

run blood flow minus initial blood flow) was investigated with linear mixed models. 

Analyses were executed with participants as a random factor, and kinematic variables  

as fixed predictors. The effect of possible covariates as age, sex, running speed, and 

limb dominance was investigated. The residuals of the linear mixed model were 

checked for normal distribution and homoscedasticity. The level of significance 

was set at α=0.05.

Results

Sex, running speed, age and limb dominance did not have an effect on the outcome 

parameter, and are therefore not included as covariates in the analyses. 

Table 2 displays the descriptive values of the kinematic variables (Achilles tendon 

and ankle angle) and blood flow variables. A significant difference is seen between 

both conditions (barefoot and shod) for eversion and dorsiflexion excursion (p < 0.05). 

Furthermore, there was a significant increase in blood flow after barefoot and shod 

running compared to initial tendon blood flow (p < 0.05). The blood flow descriptives 

show an increase in blood flow of 42.6 % after barefoot running and an increase in 

blood flow of 61.7% after shod running.

Table 2  Descriptive of kinematic and blood flow variables.

Dorsiflexion excursion barefoot running, mean ± SD (°) 24.6 ± 5.6

Dorsiflexion excursion shod running, mean ± SD (°) 22.2 ± 3.8

Eversion excursion barefoot running, mean ± SD (°) 11.0 ± 4.0

Eversion excursion shod running, mean ± SD (°) 15.6 ± 3.5

Initial blood flow, mean ± SD (AU) 55.1 ± 25.6

Blood flow after barefoot running, mean ± SD (AU) 78.6 ± 41.5

Blood flow after shod running, mean ± SD (AU) 89.1 ± 50.1

* p-value < 0.05
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The kinematic variables did not significantly influence the increase in blood flow 

after barefoot running. However, univariate analysis showed a significant effect of 

eversion excursion on the increase in blood flow after shod running (F= 6.68,  

p= 0.013). The result of the linear mixed model analysis is shown in Table 3. The more 

eversion excursion during running, the lower the increase in blood flow after shod 

running. Eversion excursion accounts for 10,6% of the within-participants variability 

in the increase in blood flow after shod running. 

Table 3: Effect of eversion excursion on increase in blood flow after shod running.

b SE b P-value 95% Confidence Interval

Lower Bound Upper Bound

Intercept 102,52 27,33 0,000 47,54 157,49

Eversion excursion - 4,42 1,71 0,013* - 7,86 - 0,98

* p-value < 0.05

Fig. 4  Effect of eversion excursion on the increase in blood flow after shod running.
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The dorsiflexion excursion did not significantly influence the increase in flow after 

shod running (F= 1.23, p= 0.273). Furthermore, the analysis of the foot strike 

classification showed that foot strike classification did not significantly affect the 

increase in flow after shod running (F= 0.04, p= 0.958). No significant effect on the 

increase in blood flow was found for the average or maximal velocities of both 

eversion and dorsiflexion excursion (F= 0.08, p= 0.774; F= 2.52, p= 0.119; F= 0.04, 

p= 0.838; F= 0.03, p= 0.870; respectively). Also, the interaction effect between all 

the kinematic variables and possible covariates was investigated and did not 

significantly influenced the increase in blood flow after running. In order to try to 

build a multivariate regression model, a manual forward selection procedure was 

used, but no other variables could be added next to the eversion excursion.

Discussion

The results of this study showed a significant effect of eversion excursion on the 

increase in blood flow during shod running. More specifically, the more eversion 

excursion was observed, the lower the increase in blood flow. Interestingly, this 

study also showed that the dorsiflexion excursion or the running foot strike pattern 

did not influence the increase in blood flow after running. Our results confirm one 

aspect of the whipping phenomenon hypothesis, as described by Clement et al6, 

stating that foot pronation can cause partial constriction of the Achilles vascular 

network. These authors suggested that excessive foot pronation creates a whipping 

of torsional action upon the Achilles tendon as a result of substantial subtalar joint 

movement, since the foot rotates from an inverted position at heel strike to an 

everted position in midstance. 

Pronation is defined as a triplanar motion involving a combination of rearfoot 

eversion, dorsiflexion and abduction of the foot.30 Our study measured eversion of 

the foot. Eversion is defined as an inward rotation of the foot with respect to the 

longitudinal foot axis. The clinical axes of the foot are easy to determine in real life 

and allow simple biomechanical measurements that are an indicator of pronation 

and supination. Eversion and inversion are used in almost all biomechanical studies 

related to sport shoes. In most cases, where authors use the term “pronation”, their 

statements are based on measurements of eversion.24, 36 Also, this study measured 

eversion excursion, which is defined as the difference between the Achilles tendon 

angle at initial contact and the maximal eversion angle. This includes the subtalar 

joint movement from the inverted position at heel strike to the everted position in 

midstance, as described above in the whipping hypothesis. 
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As stated, previous research solely focused on the association between pronation 

and the development of the Achilles tendinopathy.7, 27 As a result of the difficulties 

in measuring pronation during dynamic activities, this association between 

pronation and AT has not been frequently measured. Only two studies have 

investigated this relationship during dynamic activities. Ryan et al27 investigated the 

differences in kinematic profiles of 21 healthy runners and 27 runners wit AT, using 

3D motion capture system to analyze tri-plane kinematic data for the lower 

extremity. The results of this cross-sectional study indicated that during barefoot 

running, subjects with AT demonstrated greater rearfoot eversion during midstance 

than controls, with a trend towards greater overall rearfoot motion. Next, Donoghue 

et al7 also used a cross-sectional study design with 11 AT patients and 11 healthy 

control and asked subjects to run barefoot and shod at a self-selected speed. The 

results of this study revealed a greater eversion in the AT group and also showed 

that running kinematics were exaggerated in shod condition compared with 

barefoot conditions. 

Since our study stated that the eversion excursion significantly influences the 

Achilles tendon blood flow after running, and based on the results of these previous 

studies that subjects with AT showed greater eversion during running, we suggest 

considering anti-pronation measures to inhibit excessive pronation during running. 

Also, the prevention of increased inversion at initial contact might be useful, since 

an increased rearfoot inversion at heel strike will exhibit greater pronation from heel 

strike into midstance during gait. Previous research stated that pronation is at its 

maximum in the stance phase, but is already initiated during touchdown by the 

everting effect of ground reaction force that acts laterally from the subtalar joint 

axis.14 We therefore suggest that anti-pronation measures, such as rigid or elastic 

anti-pronation taping techniques or orthoses or plantar intrinsic foot muscle 

exercises10, 22, combining reduction of inversion at touch down and reduction of 

eversion around midstance, could be useful in managing and potentially even in 

preventing Achilles tendinopathy.

Several anti-pronation measures have been suggested. Anti-pronation taping techniques, 

such as the low-Dye and augmented Low-Dye, have consistently demonstrated 

reductions in vertical mobility of the midfoot and increased medial longitudinal arc 

height immediately following application. These anti-pronation taping techniques 

have traditionally been applied using a rigid sports tape, however in last decades 

there has been an increase in the use of elastic tapes, such as Kinesio tapeTM, 

Dynamic tapeTM, KT-tape TM, SpiderTech TM, and Cure tape TM.10, 29, 35 Several studies  

in patients with Achilles tendinopathy showed an improvement of symptoms using 

insoles or orthoses.8, 19, 23 The hypothesized mechanism is that these measures 
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reduce the bending stress within the Achilles tendon by correcting abnormal 

eversion of the calcaneus in the presence of excessive foot pronation,17 or increase 

rearfoot movement variability.8 However, recent discussions focus on optimization 

of muscular- regulated joint stability. In this sense, a combination of longitudinal 

arch support with rearfoot stabilization possibly leads to a modulation of the afferent 

input.19 Furthermore, plantar intrinsic foot muscle training consisting of submaximal 

flexion of the metatarsophalangeal and proximal interphalangeal joints in order to 

raise medial longitudinal arch height, has also demonstrated reductions in vertical 

midfoot mobility in an asymptomatic population.22 In addition, there is evidence 

that a whole limb approach to control midfoot mobility may be warranted.10 

Interestingly, the significant effect of eversion on blood flow was only observed 

after shod running. A possible explanation is the duration of the running activity. To 

guarantee a valid study, this study was performed at Runners Service Lab, a 

specialized running Lab, making this study an experimental semi-field study. The 

standard protocol of Runners Service Lab was applied, consisting of barefoot 

running trials followed by shod running trials. Since the running activity was 

performed in non-randomized order, the influence of the running activity on blood 

flow was higher after shod running compared to after barefoot running. Therefore, 

significant results after shod running might be caused by an accumulated effect on 

blood flow because of the longer duration of the running activity. Another possible 

explanation is that pronation of the foot is increased in running shoes.21 Willems et 

al34 observed that during the shod running condition the eversion excursion 

increased by approximately 6° when wearing neutral shoes compared to barefoot 

running. Furthermore, Donoghue et al7 stated that an increased eversion is often 

present in AT but may only become excessive when footwear is worn. These results 

dovetail nicely with our findings, since this study also found a greater eversion 

excursion during shod running, possibly explaining the significant effect of eversion 

on blood flow only after shod running (Table 2). Since running kinematics are 

exaggerated in shod condition, we suggest that it is clinically more relevant to 

investigate patients in shod condition during dynamic activities.

Another interesting finding in this study showed that the excursion in the sagittal 

plane or the running foot strike pattern did not significantly influenced blood flow 

after running. Although comparison to previous research is difficult, this finding is 

surprising since pronation is a triplanar motion involving a combination of rearfoot 

eversion, dorsiflexion and abduction of the foot.30 Also, it is shown that foot strike 

pattern is related to both dorsiflexion and eversion range of motion, since both 

aspects are shown to be larger in natural forefoot strikers.25 Therefore, it was 

reasonable to assume that the foot strike pattern during running would significantly 
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influence tendon blood flow after running. However, we can conclude that the 

results of this study demonstrate that the eversion excursion significantly influences 

tendon blood flow after shod running, whereas dorsiflexion excursion or foot strike 

pattern does not. 

Several limitations of this study are noteworthy. The variability of marker placement 

and movement of skin markers over the underlying skeletal segments are well 

known issues. Furthermore, there are specific difficulties in the measurement of 

foot motion when wearing shoes.2, 31 However, despite these limitations, this 

procedure remains frequently used for kinematic studies. Another limitation is that 

the blood flow measurements were performed directly after the running activity 

since real-time measurement of the blood flow is not possible. Finally, it is important 

to note that rearfoot eversion, although frequently used as a measurement for 

pronation, is only one aspect of pronation. Pronation is defined as a triplanar 

motion, and since our study obtained kinematic data in sagittal and frontal plane, 

further studies are required to examine the transverse plane motion and provide a 

more complete and more accurate analysis of pronation. Despite several limitations, 

this study is the first to report that the more eversion excursion during running,  

the lower the increase in blood flow after shod running. We therefore conclude that  

our findings support the hypothesis of the whipping phenomenon, stating that foot 

pronation creates a torsional action upon the Achilles tendon causing constriction 

of the Achilles vascular network. Further research should focus on the etiology  

of these findings in Achilles tendon injuries, by using a prospective study design. 

Also, in addition to the immediate post-running blood flow measurement, a follow- 

up measurement of the Achilles tendon blood flow for a long period after the 

running tasks could add a valuable contribution.

Perspectives

A widely cited hypothesis concerning the etiology of AT suggests that, in excessive 

pronation, the rotation of the tendon is accentuated and causes the Achilles tendon 

to undergo a “whipping” action which causes a decrease in blood flow.6 The results 

of this study confirm that the more eversion excursion during running, the lower 

the increase in blood flow after shod running. We can conclude that our findings 

support the hypothesis of the whipping phenomenon. We therefore suggest that 

anti-pronation measures, to inhibit excessive pronation during running, could be 

useful in both preventing as managing Achilles tendinopathy. Furthermore, since 

the results were only seen after shod running, we suggest that it is clinically more 

relevant to investigate patients in shod condition during dynamic activities.
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Abstract 

Several risk factors have been suggested in the development of Achilles 

tendinopathy, but large scale prospective studies are limited. Therefore, the aim of 

this cohort study was to investigate the role of the vascular response to activity of 

the Achilles tendon, tendon thickness, ultrasound tissue characterisation (UTC) of 

tendon structure, and foot posture as possible risk factors in the development of 

Achilles tendinopathy. The study began with 351 first-year students at Ghent 

University. After 51 students were excluded, 300 were tested in the academic years 

2013-2014 and 2014-2015 and were followed prospectively for 2 consecutive years 

by use of a multilevel registration method. Of those, 250 students were included in 

the statistical analysis. At baseline, foot posture index and UTC were investigated 

bilaterally. Blood flow and tendon thickness were measured before and after a 

running activity. Cox regression analyses were performed to identify significant 

contributors to the development of Achilles tendinopathy. During the 2-year 

follow-up, 27 of the included 250 participants developed Achilles tendinopathy 

(11%). Significant predictive effects were found for female sex and blood flow 

response after running (p=0.022 and p=0.019, respectively). The risk of developing 

Achilles tendinopathy increased if the blood flow increase after running was 

reduced, regardless of sex, foot pronation and timing of flow measurements. The 

model had a predictive accuracy of 81.5% regarding the development of Achilles 

tendinopathy, with a specificity of 85.0% and a sensitivity of 50.0%. This prospective 

study identified both female sex and the diminished blood flow response after 

running as significant risk factors for the development of Achilles tendinopathy. 

UTC of tendon structure, Achilles tendon thickness and foot posture did not 

significantly contribute to the prediction of Achilles tendinopathy. A general 

evaluation of tendon structure by UTC, measurement of tendon thickness or 

determination of the foot posture index will not allow clinicians to identify patients 

at risk for developing Achilles tendinopathy. Furthermore, it may be possible to 

improve blood flow after activity using non-invasive techniques designed (such as 

prostaglandins, heat, massage, vibration techniques et cetera). These techniques 

may be useful in the prevention and management of Achilles tendinopathy, but 

further research is needed. 

Key Terms: Prospective study, risk factors, Achilles tendinopathy, blood flow, 

thickness, foot posture, ultrasound tissue characterisation (UTC), running 
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Introduction 

Although the Achilles tendon is the largest and strongest tendon in the human 

body, injuries are common.41 The most common Achilles tendon injury is 

tendinopathy.2 Despite the high prevalence and the often deleterious consequences 

of Achilles tendinopathy (AT), many aspects of its aetiology remain unknown. 

Several risk factors for AT have been suggested, but large scale prospective studies 

are lacking.7, 13, 29, 45 Although both structural and vascular factors have been 

suggested as risk factors for the development of AT, it remains unclear whether 

these structural or vascular parameters predict future symptoms. Previous studies 

already reported the need for longitudinal studies to investigate the physiological or 

pathological effect of vascularization after activity and its predictive value in the 

development of AT.6, 33 Furthermore, the identification of Achilles tendon 

abnormalities, visualized by ultrasound imaging (US), showed conflicting results as 

risk factor for the development of AT, since these structural abnormalities could be 

caused by load and are also present in large percentage of asymptomatic sporting 

populations.8, 16, 21, 28 Also, a relatively new technique was developed to optimize 

the visualization of tendon structure.48 This novel technique, ultrasound tissue 

characterisation (UTC), has been demonstrated to be suitable to quantify subtle 

changes in tendon structure.10-12, 44, 48, 51 Despite increasing publications on the 

use of UTC, it is striking that, to date, no prospective studies have been published. 

The lack of clarity on specific risk factors has led to considerable uncertainty in the 

management and prevention of AT. Therefore, the aim of this prospective study 

was to investigate the role of the Achilles tendon thickness, vascular response to 

activity, foot posture and UTC tendon structure as possible risk factors in the 

development of Achilles tendinopathy.

Materials and methods

Study design 
In this prospective cohort study, at the start of each of the two academic years, 

blood flow, Achilles tendon thickness, ultrasound tissue characterisation, and foot 

posture index© (FPI) evaluations of both Achilles tendons were performed in 

randomized order in all subjects. Then, participants were instructed to perform a 

physical activity, and thereafter the blood flow measurements and ultrasound 

examination were repeated. Participants were instructed not to engage in any sports 

activities 48 h prior to testing to ensure a valid resting state measure. The subjects also 
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completed a questionnaire concerning demographic and anthropometric data, 

sport activities, and injury history. After these measurements, injury registration was 

performed during a follow-up period of 2 consecutive years, or until the end of the 

academic year of 2015-2016. For 29 weeks per academic year the participants 

followed the same sports program under similar environmental conditions as part 

of their education. The average weekly sports participation (sum of basic sports 

education, practice hours, and sports participation outside the official educational 

program) was registered and this total amount of sports participation was individually 

used as time at risk for every subject. The time at risk was registered from the start 

of the study until the injury, or the end of the study for students who did not develop 

an injury. In case of dropout, the time until last personal contact was taken into 

account for the individual time at risk. This study was approved by the Ethics 

Committee of the Ghent University Hospital (number of approval: EC/2013/616).

Participants
In this study, 351 freshmen students at Ghent University participated. Participants 

were excluded from this study if they had a history of AT, surgery of the lower 

extremity or severe trauma in the lower extremity (LE) within the previous year. This 

resulted in 300 included participants (141 male and 159 female), with a mean age  

of 18.0±0.8 years (Table 1). All students were evaluated in the academic years 

2013-2014 and 2014-2015. Of those, 250 were taken into account for statistical 

analysis since 50 students developed other LE injuries (no AT) and were therefore 

excluded from the study. Of the 250 participants, 27 developed AT and 223 subjects 

did not sustain any injury of the LE and were used as control subjects (Figure 1).

Blood flow measurement
Blood flow data at the midportion of the Achilles tendon were collected by use of 

the oxygen-to-see® (O2C) device (LEA Medizintechnik Giessen, Germany). This 

non-invasive device is capable of measuring the perfusion and oxygenation of the 

subcutaneous tissue using an optical flat fiber probe. Measurements were 

performed as described in Wezenbeek et al.52 at a depth of 8mm. The head of the 

probe was placed flat on the tissue at the measurement point, without pressure or 

movement. For standardization purposes, measurements were performed in a 

darkened room with constant temperature. The stability of the blood flow 

measurements has been investigated and the measurement has been shown to be 

reliable and valid.15, 52 A two-way mixed single measures intra-class correlation 

(ICC) for absolute agreement as a measure for intra observer reliability was 0.75 and 

minimal detectable change was calculated as 9.2 arbitrary units (AU). 
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Achilles tendon thickness 
Bilateral gray-scale ultrasonography examinations of the thickness of the Achilles 

tendons were performed using a high resolution linear array 11.4 MHz ultrasound 

transducer (Siemens Acuson X150, Siemens NV, Erlangen, Germany and Logic 

Scan 128, Telemed, Vilnius, Lithuania). Participants were placed in prone position 

with both feet hanging free outside the examination table. The thickness was 

assessed in the transverse plane and the true tendon thickness was measured at 

distances of 2 and 5 cm proximal to the calcaneal border. The reliability of the 

thickness measurements was investigated in ten Achilles tendons of age-matched 

subjects on two different measurement days in the same week. Intra-class 

correlation (ICC) was 0.78 and 0.83 at 2 and 5 cm, respectively, and minimal 

detectable changes were calculated as 0.4 mm for both 2 and 5 cm. 

Ultrasound Tissue Characterisation (UTC)
Tissue characterisation was performed in all participants. The protocol for this 

measurement was described in detail by Wezenbeek et al.51 For analysis, the midportional 

volume 2-6 cm proximal of the calcaneus, starting from the proximal border of the 

Fig. 1  Flowchart to identify the injured group with Achilles tendinopathy (AT) and 

the randomly selected dominance-matched control group.

351 subjects

27 subjects
with AT

9 D/
18 ND

 18    /
9   

74 D/
149 ND

119    /
104      

223 control
subjects

51 subjects excluded
(history of AT, lower

limb surgery or severe
lower limb trauma)

50 subjects excluded
(other lower limb

injuries)
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calcaneus, was used. Images were analyzed by selecting a region of interest (ROI), 

defined by the outline of the Achilles tendon in the transverse plane. Nine ROIs were 

placed in the longitudinal plane at regular intervals of 5 mm. Contours were then 

interpolated between these contiguous ROIs creating a tendon volume of the mid- 

portion (2-6 cm), in which the proportions of echo-types were quantified. Four valid 

echo-types can be discriminated: echo-type I represents intact, continuous and aligned 

fibers and fasciculi, echo-type II represents less continuous and/or more wavy fibers 

and fasciculi, echo-type III represents a mainly fibrillar matrix and echo-type IV represents 

complete disintegration, with tendon tissue replaced by an amorphous matrix and 

fluid.48 The window size used for interpolation was 17, i.e. tendon structure was 

quantified with dedicated UTC algorithms that assessed the echopattern by means of 

relative intensity and distribution of grey levels of corresponding pixels over 17 images 

(3.2 mm). Test-retest reliability was investigated and ICCs for intra observer reliability 

were between 0.96 and 0.98 and minimal detectable changes were calculated as 

7.0%, 6.5%, 0.8% and 0.2% for the four echo-types, respectively.51

Foot Posture Index©

The foot posture was quantified using the Foot Posture Index© (FPI-6), a six item 

foot posture assessment tool. The assessment was conducted as described in 

Redmond et al.42 High positive aggregate values (values between +6 and +12) 

indicate a pronated posture, more neutral (0 to +5) and negative values (-1 to -12) 

indicate respectively more neutral or supinated foot posture.42 The assessment 

tool has been shown to be reliable and valid.30, 42

Physical activity
Participants were instructed to run 1.92 km at an average running pace of 3.2m/s. 

Participants ran shod on a Finnish track, wearing self-selected running shoes. 

Injury registration and diagnostic criteria 
Since the injury registration method and diagnostic criteria are very important in 

injury recording,3 a multilevel registration method and accurate diagnostic criteria 

were used. A primary online registration method was used to identify students  

with Achilles tendon pain or dysfunction. For this online method, the participants 

received a weekly reminder by email to register their injuries in an online 

questionnaire. When subjects presented with a Achilles tendon complaint, further 

diagnosis of the AT was performed by an experienced MD. More specifically, one or 

more of the following criteria were used for diagnosing AT: (1) an atraumatic 

occurrence of non-insertional Achilles tendon pain, exacerbated by running, (2) the 

presence of swelling at the midportion of the Achilles tendon, (3) non-insertional 

pain, ache or soreness of the Achilles tendon with possible functional limitation 
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during physical active participation.25, 47 Every three months participant interviews 

were conducted to check the compliance of the injury registration and if needed 

to confirm for the occurrence of AT.

Statistical analysis
The injured leg of the participants who developed AT was used in the statistical 

analysis. If a participant developed bilateral symptoms, only the more ‘painful’ 

tendon was included, based on the visual analogue score. The injured legs were 

matched with legs of the control group such that the percentage of dominant legs 

in the control group matched with the percentage of dominant legs in the injured 

group. Therefore, one leg per participant of the control group was randomly 

selected until the ratio of non-dominant/dominant legs of the control group was 

equal to the injured group (Figure 1).

Statistical analysis was done with the SPSS V.23 Statistical Software package (IBM 

Corp., New York, USA). Firstly, univariate cox regression analyses were performed 

allowing reduction of the number of variables since variables were only included 

for further analysis if p<0.2. Secondly, stepwise multivariate cox regression analyses 

were performed to identify significant contributors to the development of AT while 

correlations were checked between covariates to exclude multicollinearity. 

Variables with a p<0.05 in the Cox regression analysis, were seen as significant 

predictors for AT. 

Results

During the follow-up period, 27 of the 250 included participants developed AT 

(11%). A total of 223 of the 250 participants did not sustain any injuries of the lower 

leg and served as the control group (89%). The AT injury rate was 0.3 events per 

1000 hours sports participation. Subject demographics, tendon characteristics and 

results of the univariate cox regression can be found in Table 1.

Cox regression
In the model building, correlations were seen between height, weight, BMI, tendon 

thickness, and sex and also between blood flow after activity and the increase in 

blood flow after activity. After stepwise multivariate cox proportional hazards model 

building for the development of AT, the final model included the variables sex, 

increase in blood flow after running, timing of blood flow measurements and foot 

posture. The timing of blood flow measurements and foot posture were included 

as confounders in the analyses since previous studies showed that the Achilles 
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Table 1   Subject demographics and tendon characteristics for the uninjured  

and AT group.

 Control Group 

(n=223)b
AT Group 

(n=27)b
P-value

Age, y 18.03 ± 0.87 17.85 ± 0.53 0.374

Height, m 1.75 ± 0.08 1.72 ± 0.08 0.028

Weight, kg 64.43 ± 9.05 61.03 ± 7.01 0.015

Body Mass Index, kg/m² 21.08 ± 2.04 20.52 ± 1.68 0.166

Rating of perceived exertion 5.6 ± 1.8 5.2 ± 1.4 0.465

Sport participation, hours/week 6.85 ± 4.90 8.64 ± 5.23 0.256

Midportion echo type I, % [6] 55.82 ± 15.17 55.48 ± 14.71 0.394

Midportion echo type II, % [6] 40.47 ± 12.21 40.49 ± 11.93 0.297

Midportion echo type III, % [6] 3.19 ± 5.85 3.47 ± 3.92 0.865

Midportion echo type IV, % [6] 0.53 ± 0.92 0.56 ± 0.67 0.655

Flow midportion pre, arbitrary units [3] 48.98 ± 19.33 47.87 ± 19.58 0.351

Flow midportion post, arbitrary units [3] 77.57 ± 34.46 66.71 ± 25.89 0.065

Flow midportion increase, arbitrary units [3] 28.71 ± 27.09 19.05 ± 23.19 0.146

Thickness, pre, 2 cm to calcaneus (mm) [1] 4.44 ± 0.61 4.21 ± 0.67 0.026

Thickness, pre, 5 cm to calcaneus (mm) [2] 3.61 ± 0.73 3.48 ± 0.68 0.548

Thickness, post, 2cm to calcaneus (mm) [1] 4.34 ± 0.62 4.12 ± 0.62 0.056

Thickness, post, 5 cm to calcaneus (mm) [2] 3.61 ± 0.78 3.60 ± 0.79 0.981

Sex, n (%)

       Males

       Females

Dominance, n (%)

       Dominant leg

       Non – dominant leg

Foot posture [3], n (%)

104/223 (47)

119/223 (53)

74/223 (33)

149/223 (67)

9/27 (33)

18/27 (67)

9/27 (33)

18/27 (67)

0.013

0.805

0.594

        Pronated foot 

        Neutral or supinated foot

41/221 (19)

180/221 (81)

4/26 (15)

22/26 (85)

a Brackets indicate numbers of missing values. Pre and post refer to before and after the running activity.
b Data expressed as mean ± SD or n (%).
c P-values were obtained by means of univariate cox regression analyses
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tendon blood flow after activity showed a fast increase followed by a quick recovery 

to baseline,43 and since recent studies confirmed the relationship between foot 

pronation and Achilles tendon blood flow.22, 52 The results of the multivariate Cox 

regression analysis and the strength of the predictive values are presented in Table 2.

Table 2   Risk model for the prediction of AT versus no injury obtained by multi-

variate Cox regression.

Indicator B SE P-value Hazard  

ratio

95% Confidence 

Interval

Increase in blood flow -0.026 0.011 0.019* 0.974 0.953-0.996

Pronation -0.285 0.552 0.605 0.752 0.255-2.217

Instantly measured 0.552 0.594 0.353 1.736 0.542-5.562

Female sex 1.038 0.454 0.022* 2.822 1.160-6.866

* p-value < 0.05

Fig. 2  Kaplan-Meier Survival curve.
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The multivariate Cox regression analysis showed a significant predictive effect of 

female sex and increase of blood flow after running. The hazard of developing AT 

increased by 3% if the blood flow increase after running is lowered with 1 arbitrary 

unit (AU), regardless of sex, foot pronation and timing of flow measurements. Based 

on the current model, prognostic scores were calculated and the cut-off value was 

determined at 0.73 to indicate a group with high prognostic score and a group with 

low prognostic score. The model had a predictive accuracy of 81.5% regarding the 

development of Achilles tendinopathy, with a specificity of 85.0% and a sensitivity 

of 50.0%. The Kaplan-Meier survival curve of the high and low risk group is displayed 

in Figure 2. 

Discussion 

The results of this study identified both female sex and the blood flow response 

after running as risk factors for the development of AT. Interestingly, in this study no 

association was found between AT and Achilles tendon thickness, UTC, or pronated 

foot posture.

Vascular parameters and injury risk
Physical activity generates an increased metabolic demand. In order to fulfill this 

increased metabolic demand a necessary cardiovascular redistribution of blood 

flow to the working soft tissues is induced.14 Consequently, an increase in Achilles 

tendon blood flow as normal physiological response to activity has been observed.37

This study is the first to investigate this blood flow increase after running as a risk 

factor for the development of AT. The results of this study showed that the lower 

the increase in blood flow after running, the higher the hazard for developing AT. 

The difference in increase in blood flow between the AT and control group was 

greater than the minimal detectable change. Our results are in line with previous 

research showing that a decrease of the tendon blood supply results in hypoxia, 

which has been demonstrated to regulate inflammatory and apoptotic factors in 

tendon cells and to promote a “switch” in collagen matrix synthesis.26 This resultant 

altering of material properties leads to weakening of the normal tendon structure.39 

In addition, it is suggested that in a hypovascular structure the extent of necessary 

matrix remodeling is restricted.40 Also, it has been suggested that an insufficient 

blood supply could indicate anaerobic conditions in the tendon. This is supported 

by previous studies that found significantly higher lactate levels in pathological 

Achilles tendons compared with normal tendons.1 Furthermore, Pufe et al.39 stated 

that the recovery process takes longer in hypovascular tissue and there is a higher 
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chance that a damaging force is reapplied before this recovery occurs. Therefore, 

it is not very surprising that a lower increase in blood flow after running is associated 

with AT. Indeed, it is plausible that a lower increase in blood flow after running 

creates insufficient or delayed regeneration of the tendon due to insufficient recovery  

in between training loads, explaining the higher hazard for developing AT. Although 

previous research stated that there is no significant difference in blood flow values 

before and after activity between this population and an older population24 and  

it can therefore be assumed that this risk factor is not age-dependent, further 

research is indicated to establish this. 

Since this study was the first study to identify an association between a lower 

increase in blood flow after running and the development of AT, it seems logical 

that the increase in blood flow after activity should be stimulated. First, it is possible 

that the participants with a lower increase in blood flow after running are in need of 

a longer warming-up to improve the vascular response to activity. It is stated that 

warming-up before a sport event enhances performance and decreases injury risk 

since an induced increase in body temperature leads to vasodilation of the blood 

vessels in the working soft tissues, subsequently leading to an increase in blood 

flow.20 Next, prostaglandins are indicated to elevate blood flow during increased 

metabolic demands such as exercise.5 Also, compression stockings, heat, massage 

and vibration techniques are suggested to increase the blood flow and therefore 

might facilitate the recovery process after activity.17, 23, 38, 49, 50 However, further 

research is needed to investigate the vascular response of these latter techniques in 

the Achilles tendon since current literature is limited to changes in blood flow in the 

skin surface. Also, since the results of this study identified that the hazard for 

developing AT is higher when the increase in blood flow after running is lowered, 

influencing factors of this vascular response, such as smoking, BMI, diabetes, 

tendon structure, high cholesterol, genetics, nutrition and age should be further 

investigated. Prior research showed that more eversion excursion during running 

showed a significant decrease in Achilles tendon blood flow after running and 

measures that decrease pronation during running are suggested to be useful in 

both preventing and managing Achilles tendinopathy.52 Although further research 

is needed to ensure that reducing eversion excursion increases blood flow. 

Sex and injury risk
This was the first study to investigate sex as a risk factor for the development of AT. 

Although sex is often mentioned as a risk factor for Achilles tendinopathy (particularly 

men are suggested to be at higher risk), it is remarkable that this has never been 

studied prospectively. The results of this study found an association between 

female sex and an increased hazard for the development of AT. It is possible that sex 
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differences in AT incidence may simply be the result of sex-related differences in 

reporting injuries or seeking care.34 Also, it could be that women in our study were 

less resistant to withstand the increased load of the sports program compared to 

their male counterparts, since no difference in physical activity was made for sex in 

their educational program. Magnan et al.26 also suggested that the higher incidence 

of AT reported in males may not reflect higher susceptibility of male sex to AT, since 

it must be considered that differences in physical activity make it difficult to evaluate 

sex as an independent etiological factor. Therefore, it is plausible that, in a young 

adult population, women are at higher risk to develop AT when performing a 

program with similar load. This finding should be considered when imposing a 

similar load program on both males and females, such as physical activity in the 

army or in educational programs.

Structural parameters and injury risk
Interestingly, this study did not identify structural parameters, such as the Achilles 

tendon thickness and tendon structure as defined by UTC, as predictive parameters 

for the development of AT. Despite increasing publications on the use of UTC, it is 

striking that, to date, this present study is the first to prospectively investigate the 

role of tendon structure, defined by UTC, in the development of AT. In this study the 

amount of echo-type II could not be identified as a risk factor for the development 

of AT in active, healthy young adults. This is not surprising since echo-type II tendon 

bundles are not pathological and can be considered as a normal physiological 

finding in an active, adolescent population.51 In contrast, prior research identified 

the presence of echo types III and IV as indicating inferior tendon quality and 

potentially a pathological tendon.48 In our study, the presence of echo-types III and 

IV was marginal (3.88±6.63 and 0.77±1.38 percentages, respectively). As a 

consequence, the results of this study do not allow a conclusion concerning the 

increased risk of AT based on the presence of echo-types III and IV. It is possible 

that the evaluation of the entire midportional volume is not suitable to quantify 

subtle differences in tendon structure that may precede the development of 

symptoms. Furthermore, previous research stated that UTC tendon structure differs 

between sexes, and different locations in the tendon should be taken into account.51

Next, our results were not able to identify the Achilles tendon thickness as a possible 

risk factor for the development of AT. The reported tendon thickness in this study 

was in accordance to previous studies8, 18, however, comparison to previous 

literature is difficult since the US materials and measurement techniques vary 

between studies. Several longitudinal studies have investigated whether tendon 

thickness in asymptomatic individuals is predictive for future symptomatic 

tendinopathy, with conflicting results. The results of this study are in agreement 

with Comin et al.8 who investigated tendon thickness in 79 professional ballet 
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dancers and found no correlation between thickness and the development of 

symptoms. Also, Giombini et al.18 and Hirschmuller et al.19 examined Achilles 

tendons in 37 elite fencers and 634 runners, respectively, and also found that 

Achilles tendon thickness could not predict the development of symptoms. In 

contrast, two studies found that soccer/football players with thicker Achilles 

tendons were more at risk to develop symptoms, namely Ooi et al.36 who tested 42 

elite Australian football players with a mean age of 24 (18-34) years, and Jhingan et 

al.21 who tested 18 elite soccer players with a mean age of 23.5 (22-27.5) years. The 

conflicting result with these two studies might possibly be explained by our study 

population. It is possible that our results did not identify tendon thickness as a risk 

factor in this active, young adult population since participants with history of 

Achilles tendon complaints were excluded in this study (in contrast to the population 

tested by Jhingan et al.21). This indicates that AT diagnosed in this study is probably 

initial tendon pathology and not advanced tendon pathology, while the increased 

tendon thickness is more frequently associated with tendon degeneration, and this 

stage is primarily seen in the older persons or in persons with previous complaints.9, 

27 Secondly, in this study true tendon thickness at fixed distances from calcaneal 

border was measured. This is in contrast with the study of Ooi et al.36 who identified 

the maximum tendon thickness as a risk factor for the development of AT. Since we 

did not register the maximum tendon thickness, no conclusion regarding this 

possible risk factor could be drawn in our study.

Foot posture and injury risk
In this study, a pronated foot defined by the FPI© was not associated with an 

increased hazard for the development of AT. Previous studies identified the pronated 

foot posture as described by the Foot Posture Index© as a risk factor for various 

lower limb injuries, such as medial tibial stress syndrome, patellofemoral pain 

syndrome and ankle sprains but no relationship was identified between foot posture 

index© and AT.32, 35 However, it has been suggested that excessive foot pronation 

creates a whipping or torsional action upon the Achilles tendon, which causes 

vascular blanching of the midportion of the Achilles tendon, as the foot rotates 

rapidly from an inverted position at heel strike to an excessively everted position in 

midstance.7 This whipping hypothesis is supported by some retrospective studies, 

demonstrating greater rearfoot eversion and greater rearfoot eversion range of 

motion during running than controls.13, 29, 45 Recent studies confirmed this 

relationship between foot pronation and Achilles tendon blood flow.22, 52 Indeed, 

Wezenbeek et al.52 showed that the more eversion excursion was observed, the 

lower the increase in blood flow after running.52 Therefore, it is surprising that foot 

pronation, defined by the FPI©, could not be associated with an increased risk for 

the development of AT. A possible explanation is that the FPI©, assessed in static 
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position, was not sensitive enough as a predictor of eversion ROM during a dynamic 

running activity. Furthermore, although the FPI© has been shown to be a reliable 

and valid assessment tool by several authors30, 42, some authors state that caution 

is needed when interpreting the FPI© results46, more specifically when participants 

are categorized into a certain foot type based on their FPI© score since this may 

limit the sensitivity4. Also, the foot posture index© in this study is evaluated in 

barefoot condition, whereas pronation of the foot is increased in running shoes.31 

Methodological considerations
This is the first large-scale prospective study to investigate the role of the Achilles 

tendon thickness and vascular response to activity, foot posture, and UTC tendon 

structure as possible risk factors in the development of Achilles tendinopathy. This 

was studied in an active, young adult population to minimalize the age-related 

degeneration of the tendon, making it possible to investigate these parameters as 

independent etiological factors.

Several limitations of this study are noteworthy. Since an association between 

Achilles tendon blood flow and kinematic variables has been shown, measuring 

limb kinematics would have given this study an added value. However, the testing 

protocol of this large-scale prospective study was already time-consuming, therefore 

the foot posture index© was implemented. Furthermore, the implementation of a 

validated overuse questionnaire such as the Oslo Sports Trauma Research Centre 

(OSTRC) would have been an added value to this study, as well as the weekly 

workload registration to define the acute: chronic ratio. Another limitation is that 

the blood flow measurements were performed directly after the running activity 

since real-time measurement of the blood flow is not possible. Also, blood flow 

measurements and Achilles thickness measurements were performed in randomized 

order after running. Since this increase in blood flow after activity is followed by a 

quick recovery to baseline, the differences in the timing of the blood flow 

measurement after activity is a limitation. We have however added timing of blood 

flow measurement as a confounder in our statistical analyses and are convinced 

that thereby we have overcome this limitation. Next, we are aware of the limited 

number of events to study several variables since the rule of thumb indicates that a 

cox model should use a minimum of 10 outcome events per predictor variable. 

Therefore, after our univariate analyses, we included a limited amount of predictors 

to not overfit our cox model. It should also be mentioned that the general UTC 

evaluation, whereby the midportional volume 2-6 cm proximal of the calcaneus 

was assessed, was possibly not suitable to detect small structural changes in the 

tendon. Therefore, the assessment of possibly present structural changes, e.g. 

hypoechoic regions, rather than assessing the entire midportion, could be more 
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suited as a predictor of further pathology. We also acknowledge the homogeneity 

of our study population of active young adults, which limits the generalization of 

these findings to other age groups. Nevertheless, this population was targeted to 

exclude age-related degeneration and represents normal, healthy tendons. 

Conclusion 

This study was the first study to prospectively identify both female sex and the 

blood flow response after running as significant predictors for the development of 

AT. Achilles tendon thickness, foot posture, and a general evaluation of the tendon 

structure, defined by UTC, were not significantly associated with the risk of 

developing AT. Possibly, a general evaluation of UTC tendon structure is not suitable 

to quantify subtle differences in tendon structure that may precede the development 

of symptoms in a healthy population of young adults. 
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Abstract 

Previous research in a young adult population identified a lower increase in Achilles 

tendon blood flow immediately after a running activity as a significant predictor for 

the development of Achilles tendinopathy (AT). Furthermore, advancing age is 

often mentioned as a risk factor for the development of AT and the highest 

incidence for AT is reported to occur in middle-aged recreational male athletes. 

Therefore, the aim of this study was to investigate the effect of age, sex and type of 

physical activity on the increase in Achilles tendon blood flow. Blood flow 

measurements of 33 subjects aged between 18 and 25 years and 30 subjects aged 

between 40 and 55 years were obtained before and after four different physical 

activities, performed in randomized order: running, cycling, dynamic stretching, 

and rope skipping. Blood flow measurements of the Achilles tendon were 

performed before, immediately after, 5 minutes after, and 10 min after the physical 

activities. The effect of age, sex and physical activities on the increase in blood flow 

was investigated with linear mixed models. The results of this study identified that 

running, rope skipping and cycling resulted in a significant increase of tendon 

blood flow (p≤0.001), whereas stretching did not. Prominent was the finding that 

the increase in blood flow after activity is significantly lower in the older population 

compared to the younger population (p<0.001). Furthermore, male participants in 

the older age group showed a significant lower increase in tendon blood flow 

compared to their female counterparts (p=0.019). This study identified that both 

sex and age significantly influence the increase in blood flow after activity, possibly 

explaining the increased risk for AT in middle-aged recreational athletes. This study 

possibly identified one of the mechanisms why an older male population is at 

increased risk for developing AT. Since the lower increase in blood flow is identified 

as a risk factor in previous research, preventative measures should focus on 

improving this blood flow during physical activity in the physically active older male 

population. 

Key terms: Achilles tendon, Blood flow, Physical activity, Sex, Age 
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Introduction

Although the Achilles tendon is the largest and strongest tendon in the human 

body, injuries are common.37 The most common Achilles tendon injury is tendino-

pathy.4 The highest incidence for Achilles tendinopathy (AT) is usually reported to 

occur in middle-age recreational male athletes.2, 26, 33 This is surprising since the 

amount of sports participation decreases with advancing age and most other 

sports injuries are implied to occur in a younger age group.39 Therefore, advancing 

age is often mentioned as a risk factor for the development of AT.12, 25, 26, 44 

Advancing age is commonly associated with increased prevalence of degenerative 

changes in tendons, such as decreased cellularity, lack of fiber organization, and 

decreased vascularity.3, 26, 31 It is suggested that in a hypovascular tendon the extent 

of necessary matrix remodeling is restricted, which may lead to weakening of the 

tendon structure, causing tendinopathy.35, 36 

An increase in Achilles tendon blood flow is a normal physiological response to 

activity since physical activity generates an increased metabolic demand. In order 

to fulfill this increased metabolic demand a necessary cardiovascular redistribution 

of blood flow to the working soft tissue is induced.15 An impaired exercise induced 

transient increase in blood flow leads to inadequate tissue oxygen delivery and 

metabolic dysregulation.14, 20 This relates to AT since previous research in an 

adolescent population identified a lower increase in blood flow immediately after a 

running activity as a significant predictor for the development of AT.42 

Since the incidence of tendinopathy increases with age, and a lower increase in 

blood flow immediately after activity is identified as a risk factor in an adolescent 

population, it is possible that this increase in blood flow after activity is altered in an 

older population. However, it is striking that, to date, no research has investigated 

whether this blood flow response after activity is age-, sex- or activity-dependent. 

Therefore the aim of this study was to investigate the effect of age and sex on the 

Achilles tendon blood flow after different physical activities. 

Materials and methods

This study was performed at Ghent University Hospital, Belgium. Approval was 

obtained by the Ethics Committee of the Ghent University Hospital (number of 

approval: EC/2013/401) and all participants signed an informed consent. This study 

was registered at ClinicalTrials.org PRS with the registration number 2013/0401-

NCT03218605. Participants were subdivided into the younger or older age group. 
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Multiple physical activities were performed on different days in randomized order 

to prevent fatigue and a possible interaction between activities: running, cycling, 

dynamic stretching, and rope skipping. Blood flow measurements of the dominant 

Achilles tendon were performed before, immediately after, 5 minutes after, and 10 

min after the physical activities. 

Participants
In this study, 33 subjects aged between 18 and 25 years and 30 subjects aged 

between 40 and 55 years participated. Participants were excluded from this study if 

they had a history of AT, surgery of the lower extremity or severe trauma in the lower 

extremity (LE) within the previous year. All participants performed at least 1 hour of 

weekly sports participation and did not participate in more than 3 training sessions a 

week. This resulted in 63 included participants (31 male and 32 female), with a mean 

age of 34.4 years and an average weekly sports participation of 2.6 hours (Table 1).

Study design 
Participants were instructed not to engage in any sports activities 48 h prior to 

testing to ensure a valid measure of exercise related increase in blood flow. Before 

the physical activity was performed, participants were instructed to rest on a 

treatment table for 10 minutes. After this resting period, blood flow was measured 

for a first time in prone position. Then, participants performed a physical activity 

(running, cycling, dynamic stretching or rope skipping) in randomized order for  

10 minutes. Immediately after this, blood flow measurements were repeated in  

the same prone position on the treatment table (immediately post activity blood 

flow). The treatment table was positioned next to the area where the physical 

activities were performed to minimalize the transition time. Next, participants were 

asked to rest on the treatment table, while blood flow measurements were repeated 

5 minutes after the physical activity (5 min post blood flow). In addition, in the older 

population, the blood flow was also registered 10 minutes after the physical activity 

(10 min post blood flow). As a consequence, three blood flow measurements were 

conducted per physical activity in both the younger and the older population: 

pre-activity blood flow, immediate post-activity blood flow and 5 min post-activity 

blood flow, and additionally 10 min post-activity blood flow was registered only in 

the older population. Also heart rate and Rate of Perceived Exertion (RPE) were 

measured. This test protocol was repeated for all physical activities, with minimum 

48 hours and maximum one week between two physical activities. Participants 

performed all physical activities shod, wearing self-selected running shoes. Before 

the experimental protocol, participants were asked to fill in a questionnaire concerning 

demographic and anthropometric data (age, sex, height, weight, limb dominance), 

physical activities, and injury history. 
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Blood flow measurement
Blood flow data at the midportion of the dominant Achilles tendon were collected 

by use of the oxygen-to-see® (O2C) device (LEA Medizintechnik Giessen, Germany). 

This non-invasive device is capable of measuring the perfusion and oxygenation of 

the subcutaneous tissue using an optical flat fiber probe. Measurements were 

performed as described in Wezenbeek et al.43 at a depth of 8mm. The head of the 

probe was placed flat on the tissue at the measurement point, without pressure or 

movement. For standardization purposes, measurements were performed in a 

darkened room with constant temperature. The measurement has been shown to 

be reliable and valid.18, 43

Physical activities
All activities were performed in controlled laboratory conditions (19–21 °C; 65%rH), 

to exclude environmental influences. The younger and older population both 

performed dynamic stretching, running and rope skipping, and additionally the 

older population also performed cycling. These activities were performed in 

randomized order and every activity was performed with a duration of 10 minutes. 

Heart rate was objectively measured with a heart rate monitor (cfr. Polar©) and 

registered pre-, immediately post and five minutes post- activity in all participants, 

and also 10 minutes post-activity in the older population. The intensity of the 

exercise was subjectively monitored with a Rate of Perceived Exertion (RPE) scale 

immediately post-activity in all participants.

Running

Participants were instructed to run on a motorized treadmill (HP Cosmos Saturn, 

Traunstein, Germany) at a running pace of 2.7m/s, without an inclination angle.8, 22 

Cycling

Participants were placed on a bicycle ergometer (Ergofit cycle 400 Gymna, Bilzen, 

Belgium) with standard pedals, and the pedal bars were positioned under the heads 

of the metatarsal bones. Participants were instructed to remain seated and to 

generate 90 revolutions per minute (rpm) to increase the muscle activity of 

Gastrocnemius and Soleus.16 Power output was determined at 100 watt.29 

Rope skipping

Ninety seconds of rope skipping were alternated with 30 seconds of rest, until the 

total duration of ten minutes was completed. The length of the rope was individually 

adjusted: from the ground to the axilla of the subject.
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Dynamic stretching 

During the dynamic stretch of the calf muscles of the dominant leg, the participant 

performed a classic standing wall push of the non-dominant leg. The participants 

were instructed that the endpoint of the stretch should be at the point just before 

discomfort, and that this self-chosen distance should be reached while the 

dominant knee remained straight and the dominant heel remained on the floor. 

Once the participants had reached this stretching position, they were instructed to 

move up and down at a pace of one movement per second with the front 

(non-dominant) knee.27

Statistical analysis
Statistical analysis was done with the SPSS V.24 Statistical Software package (IBM 

Corp., New York, USA). The effect of age, sex and physical activities (running, 

cycling, dynamic stretching or rope skipping) on the increase in blood flow 

immediately post-, 5 min post-, and 10 min post-activity (immediately post-, 5 min 

post-, 10 min post-activity blood flow minus pre-activity blood flow) was investigated 

with linear mixed models. Analyses were executed with participants as a random 

factor, and age, sex and physical activities as fixed predictors. Post hoc analyses 

were performed using Bonferroni corrections. The effect of possible covariates as 

BMI, heart rate, RPE and sports participation was investigated. The residuals of the 

linear mixed model were checked for normal distribution and homoscedasticity. 

The level of significance was set at α=0.05.

Results

BMI, heart rate, RPE and sports participation did not have an effect on the outcome 

parameter, and are therefore not included as covariates in the analyses. Subject 

demographics can be found in Table 1.

Table 2 displays the values of the blood flow variables, expressed in arbitrary units 

(AU), per activity and timing of measurement for the younger and older group. In 

both age categories no significant differences in pre-activity flow were found 

between the different activities (p=0.077 and p=0.484, for the younger and older 

age group respectively). The immediately post flow was significantly higher 

compared to the pre-activity flow after running, rope skipping and cycling (p<0.001 

for both the younger and older age group after running and rope skipping, and 

p=0.001 for the older age group after cycling). The tendon blood flow measured 5 

and 10 minutes after running, rope skipping and cycling was significantly higher 

than the pre-activity flow (p<0.002 for 5 and 10 minutes after running and rope 
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skipping in both age categories, and p= 0.043 and p=0.030 for 5 and 10 minutes 

after cycling in the older age category), but significantly lowered compared to the 

flow immediately post -activity (p<0.001 for 5 and 10 minutes after running and rope 

skipping in both age categories, and p= 0.023 and p=0.025 for 5 and 10 minutes after 

cycling in the older age category). No significant differences were found between the 

flow 5 minutes post-activity and the flow 10 minutes post activity for any activity in 

the older age category (p =0.499). Dynamic stretching did not significantly increase 

the blood flow immediately after activity, nor after 5 or 10 minutes (p-values range 

between 0.277 and 0.566 for the younger and older age group).

Tendon flow characteristics are displayed in Figure 1. In both age categories the 

increase in blood flow (immediately post – pre activity) is significantly higher in rope 

skipping and running compared to the other activities (p<0.001). Analyses between 

the age categories showed that the increase in blood flow (immediately post – pre 

activity) is significantly smaller in the older age group compared to the younger age 

group, as illustrated in Figure 2 (p<0.001 for running and rope skipping). Also, the 

decrease after activity (5 min post - immediately post) is significantly smaller in the 

older age group compared to the younger age group (p<0.001 for running and 

rope skipping). The increase in blood flow 5 minutes after activity (5 min post 

activity – pre activity) showed no significant difference between the age categories 

(p=0.333 for running and rope skipping).

Table 1   Subject demographics and tendon characteristics for the younger and 

older group.

Total Group 

(n = 63)

Younger Group 

(n=33)

Older Group 

(n=30)

Age, y 34,4 ± 13.7 21.9 ± 1.7 48.2 ± 4.9

Height, m 1.74 ± 0.09 1.76 ± 0.09 1.73 ± 0.08

Weight, kg 69.9 ± 11.7 67.0 ± 8.6 73.2 ± 13.7

Body Mass Index, kg/m² 22.9 ± 2.9 21.6 ± 1.8 24.4 ± 3.2

Sport participation, hours/week 2.6 ± 1.2 3.2 ± 1.7 2.1 ± 1.0

Sex, n (%)

       Males

       Females

Limb dominance, n (%)

       Right dominant

       Left dominant

31/63 (49)

32/63 (51)

55/63 (87)

8/63 (13)

16/33 (48)

17/33 (52)

31/33 (94)

2/33 (6)

15/30 (50)

15/30 (50)

24/30 (80)

6/30 (20)

a Data expressed as mean ± SD or n (%).
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Table 3 shows the values of the RPE and heart rate, expressed in bpm, per activity 

and timing of measurement for the younger and older group. In both age categories 

no significant differences in pre-activity heart rate were found between the different 

activities (p=0.314 and p=0.122, for the younger and older age group respectively). 

The immediately post-activity heart rate was significantly higher compared to the 

pre-activity heart rate after all the performed activities (p<0.001 in both age 

categories). The heart rate measured 5 and 10 minutes post–activity was significantly 

lower compared to the immediately post-activity heart rate after all the performed 

activities (p<0.001 in both age categories). In both age categories the increase in 

heart rate (immediately post – pre activity) is significantly higher in rope skipping 

and running compared to the other activities (p<0.001). Analyses between the age 

categories showed no significant differences in increase in heart rate (immediately 

post – pre activity) (p=0.180 for running and rope skipping). Also the decrease in 

heart rate after activity (5 min post - immediately post) showed no significant 

differences between the 2 age categories (p=0.176 for running and rope skipping).

Table 2   Overview of tendon flow characteristics per activity and timing of 

 measurement for the younger and older group per activity.

Activity Timing Younger group

Mean (AU) ± SD

Older group

Mean (AU) ± SD

Dynamic stretching Pre - activity 57,4 ± 16,7 64,4 ± 15,0

Immediately post -activity 59,3 ± 20,0 67,2 ± 17,4

5 min post -activity 56,1 ± 15,3 66,6 ± 16,8

10 min post -activity / 66,4 ± 18,7

Rope skipping Pre - activity 51,5 ± 14,8 64,2 ± 16,3

Immediately post -activity 134,1 ± 48,0 114,9 ± 46,4

5 min post -activity 72,5 ± 23,4 85,6 ± 36,3

10 min post -activity / 84,8 ± 24,7

Cycling Pre - activity / 65,3 ± 23,7

Immediately post -activity / 81,4 ± 31,6

5 min post -activity / 71,5 ± 22,3

10 min post -activity / 73,5 ± 21,8

Running Pre - activity 48,5 ± 10,6 70,4 ± 19,2

Immediately post -activity 141,6 ± 48,1 119,2 ± 42,4

5 min post -activity 76,6 ± 24,8 88,7 ± 26,7

10 min post -activity / 84,5 ± 27,1

Indicates p-value < 0.05
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Fig. 1  Overview of tendon flow (AU) per activity and timing of measurement for 

the younger and older age group.
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BMI, heart rate, RPE and amount of sports participation did not have a significant 

effect on the increase in tendon blood after activity and were therefore not included 

as covariates in the analyses. Sex did significantly influence the increase in tendon 

blood flow after activity, but only in the older population (p=0.019). Figure 2 

demonstrates the increase in tendon blood flow (immediately post – pre activity) 

after rope skipping and running per age category for male and female participants. 

As illustrated, no significant difference in increase in blood flow was found between 

males and females in our young population, whereas the male participants in the 

older population showed a significant lower increase in tendon blood compared to 

the female participants.

The effects of physical activities, age categories and sex on the increase in blood 

flow after activity (immediately post - pre-activity blood flow) are presented in Table 4. 

Fig. 2  The increase in blood flow per age category.
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Discussion

The results of this study identify that running, rope skipping and cycling resulted in 

a significant increase of tendon blood flow. Prominent was the finding that the 

increase in blood flow after activity is significantly lower in the older population 

compared to the younger population. Furthermore, male participants in the older 

age group showed a significant lower increase in tendon blood flow compared to 

their female counterparts. 

Effect of age on the Achilles tendon blood flow
The results of this study show that the increase in blood flow after activity is lower 

in the older population compared to the younger age group. This is an important 

finding since previous research showed that the lower the increase in blood flow 

after physical activity, the higher the hazard for developing AT.42 Therefore, this 

lower increase in blood flow after activity observed in an older population places 

this population at higher risk for the development of AT, possibly explaining the 

higher incidence of AT in middle-aged athletes. 

Table 4   Effect of age categories, activities and sex on the increase in blood flow 

after activity

b SE b P-value 95% Confidence Interval

Lower Bound Upper Bound

Intercept 54,50 6,07 <0,001 42,48 66,51

Age (older age is 

reference category)

Age=18-25y 24,36 5,72 <0,001* 12,95 35,77

Activities (running is 

reference category)

Dynamic stretch -70,55 6,07 <0,001* -82,55 -58,55

Rope skipping -5,26 6,05 0,385 -17,21 6,68

Cycling -44,06 7,90 <0,001* -59,68 -28,44

Sex (male is 

reference category)

Female sex 10,67 5,41 0,054 -0,18 21,51

*indicates p-value < 0.05
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It is well established that physical activity generates an increased metabolic 

demand. In order to fulfill this increased metabolic demand a necessary 

cardiovascular redistribution of blood flow to the working soft tissue is induced.15 

Consequently, an increase in Achilles tendon blood flow as a normal physiological 

response to activity has been observed.34 This exercise induced transient increase 

in blood flow is primarily due to a local vasodilatory response that serves as a 

feedforward mechanism for exercise hyperemia.13 With advancing age, the normal 

regulation of exercising blood flow is found to be impaired in the skeletal muscles. 

The age-associated impairments in vascular conductance are thought to be the 

result of vascular stiffness and impaired local vasodilatory or vasoconstrictor 

signaling.20 This impaired exercising muscle blood flow leads to inadequate tissue 

oxygen delivery and metabolic dysregulation.14, 20 This is important since metabolic 

disorders are stated to be of paramount relevance to the progression of tendon 

damage.1 

The results of this study demonstrate that the increase in blood flow after activity is 

lower in the older population compared to the younger age group. This is in 

accordance with the study of Langberg et al.,24 who found a non-significantly 

lower peritendinous absolute flow in the middle-aged population compared to a 

younger age group after a static calf muscle exercise. Previous research in the 

Achilles tendon found an association between a decrease in microcirculation and 

the onset of tendon degeneration.17 Furthermore, this decreased vascularity is 

thought to cause decreased tensile strength, or to indirectly weaken the tendon 

through degenerative changes and structural vulnerability with decreased healing 

potential.28, 36, 40 Therefore, it is plausible that this age-induced lower increase in 

blood flow after activity and possibly resultant altering of metabolic properties, 

leads to weakening of the normal tendon structure and eventually AT.

Clinical consequences are that this study possibly identified one of the mechanisms 

why an older male population is at increased risk for developing AT. Since the lower 

increase in blood flow is identified as a risk factor in previous research, it seems 

logical that the increase in blood flow during activity should be stimulated in an 

older population. Previous research stated that prostaglandins, nitric oxide, heat, 

massage, vibration techniques and longer warm-up duration elevate the blood 

flow. However, further research is needed to investigate the vascular response of 

these latter techniques in the Achilles tendon since current literature is mainly 

limited to changes in blood flow in the skin surface. 42 In addition, further research 

should focus on investigating strategies to modify this diminished vascular response 

to activity in the Achilles tendon. The effect of training programs on the vascular 

response to activity in tendons should be investigated since it is stated that physical 
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activity has the potential to offset the age-related decline in blood flow in skeletal 

muscles during exercise, thereby improving oxygen delivery and an enhanced 

energy production from oxidative metabolism. This effect has been showed in 

skeletal muscles after a period of aerobic high-intensity exercise training,6, 32 but to 

the best of our knowledge, this has not yet been studied in tendons.

Effect of sex on the Achilles tendon blood flow
Next, this study found that male participants in the older population group showed 

a lower increase in tendon blood flow compared to the females in this age group. 

The lower increase in tendon flow after activity in the male participants in the older 

population are in agreement with previous research stating that male sex and 

advancing age are associated with diminished tendon blood flow. This was 

investigated in seventy-five participants using laser Doppler flowmetry in the 

assessment of Achilles tendon blood flow.5 Furthermore, previous research studied 

the effect of estrogen on the peripheral blood flow, and found a significant increase 

in blood flow associated with a reduction of vascular resistance, explaining some of 

the beneficial effects of estrogen on the vascular system.41 The results of this study 

might possible explain the higher incidence of AT found in male middle-aged 

athletes.5, 26 However, it should be considered that differences in physical activity 

between males and females make it difficult to evaluate the independent effect of 

sex on the Achilles tendon blood flow, since no previous study investigated sex as 

an independent risk factor per amount of sports participation (e.g. 1000 hours). As 

clinical implication, it seems logical that middle-aged men with a lower increase in 

blood flow after physical activity need more emphasize on warm-up in order to 

improve the vascular response to activity and consequently reduce the risk for 

developing AT.

Effect of activities on the Achilles tendon blood flow
Running, rope skipping and cycling resulted in an increase of tendon blood flow, 

and this increase after running and rope skipping was significantly higher compared 

to cycling. In addition, the results of this study identified that dynamic stretching did 

not significantly alter the Achilles tendon blood flow. An explanation for the induced 

increase in tendon blood flow after running, rope skipping, and cycling is that these 

activities are dynamic exercises that require contraction and relaxation of the 

working tissue. This is directly related to physiological processes, such as an 

increase in body temperature and an increase in the metabolic rate of the working 

tissue, that leads to vasodilation of the blood vessels in the working soft tissues, 

subsequently leading to an increase in blood flow.11, 15, 19, 21, 23, 34, 38 The lower 

increase in blood flow observed after cycling compared to rope skipping and 

running is not surprising and in agreement with previous research observing a 
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lower total limb blood flow immediately post-exercise in cycling compared to 

running. Millet et al.30 explained this by differences in muscle pump efficiency, 

exercise position, and differences in type of muscle contraction between running 

and cycling. Furthermore, during exercise skeletal muscle blood flow is shown to 

increase with increased work load 9 and the work load during running is higher 

compared to cycling.7

Methodological considerations
Several limitations of this study are noteworthy. First, our study was performed on 

a healthy population. Therefore, our results cannot be generalized to pathological 

tendons. Next, the study design of the older population was more extensive since 

cycling and the blood flow measurement 10 minutes after activity was added to the 

protocol used in the younger population. Since this younger population was tested 

first, preliminary analysis showed a decrease in blood flow 5 minutes after physical 

activity but the further course of the blood flow remained unclear. In addition, 

cycling was added for the comparison of the vascular response to a non-weight 

bearing physical activity with working muscle pump to be able to interpret the 

results more profound. Therefore, the cycling activity and the measurement 10 min 

after physical activity were added to the study design of the later tested older age 

group. We are aware that this is a limitation of this study. Nevertheless, we believe 

that adding cycling and the extra blood flow measurement ensured a more correct 

and more extensive interpretation and discussion of the results. Also, since an 

association between the increase in Achilles tendon blood flow and tendon 

degeneration has been shown, measuring tendon structure would have given this 

study an added value. Another limitation of this study is that no US imaging of the 

tendon nor the detection of possibly present neovascularization was performed to 

exclude/include participants in this study. In this study, we have used the 

oxygen-to-see to perform the blood flow measurements. There is no gold standard 

for measuring blood flow,10 and this non-invasive device has shown to be valid and 

reliable.18, 43

Despite several limitations, this study is the first to investigate the effect of age and 

sex on the Achilles tendon blood flow after different physical activities performed 

in randomized order. 
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Conclusion 

This study is the first to investigate the effect of age and sex on the Achilles tendon 

blood flow after different physical activities. The results of this study showed that 

the increase in Achilles tendon blood flow during physical activity is lower in an 

older population, and that the male participants in the older population showed a 

lower increase in tendon blood flow compared to their females counterparts. 

Furthermore, the increase in Achilles tendon blood flow was activity-dependent, 

with running and rope skipping resulting in the highest increase in blood flow, 

followed by cycling. Stretching did not alter the Achilles tendon blood flow.
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Addendum 

Table 2   Overview of tendon flow characteristics per activity and timing  

of measurement for the younger and older group per activity  

– only the male participants

Activity Timing Younger group

Mean (AU) ± SD

Older group

Mean (AU) ± SD

Dynamic stretching Pre - activity 60,3 ± 19,6 62,8 ± 16,7

Immediately post -activity 60,2 ± 24,3 62,0 ± 15,6

5 min post -activity 56,0 ± 13,8 63,9 ± 12,8

10 min post -activity / 62,9 ± 18,9

Rope skipping Pre - activity 58,6 ± 13,7 60,4 ± 17,9

Immediately post -activity 148,8 ± 49,7 105,2 ± 45,3

5 min post -activity 76,9 ± 18,7 80,1 ± 22,3

10 min post -activity / 84,8 ± 19,9

Cycling Pre - activity / 58,9 ± 15,0

Immediately post -activity / 66,2 ± 17,5

5 min post -activity / 68,1 ± 18,0

10 min post -activity / 67,9 ± 18,6

Running Pre - activity 50,0 ± 11,1 69,6 ± 15,3

Immediately post -activity 132,8 ± 60,7 103,1 ± 31,1

5 min post -activity 80,0 ± 27,0 81,8 ± 14,6

10 min post -activity / 76,7 ± 14,7

Indicates p-value < 0.05
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Summary

Summary

All of the studies embedded within this dissertation aimed to better understand 

demographic, structural, biomechanical and vascular parameters of AT and to 

prospectively investigate suggested risk factors for the development of AT. A 

summary of the research findings per chapter are presented below.

Before being able to establish aberrant tendon structure with UTC, normative data 

are imperative. Therefore, in chapter I, the normal tendon tissue characterisation 

was described. The Achilles tendons of active, healthy adolescents contained high 

levels of echo-types I and II, representing intact and aligned tendon bundles 

(echo-type I) and discontinuous or waving tendon bundles (echo-type II). This 

indicated that the presence of echo-type II tendon bundles can be considered as 

normal in active adolescents. Furthermore, our results highlight differences in the 

UTC echopattern in healthy Achilles tendons based on sex. More specifically, 

female tendons contained more echo-type II compared with male tendons. 

The underlying mechanism of the whipping hypothesis was investigated in chapter 

II. This hypothesis suggests that (excessive) pronation plays an important role in the 

development of AT since pronation is thought to create vascular blanching of the 

midportion of the Achilles tendon. Evidence was provided to support the suggested 

mechanism of this whipping hypothesis, since more eversion excursion during 

running was associated with a significant lower increase in blood flow after running.

In chapter III, several suggested intrinsic risk factors were prospectively examined 

to investigate their role in the development of AT. A lower increase in blood flow 

after running was identified as a significant risk factor for the development of AT. 

Also, in this adolescent population, females were more at risk to develop AT in 

comparison with males, when performing a similar sports program. Foot posture 

as such was not identified as a risk factor. A general ultrasound tissue characterisa-

tion evaluation or measuring tendon thickness was not suited as early detection 

method for AT. 

Chapter IV examined the effect of demographics on the vascular response to 

activity. The results indicated that the vascular response to activity is lower in the 

older population compared to the younger population. Moreover, a sex-related 

difference was seen in this older population. More specifically, male participants in 

the older age group showed a lower vascular response to activity compared with 

their female counterparts. 
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Main discussion 

What is the importance of tendon structure in the underlying mechanism of  

AT and could this be established as a risk factor for AT?

1. How does a normal tendon look like in an active adolescent population?

Healthy tendons of a young mature population were studied in chapter I. A fairly 

high percentage of echo-type II fibers, indicating disorganized and waving tendon 

bundles, was observed in this population. This finding was unexpected since an 

increase in echo-type II has been suggested to negatively affect the normal tendon 

integrity.72, 80 This high percentage of echo-type II fibers can be interpreted as a 

remodeling of the tendon. Indeed, Rosengarten et al.72 stated that echo-type II is 

indicative for reversible tendon matrix remodeling. Furthermore, tissue turnover, 

indicating tendon adaptability, is mostly seen during adolescence.35, 61 Therefore, it 

is possible that the presence of echo-type II in this healthy adolescent population, 

is a positive/adaptive response to load, rather than a negative/early pathological 

response from the tendon. The presence of echo-types III and IV, indicating fibrillar 

tissue and amorphous tissue with fluid80, was marginal in healthy active young 

mature tendons. Previous research using UTC in an asymptomatic older population, 

with a mean age of 43,6 years, found less type II tendon bundles (with the same 

amount of type I tendon bundles).80 This might indicate that the tendons of an 

older population are less able to adapt to load, compared to an adolescent 

population. Also, the tendons of an asymptomatic older population contained 

more type III and IV tendon bundles80 compared to our healthy adolescent 

population.

Next, the results in chapter I also indicated that the insertion of the Achilles tendons 

contained more type II than the midportion of the tendon. Based on the more 

flaring shape of the tendon at insertion10 and compositional differences between 

insertion and midportion of the tendon84, the presence of echo-type II may possibly 

indicate a necessary morphological, histological and functional requirement.

Finally, the normal tendon tissue characterisation showed sex-related differences, 

with a significantly higher amount of echo-type I fibers in the male sex. This might 

be explained by sex-related differences in mechanical properties46, and the effect 

of estrogen on functional and structural properties of the Achilles tendon.14, 33 

Again, this sex-related difference in echo-type distribution can be considered as a 

normal physiological finding in this young mature population. 
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2. Tendon structure as a risk factor for AT

Interestingly, chapter III elucidated that the investigated structural parameters were 

not able to predict possible future symptoms. Regarding UTC, the presence of 

echo-types III and IV, representing inferior tendon quality and potentially 

pathology24, 72, 80, was too small in our healthy population, therefore the results of 

this study do not allow a conclusion concerning early detection of future pathology 

based on the presence of echo-types III and IV. Consequently, this thesis was not 

able to identify structural markers of early presymptomatic pathology in a young 

adult asymptomatic population based on the UTC imaging technique. It should be 

noted that it is possible that the evaluation of the entire midportional volume (as 

used in this thesis) is not suitable. To quantify subtle differences in tendon structure 

that may precede the development of symptoms, the assessment of structural 

changes (e.g. hypoechoic regions) could be more suited. 

Next, tendon thickness was prospectively investigated with ultrasonography as an 

early detection method for future symptoms. Our results identified that Achilles 

tendon thickness was not suited for detecting future pathology. Comparison to 

previous literature is difficult since the US devices and measurement techniques 

vary between studies.20, 31, 36, 63 The examination of true tendon thickness at fixed 

distances from the calcaneal border (as used in this thesis) was beneficial for stan-

dardization purposes, however, it is possible that measuring maximum tendon 

thickness would be more suited to detect future pathology. As a consequence, the 

results of this study do not allow a solid conclusion concerning the increased risk 

of AT based on the measured tendon thickness.

3. Clinical implications and further research

A general evaluation of tendon structure by UTC or examining tendon thickness 

will not allow clinicians to identify individuals at risk for developing Achilles tendi- 

nopathy.

Future research should focus on well-planned sequential investigations to monitor 

the parameters instead of one baseline screening followed by a X year follow-up 

period. Also, complex systems approach has been suggested to better reflect the 

dynamic nature of sports injuries. This approach would require investigations of 

interactions between different (risk) factors, how these interactions might influence, 

or even alter each other to form different emergent patterns of injury. This novel 

view of research is stated to be the future way to perform injury prevention 

research.11 
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Next, further research should target an older population since this thesis only 

studied tendon structure of a young adult population, to exclude age-related 

degeneration of the Achilles tendon, and can therefore not translate the findings to 

an older population. Furthermore, advancing age is stated to affect tendon 

structural properties.47, 57 It is known that tendons in an older population are 

associated with increased tendon degeneration and, since this has been shown to 

decrease load tolerance, this degeneration is stated to play an major role in tendon 

pathology.45 Furthermore, previous research using UTC in an asymptomatic older 

population (mean age of 43,6 y) found the same amount of type I tendon bundles, 

but less type II and more type III and IV tendon bundles80, indicating that tendons 

of elderly persons might show differences in echopattern compared to young 

mature tendons. It is therefore possible that UTC evaluation in an older population 

would be more suited as detection method for future symptoms and therefore this 

should be studied prospectively. Also, the presence of structural changes (e.g. 

hypoechoic regions) should also be examined since the evaluation of the entire 

midportional volume is possibly not sensitive enough to predict future symptoms. 

What is the importance of tendon blood flow in the underlying mechanism of 

AT and could this be established as a risk factor for AT?

1. What Is the importance of blood flow in the development of AT?

In the pathophysiological process of tendinopathy, the importance of blood flow 

has been previously described. As stated, overuse is generally considered to induce 

the condition because if the demands on the tendon are higher than can be 

managed, pathology occurs.22 If (excessive) load is placed on the tendon, the body 

reacts with a repair process, which is adequate in most cases, but inadequate in 

patients developing tendinopathy. This induces a pathogenic cascade that causes 

a repetitive cycle of inadequate collagen and matrix production, tenocyte disruption, 

a further decrease in collagen and matrix and an increased vulnerability to further 

damage.81 Interestingly, an inadequate blood supply is reported as a possible cause 

for this inadequate healing since hypovascular tendon tissue, possibly correlated 

with the pathogenetic role of hypoxia, is associated with tendon degeneration and 

subsequent development of symptomatic tendinopathy.28, 40, 66, 81 

Although blood supply is frequently suggested as a very important intrinsic frisk 

factor in the development of AT 45, to our knowledge, the vascular response to 

activity has never been prospectively examined as risk factor for AT. This vascular 

response to activity, also called exercise hyperaemia, is well-established in skeletal 

muscle where its importance is underlined to couple blood flow with metabolism.12, 

19, 39, 74 Therefore, this thesis prospectively examined the vascular response to 
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activity and identified a diminished tendon vascular response to activity as a risk 

factor for the development of AT. This diminished tendon vascular response to 

activity might not be sufficient to fulfil the increased metabolic demand that is 

associated with physical activity. It should be noted that blood flow in rest showed 

no significant association with the development of AT. This could possibly indicate 

that the baseline tendon vascularization is adequate2 but if the metabolic demand 

increases due to physical activity27, the inability to fulfil this increased metabolic 

demand can increase the risk for pathology. This assumption is supported by 

previous studies, in skeletal muscular tissue, that stated that a diminished vascular 

response to activity leads to inadequate tissue oxygen delivery and metabolic 

dysregulation.18, 23, 34, 39, 74 Furthermore, in tendon tissue, it is shown that inadequate 

tissue oxygen delivery and metabolic dysregulation can cause weakening of tendon 

structure and eventually AT.1, 66, 67, 70 Also, it has been suggested that an inadequate 

blood supply leads to anaerobic conditions in the tendon. This could be a hazardous 

situation, which is supported by studies that found an association between higher 

lactate levels and pathological Achilles tendons.3 However the cause-effect 

relationship is not clear. 

2. Demographic influence on tendon blood flow

In chapter IV it was shown that a diminished increase in blood flow after physical 

activity, that has been identified as a risk factor for the development of AT, was 

influenced by demographical factors. More specifically, the increase in Achilles 

tendon blood flow immediately after physical activity is lower in an older population 

and the male participants in the older population showed a lower increase in 

tendon blood flow compared to their female counterparts. Interestingly, the current 

literature suggests that risk factors in the development of AT may include male sex 
37, 43 and advancing age.43, 44, 87 However, these statements are based on 

observations of higher incidence of AT in middle-aged men and not based on 

prospective studies.62 This has previously been explained by the association of age 

with increased prevalence of tendon degeneration.68 These degenerative changes 

included decreased cellularity, increased glycosaminoglycan content and lack of 

fiber organization.45 Interestingly, it should be mentioned that advancing age is also 

associated with decreased vascularity 5, 53, 75 and with a decreased vascular 

response to activity in muscles.9 Based on the results of this thesis, it might be 

possible that this lower vascular response to activity initiates the tendon 

degeneration. Indeed, research in muscular tissue has shown that a lower vascular 

response leads to inadequate tissue oxygen delivery and metabolic dysregulation19, 

23, 34, 38, 74, and these factors cause inadequate tissue repair.2 Therefore, the 

degeneration of tendon structure could be a consequence of this inadequate 

repair 49, 78, and might be seen later in the pathological process. This assumption is 
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in line with previous research that found an association between a decrease in 

micro circulation and the onset of tendon degeneration28, more specifically:  

a decrease in vascular tendon supply restricts the collagen matrix synthesis and 

leads to weakening of normal tendon structure.66, 67 

Next, our results showed that the male participants in the older population showed 

a lower increase in tendon blood flow compared to their female counterparts. The 

previously suggested increased risk for male sex has been explained by the presence 

of estrogen in females, since estrogen is suggested to affect tendon structure 

positively.21 Remarkably, estrogen has also been shown to positively affect the 

vascular system.83 Since sex-related differences in the ageing vascular function and 

structure have been established, as illustrated in Fig. 1, with premenopausal women 

having better overall vascular function compared to men of the same age 52, this 

might explain the sex-related difference found in the vascular response to activity. 

Based on the results of this thesis, it seems plausible that this lower blood flow 

response to activity could indirectly explain the higher incidence of AT in 

middle-aged men, with the real underlying factors possibly being age- and 

sex-related differences in vascular response to activity.

Fig. 1  Patterns of vascular ageing in women and men (by Merz et al.52).
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It is important to mention that in chapter III, the female sex was identified at higher 

risk to develop AT, whereas chapter IV indicated that the male older population 

showed a lower vascular response to activity. The younger population in chapter IV 

did not show a sex-related difference in the increase in blood flow after activity, and 

neither did the young mature population in chapter III. Therefore, the increased risk 

for the female sex, defined in chapter III, is not associated with the vascular response 

to activity. A possible explanation for the increased risk for the female students was 

that significantly less extramural sports participation was registered in the female 

students compared to the male students, but no difference was made for sex in 

their educational sports program. Therefore it seems possible that the female 

students were less resistant to withstand this increased load. The results of this 

thesis indicate that caution might be needed when a similar physical activity load 

program is imposed on young mature males and females. 

3. Clinical implications and further research

van Mechelen et al.79 designed a model for the development of preventive 

interventions for injuries and clearly showed that knowledge of risk factors is 

essential for the development of preventive measures. Furthermore, next to their 

crucial role in (secondary) prevention 51, these risk factors are likely to play an 

important role in the response to treatment in tendinopathy.22 Therefore, as clinical 

implication, it seems evident that strategies to modify this diminished vascular 

response to activity should be considered to include in rehabilitation and as 

(secondary) preventive measures. 

In addition, it seems logical that middle-aged men and others with a lower increase 

in blood flow after physical activity need more emphasize on warm-up in order to 

improve the vascular response to activity and consequently reduce the risk for 

developing AT. Furthermore, stretching does not significantly affect Achilles tendon 

blood flow, and should not replace an aerobe warm-up activity to prepare the body 

for sports participation.

Logically, further research should focus on investigating strategies to modify this 

diminished vascular response to activity in the Achilles tendon. The effect of training 

programs on the vascular response to activity in tendons should be investigated 

since it is stated that physical activity has the potential to offset the age-related 

decline in blood flow in skeletal muscles during exercise, thereby improving oxygen 

delivery and an enhanced energy production from oxidative metabolism. This 

effect has been showed in skeletal muscles after a period of aerobic high-intensity 

exercise training 8, 60, but to the best of our knowledge, this has not yet been 

studied in tendons. Other possible strategies to increase this vascular response to 
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activity might be the use of prostaglandins, vibration techniques, massage, heat, 

beetroot juice, nitroglycerin plasters etc. because of their increasing effect on 

blood flow (found in skin or skeletal muscles).13, 41, 59, 64, 69, 82, 85 However, further 

research is needed to investigate the vascular response of these latter techniques in 

the Achilles tendon since current literature is limited to changes in blood flow in the 

skin surface or in skeletal muscles. The implementation of these strategies to 

increase this vascular response to activity is especially important for middle-aged 

men and patients with a history of complaints, but also in athletes, because of the 

high loads on the tendons, to ensure the fulfillment of an increased metabolic 

demand during activity and an adequate repair after loading, thereby preventing 

pathology.

Another interesting topic for further research is the correlation between the vascular 

response to activity and Achilles tendon structure. Since tendon structure, more 

specifically tendon degeneration, has been shown to decrease load tolerance, this 

plays an major role in tendon pathology 45, and based on the results of this thesis, 

it might be possible that a diminished vascular response to activity initiates the 

tendon degeneration. Therefore, the cause-effect relationship of the vascular 

response to activity and tendon degeneration should be further studied. Also, the 

possible involvement of Kager’s fat pad and the compression of the Plantaris tendon 

should be further examined. Furthermore, the potential sex-related differences in 

UTC tendon structure should be established in this older population.

Finally, sports activity should start within 5 min after warm-up since the results in 

chapter IV showed a significant decrease of tendon blood flow already 5 minutes 

after physical activity compared to immediately after and this was seen in all 

participants. 

What is the importance of biomechanics in the underlying mechanism of  

AT and could this be established as a risk factor for AT?

1. Whipping phenomenon: what’s all the fuzz about?

The whipping phenomenon is a widely cited hypothesis regarding the etiology of 

AT and suggests that, in excessive pronation, the transverse plain rotation of the 

tendon is accentuated and causes the Achilles tendon to undergo a “whipping” 

action which causes a decrease in blood flow.17 The intimate relationship of the 

calcaneus with the distal shaft of the tibia have led researchers to speculate that the 

function of an overpronated foot, particularly during weight-bearing activities (e.g. 

the support phase of running), may alter the course of the Achilles tendon fibers, 

impairing its blood supply by wringing out its blood vessels.17, 76 This ischemic 
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suffocation may be a predisposing factor to the Achilles tendon hypovasculariza-

tion – degeneration – injury cycle.17, 76 Although foot pronation is a factor that has 

been frequently proposed as an intrinsic causative factor of Achilles tendon 

pathology17, 73, there was no conclusive evidence of the injury mechanism behind 

this whipping hypothesis. Therefore, in chapter II, evidence was provided to confirm 

that the more eversion excursion observed during running, the lower the increase 

in blood flow after running. This finding supports, at least in part, the speculations 

addressed by Smart et al.76 and Clement et al.17 with regard to the effect of foot 

pronation on Achilles tendon blood flow. It should be noted that the term ‘pronation’ 

is defined as a triplanar motion involving a combination of rearfoot eversion, 

dorsiflexion and abduction of the foot77, but is often used in literature to refer to the 

measured amount of eversion.58 The finding that more eversion excursion during 

running is associated to a lower increase in blood flow after running only partly 

supports the whipping phenomenon since this cross-sectional study showed an 

association between blood flow and pronation but did not provide evidence to 

identify foot pronation as a risk factor for the development of AT, nor was the 

suggested rotation inside the Achilles tendon measured. 

2. Foot posture as a risk factor for AT

Altered gait kinematics and kinetics, particularly foot pronation, are frequently 

hypothesized to be a risk factor for AT although prospective studies are lacking.55 

Therefore, this thesis prospectively examined a pronated foot posture, defined by 

the Foot Posture Index, as a risk for the development of AT in chapter III. Surprisingly, 

this thesis was not able to identify this pronated foot posture as a risk for the 

development of AT. This might be explained by the measurement technique since 

it is possible that Foot Posture Index evaluations were not sensitive enough to 

predict the dynamic pronation of the participants during running42, as referred to in 

the above described whipping hypothesis. Another possible explanation is that the 

foot pronation is not a risk factor in itself, but is associated with the vascular response 

to activity that is identified as risk factor for AT. More specifically, chapter II found 

that the more eversion excursion during running, the lower the vascular response 

to activity in the Achilles tendon and chapter III identified a diminished vascular 

response to activity as a risk factor for the development of AT. It is therefore possible 

that pronation is a contributing factor, increasing the risk for developing AT, 

particularly in individuals with a diminished vascular response to activity. It is 

possible that pronation does not increase the risk for AT in individuals with an 

adequate vascular response to activity, but in individuals with a diminished vascular 

response the amount of pronation could be a contributing factor, increasing the 

risk for AT. This might explain why foot pronation has never been prospectively 

identified as a risk factor in the development of AT, but is based on cross-sectional 
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studies associated with AT since they found that subjects with AT showed greater 

pronation during running than controls.25, 50, 73 

3. Clinical implications and further research

Evaluating the Foot Posture Index will not allow clinicians to identify individuals at 

risk for developing AT. Furthermore, based on the relationship between pronation 

and the vascular response to activity established in chapter II and the identification 

of the vascular response to activity as a risk factor for AT in chapter III, it might be 

possible that anti-pronation measures, such as taping, orthoses or antipronation 

shoes30, 48, 56, 86, might have a positive effect on the development of AT, particularly 

in individuals with a diminished vascular response to activity since it seems possible 

that pronation does not increase the risk for AT in individuals with an adequate 

vascular response to activity, but in individuals with a diminished vascular response 

the amount of pronation could be a contributing factor, possibly increasing the risk 

for AT. Then, anti-pronation measures might be useful, but further research is 

needed to investigate this. could be useful in managing and preventing AT. Also, 

plantar intrinsic foot muscles exercises54, improving hip muscle strength32 and 

running retraining7 may positively influence the vascular response to activity since 

these interventions are suggested to affect a contributing factor, namely preventing 

excessive foot pronation.

Further research should focus on prospectively investigating the role of dynamic 

pronation during weight-bearing activities in the development of AT. Also, the 

interaction between dynamic pronation during weight-bearing activity and the 

vascular response to activity, how interactions might influence, or even alter each 

other to form different emergent patterns of injury, should be further investigated. 
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Strengths and limitations of this thesis

The first and most important limitation of this study was that only healthy young 

students were included in the prospective study. Consequently, no extrapolation of 

the data could be done towards an older population. However, this population was 

targeted to exclude age-related degeneration of the tendon. It should be noted that 

pubertal status was not measured to check maturity. Also, only healthy tendons 

were included, however, no US imaging of the tendon structure was performed to 

exclude/include subjects. Another limitation is that other possible risk factors for AT 

(e.g. psychosocial and personal factors) were not included in this study. Also, 

prospectively examining running kinematics could have been of added value in 

order to investigate the role of these running kinematics in the development of AT. 

The randomized order of the measurements of Achilles tendon thickness and 

blood flow after activity in the prospective study could also be seen as a limitation 

since the increase in blood flow after activity is followed by a quick recovery to 

baseline.71 However, we added timing of blood flow measurements as a confounder 

to our statistical analysis, which we believe overcame this limitation. Moreover, in 

our cross-sectional study designs, blood flow measurements were performed 

immediately after the physical activity. In this study, we have used the oxygen-to-see 

to perform the blood flow measurements, which does not allow a real-time 

measurement. There is no golden standard for measuring tendon blood flow15, 

and this non-invasive device has shown to be valid and reliable.29 Furthermore, 

since an association between the decrease in Achilles tendon blood flow and 

tendon degeneration has been shown28, measuring tendon structure in an older 

population could have given this study an added value. Also, menopause was not 

taken into account when women were recruited. Next, it is possible that the general 

UTC evaluation, whereby the midportional volume 2-6 cm proximal of the 

calcaneus was assessed, is not suitable to detect small structural changes in the 

tendon. Therefore, the assessment of possibly present structural changes, e.g. 

hypoechoic regions, rather than assessing the entire midportion, could be more 

suited as a predictor of future pathology. Also, in the first study, the large amount of 

independent variables included in the statistical analysis led to an increased 

possibility of a type I error. However, a Bonferroni correction was not applicable as 

the variables that were evaluated in this study were strongly correlated. Therefore, 

unadjusted p-values were reported, according to the recommendation of Altman 

et al. (2000).4 As a final limitation, an expansion of the sample size is always 

beneficial. The number of events (27 subjects with AT) in chapter III allowed the 

detection of moderate to strong associations between the risk factor and injury 

risk. However, small to moderate associations between our investigated parameters 

and AT could not be identified since this would need about 200 injured subjects.6 
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In addition, well-planned sequential investigations to monitor the investigated 

parameters (e.g. weekly) could be more suited as study design to investigate these 

risk factors. And the implementation of the complex systems approach, e.g. 

investigating interactions between different (risk) factors, could be more efficient in 

injury prevention research.11 

Despite several limitations, this thesis included one of the few prospective studies 

that investigated risk factors in the development of AT. Mainly, this is the first 

large-scale study that investigated the role of the vascular response to activity, foot 

posture, and UTC tendon structure as possible risk factors in the development of 

AT. Although blood flow has been frequently suggested as a risk factor in the 

development of AT, prospective studies were lacking and the need for prospective 

study designs has already been repeatedly described in literature.16 Since only 

longitudinal studies can determine causative relationships62, the prospective 

cohort study design can thus certainly be seen as a strength. Also, the number of 

participants, making this a large-scale study and the second largest prospective 

study investigating risk factors for AT, is of great value. Additionally, the multilevel 

injury registration method with the cooperation of high educated physicians in 

sports medicine was also a strength within the study design. Furthermore, 

contributing demographic, structural and biomechanical factors to the underlying 

mechanism of AT were examined, using adequate study designs, to gain more 

insight in the complex aetiology and pathophysiology of AT. 
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General conclusion

In early medical literature tendons are described as “virtually dead during life” based 

on their poor vascularization.26 However, although vascular supply of the Achilles 

tendon has originally thought to be poor, more recent studies state that Achilles 

tendon blood flow is adequate for metabolic demands.2 In fact, this thesis 

underlines the importance of tendon vascularization. The main finding of this thesis 

is that the vascular response to activity was identified as a risk factor in the 

development of AT. This is plausible since a physical activity generates an increased 

metabolic demand and in order to fulfil this, a necessary cardiovascular redistribution 

of the blood flow to the working tissue is induced.27 Therefore, an increase in blood 

flow as a normal, physiological response to activity has been observed.65 This study 

adds for the first time that the lower this increase in tendon blood flow, the higher 

the hazard for developing AT. 

Furthermore, this thesis was not able to identify a pronated foot posture as a risk for 

the development of AT but did found an association between dynamic pronation 

and the vascular response to activity, partly explaining the underlying mechanism 

of the widely cited ‘whipping phenomenon’. More specifically, the results of this 

thesis found that the more eversion excursion during running, the lower the 

vascular response to activity in the Achilles tendon. 

Also, demographics were found as contributing factors to this identified vascular 

risk factor. The increase in Achilles tendon blood flow immediately after physical 

activity is lower in an older population. And the male participants in the older 

population showed a lower increase in tendon blood flow compared to their 

female counterparts, possibly explaining the higher incidence of AT in middle-aged 

men.

It is stated that load is a major patho-aetiological component in the development 

of AT, but it is modulated by intrinsic factors.22 This underlines the importance of 

large scale prospective studies to identify risk factors and thereby improving the 

knowledge of the complex aetiology and pathophysiology of AT. 
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Een van de meest voorkomende overbelastingsletsels ter hoogte van het onderste 

lidmaat is een tendinopathie van de achillespees. Dit letsel komt frequent voor bij 

beoefenaars van atletiek en bij atleten die deelnemen aan sporten met snelle rich-

tingsveranderingen. De hoogste incidentie van een achillespeestendinopathie 

wordt gezien bij mannelijke atleten van middelbare leeftijd. Omdat achillespees-

letsels vaak voorkomen en zeer frequent recidiveren, hebben ze een nefaste 

invloed op het prestatievermogen en psychosociaal welbevinden van de atleet. 

Om die reden was het hoofddoel van dit doctoraatsproject het intrinsiek risicoprofiel 

van deze blessure diepgaander te identificeren en te definiëren.

Recent is er een nieuwe beeldvormingstechniek ontwikkeld, genaamd Ultrasound 

Tissue Characterization (UTC). Deze techniek heeft al aangetoond dat hij geschikt 

is om subtiele veranderingen in peesstructuur te kunnen waarnemen. Hij maakt 

namelijk gebruik van conventionele echografie om een 3D-beeld van de 

achillespees te creëren. Aan de hand van dit 3D-beeld wordt dan de structurele 

integriteit van het echopatroon bestudeerd. Zo kan er een onderscheid gemaakt 

worden tussen 4 verschillende echotyes. Echotype I staat voor intacte en mooi 

gealigneerde peesvezelbundels; echotype II wijst op minder mooi gealigneerde en 

meer wevende peesvezelbundels; echotype III toont voornamelijk onvolwaardig 

fibrillair weefsel en echotype IV is amorf weefsel met vocht. Alvorens er echter met 

deze nieuwe techniek een afwijkende peesstructuur kon worden vastgesteld, was 

er eerst nood aan normatieve data over de peesstructuur. Dit werd in de studie van 

het eerste hoofdstuk van dit doctoraatsproject onderzocht op een jonge, gezonde 

en sportieve populatie. De pezen van jonge, gezonde proefpersonen hadden een 

hoog percentage type II vezels, wat aantoont dat de aanwezigheid van deze type II 

vezels een normaal fysiologisch gegeven is bij gezonde, sportieve jongeren en dus 

niet op pathologie wijst. Bovendien geven de resultaten van deze studie aan dat er 

structurele verschillen zijn in peesstructuur op basis van geslacht. Er zijn meer type 

II vezels bij de vrouwelijke proefpersonen dan bij de mannen.

Het tweede hoofdstuk van dit doctoraatsproject bestudeerde uitvoerig volgende 

frequent gesuggereerde oorzaak voor het oplopen van een achillespeestendinopathie: 

een afwijkend looppatroon zorgt voor een verhoogde torsie van de achillespees, 

waardoor de doorbloeding van de pees gecomprimeerd wordt en er letsels ontstaan. 

Voorafgaande studies hebben zich gefocust op de relatie tussen dit afwijkend 

looppatroon (meer bepaald overmatige pronatie tijdens het lopen) en achillespees-

letsels. Omdat het onderliggende mechanisme hiervan nog nooit was onderzocht, 

werd juist die relatie tussen de mate van pronatie tijdens het lopen en de door- 
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bloeding van de achillespees het gespreksonderwerp van ons tweede hoofdstuk. 

Hiervoor werden ervaren lopers getest en aan de hand van een kinematicastudie 

werd hun looppatroon in het frontale en sagittale vlak onderzocht. De doorbloeding 

van hun achillespees werd voor en na deze loopactiviteit gemeten met het 

oxygen-to-see toestel. De resultaten van deze studie toonden aan dat de mate van 

pronatie tijdens het lopen een significant effect had op de doorbloeding van de 

achillespees: hoe meer pronatie werd waargenomen, hoe minder de doorbloeding 

tijdens de inspanning steeg. Hierdoor is het gebruik van anti-pronatie maatregelen, 

zoals steunzolen en tape, wellicht zinvol om achillespeesletsels te voorkomen en 

te behandelen.

In het derde hoofdstuk werden mogelijke risicofactoren voor het oplopen van een 

achillespeestendinopathie prospectief onderzocht. Deze grootschalige studie toonde 

aan dat het minder stijgen van de achillespeesdoorbloeding na fysieke activiteit als 

risicofactor kon geïdentificeerd worden voor het oplopen van een achillespeesletsel. 

Met andere woorden als de doorbloeding van de achillespees minder stijgt na het 

sporten is er meer kans om een achillespeesletsel op te lopen. Het is goed mogelijk 

dat een adequate stijging in doorbloeding noodzakelijk is om aan de gestegen 

metabolische eisen van de sport te kunnen voldoen. Bovendien bleek dat vrouwen 

meer kans hebben om een achillespeesletsel op te lopen als ze een programma 

met gelijkaardige belasting als bij mannen ondergaan. De stand van de voet kon 

echter niet geïdentificeerd worden als risicofactor. Een generale UTC-evaluatie of 

het opmeten van de dikte van de achillespees is eveneens geen geschikte methode 

om aan snelle detectie van een achillespeestendinopathie te kunnen doen. 

De demografische invloeden op de geïdentificeerde risicofactor voor het oplopen 

van een achillespeestendinopathie, namelijk de inadequate stijging van de achilles-

peesdoorbloeding na fysieke activiteit, werden op hun beurt onderzocht in het 

vierde hoofdstuk. Hier bleek dat de oudere populatie een minder goede vasculaire 

respons heeft op fysieke activiteit. Bovendien is er een verschil in geslacht in de 

oudere populatie: de vasculaire respons was lager bij de mannen dan bij de 

vrouwen. Dit zou eventueel kunnen verklaren waarom de hoogste incidentie van 

achillespeestendinopathieën gezien wordt bij mannelijke atleten van middelbare 

leeftijd. 

We besluiten met de vaststelling dat het zinvol is om op basis van deze geïdentifi-

ceerde risicofactor en de gevonden associaties preventieve maatregelen te nemen. 

Immers, het opstellen van een accuraat en individueel (secundair) preventief 

programma is het ultieme doel dat zowel door onderzoekers als (para)medici 

werkzaam in blessurepreventie, moet nagestreefd worden.
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List of abbreviations

AT  Achilles Tendinopathy

AU  Arbitrary units

BMI   Body Mass Index

CI  Confidence Interval

Etc.  et cetera

FPI  Foot Posture Index

Hz  Hertz

ICC  Intraclass Correlation Coefficient

i.e.  id est

LE  Lower Extremity

MD  Doctor of Medicine

MDC  Minimal detectable change

O2C  Oxygen-to-see

PhD  Philosophical Doctor

ROI  Region Of Interest

ROM  Range Of Motion

RPE  Rate of Perceived Exertion

Rpm  Revolutions per minute

SD  Standard Deviation

SEM  Standard Error of the Measurement

SPSS  Statistical Package for the Social Sciences

US  Ultrasound

UTC  Ultrasound Tissue Characterization

UZ  Universitair Ziekenhuis

2D  two-dimensional

EUS  Ultrasound elastography
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