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Summary Statement: 

This study shows how the tendons of the lower leg respond to loading in three dimensions 

and has implications for our understanding of tendon injury prevention.  
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Abstract 1 

The Achilles is a long tendon varying in cross-sectional area (CSA) considerably along its 2 

length. For the same force, a smaller CSA would experience higher tendon stress and we 3 

hypothesised that these areas would therefore undergo larger transverse deformations. A 4 

novel magnetic resonance imaging-based approach was implemented to quantify changes in 5 

tendon CSA from rest along the length of the Achilles tendon under load conditions 6 

corresponding to 10, 20 and 30% of isometric plantar flexor maximum voluntary contraction 7 

(MVC). Reductions in tendon CSA occurring during contraction from the resting condition 8 

were assumed to be proportional to the longitudinal elongations within those regions 9 

(Poisson’s ratio). Rather than tendon regions of smallest cross-sectional area undergoing the 10 

greatest deformations, the outcome was region-specific with the proximal (gastrocnemius) 11 

tendon portion showing larger transverse deformations upon loading compared to the distal 12 

portion of the Achilles (P<0.01). Transverse tendon deformation only occurred in selected 13 

regions of the distal Achilles tendon at 20% and 30% of MVC, but in contrast occurred 14 

throughout the proximal portion of the Achilles at all contraction levels (10, 20 and 30% of 15 

MVC; P<0.01). Calculations showed that force on the proximal tendon portion was ~60% 16 

lower, stress ~70% lower, stiffness ~30% lower and Poisson’s ratio 6-fold higher compared 17 

to the distal portion of the Achilles tendon. These marked regional differences in mechanical 18 

properties may allow the proximal portion to function as a mechanical buffer to protect the 19 

stiffer, more highly stressed, distal portion of the Achilles tendon from injury. 20 

 21 
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Introduction 27 

The technique for testing human tendon mechanical properties in vivo has developed over the 28 

last ~15 years based upon the general principles of tendon tensile tests conducted in vitro 29 

(Butler et al., 1978; Cuming et al., 1978; Rigby, 1964). In vivo approaches have typically 30 

involved measuring longitudinal tendon elongations during isometric contraction using 31 

ultrasound imaging and relating these elongations to tendon force estimations derived from 32 

dynamometry measurements of joint torque (Maganaris and Paul, 1999). A necessary 33 

simplification with this approach is the measurement of tendon elongations from a single 34 

anatomical point. Typically for ‘free’ tendons, this measurement point is the myo-tendinous 35 

junction (MTJ), or an osteo-tendinous interface, since these are clear ‘reference’ points that 36 

can be identified and tracked with ultrasound imaging. Intra-muscular tendon-aponeurosis 37 

sites have also been used for tracking tendon elongation at the site where fascicles intersect 38 

the aponeurosis. Although likely an oversimplification, the use of a single ‘reference’ point is 39 

a necessary step in obtaining measurements to permit calculation of tendon stiffness and 40 

modulus with many current variations on the in vivo approach. It also allows specific 41 

questions to be answered relating to the variations in tendon properties between different 42 

populations (Hansen et al., 2003; Karamanidis and Arampatzis, 2006; Maganaris et al., 43 

2006), or changes in tendon properties as a result of interventions (Arampatzis et al., 2007; 44 

Kubo et al., 2002; Reeves et al., 2005; Wiesinger et al., 2015). However, the implicit 45 

assumption with this approach is that tendon elongations are homogenous, or at least 46 

representative of the entire tendon, which may not always be the case.  47 

For relatively long tendons, in vitro studies have shown that variations in elongation occur 48 

along the length of the tendon (Wren et al., 2001; Zernicke et al., 1984). In vivo 49 

measurements also confirm the non-uniformity of tendon elongations along the length of the 50 

free tendon or tendon-aponeurosis in the human lower limb (Finni et al., 2003; Maganaris 51 
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and Paul, 2000; Magnusson et al., 2003). Using an ultrasound speckle tracking approach, the 52 

human Achilles tendon has shown differences in elongation between superficial and deeper 53 

regions (Arndt	 et	 al.,	 2012;	 Slane	 and	 Thelen,	 2015). It might be hypothesised that 54 

elongation inhomogeneity’s should be particularly evident in long tendons where the cross-55 

sectional area (CSA) varies considerably along its length. This is because regions of the 56 

tendon with smaller CSAs are expected to experience higher stress (stress = force/area) and 57 

therefore likely to experience greater transverse and longitudinal elongations. In the Achilles 58 

tendon, the CSA varies considerably along its length (Finni et al., 2003; Magnusson and 59 

Kjaer, 2003), and we might hypothesise that because of this, the tendon will experience 60 

different elongations along its length, with smaller CSA regions experiencing larger 61 

transverse and longitudinal elongations.  62 

The Achilles tendon is composed of two tendon components, with the more proximal 63 

gastrocnemius tendon ‘fusing’ with the soleus tendon just distal to the soleus muscle 64 

(Cummins and Anson, 1946). The ‘fusing’ of these two tendon components in a spiral 65 

manner (Cummins and Anson, 1946) also highlights the potential for shear to occur within 66 

the Achilles tendon that may further contribute to non-uniform elongations along its length 67 

and might contribute towards explaining changes seen with speckle tracking (Arndt	 et	 al.,	68 

2012;	 Slane	 and	 Thelen,	 2015) and other ultrasound-based approaches (Bojsen-Moller	 et	69 

al.,	 2004;	Magnusson	 et	 al.,	 2003). Larger elongations occurring at certain regions along the 70 

tendon may indicate a propensity for tendon strain injuries. If these regions coincide with 71 

portions of the tendon where the CSA is smaller, it may help in understanding the 72 

mechanisms of tendon injuries and ruptures. The most frequent site (in 85% of cases) for 73 

complete rupture of the Achilles tendon is reported to be the region 3 to 5 cm proximal to the 74 

calcaneus (Józsa et al., 1989). This also coincides with the region of the Achilles tendon 75 

where the CSA is at its smallest (Magnusson and Kjaer, 2003), supporting the hypothesis for 76 
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a link between regions of higher stress, greater transverse/longitudinal elongations and 77 

propensity for tendon injury. 78 

Since current conventional in vivo techniques cannot distinguish transverse length-dependent 79 

deformations, we adopted a novel magnetic resonance imaging (MRI)-based approach to 80 

assess tendon deformation occurring along the length of the Achilles tendon, with the 81 

hypothesis that larger transverse deformation would be observed at regions of the tendon 82 

where the CSA is smaller. This experimental approach involved measuring tendon CSA 83 

changes in the transverse plane with the assumption that tensile loading causes a reduction in 84 

CSA proportional to the longitudinal elongation (Poisson’s ratio); essentially, as the tendon is 85 

stretched it becomes proportionally thinner. 86 

87 
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Materials and methods 88 

Participants 89 

Nine male participants (mean ± SD age: 25 ± 6 years, body mass: 80 ± 10 kg and height: 1.81 90 

± 0.05 m) gave informed consent to take part, after the study had received institutional ethics 91 

committee approval. Exclusion criteria included: contraindication to MRI scanning, prior 92 

lower limb surgery, tendinopathy affecting the Achilles, or tendons of the lower limbs and 93 

serious injury to the Achilles tendon, or lower limb. 94 

Determining the statistical power with the results obtained tested the adequacy of the sample 95 

size against the optimal of 80% power recommended by Cohen (Cohen, 1988). In the 96 

proximal (gastrocnemius) tendon region statistical power was 100% and ranged between 40-97 

79% in the region of smallest CSA.   98 

Dynamometry 99 

Participants lay prone on the chair of an isokinetic dynamometer (Cybex Norm, NY, USA) 100 

with the right foot fixed into the footplate at a neutral ankle position (i.e., 1.57 rad [90 deg] 101 

between foot plate and tibia) and the knee in full extension. Participants first performed 102 

isometric maximal voluntary contractions (MVC) of the plantar flexors on the dynamometer. 103 

Two isometric MVCs were performed (an additional contraction was performed if the two 104 

MVC torque values were not within 5% of each other) and the mean torque value calculated. 105 

Joint torque values corresponding to 10, 20 and 30% of participant’s MVC were then 106 

calculated and visually highlighted on a screen for the participant displaying the torque trace 107 

in real-time, linked to an acquisition system (Biopac Systems Inc., CA, USA). Using visual 108 

feedback, participants were then asked to perform a plantar flexion contraction, developing 109 

the torque value corresponding to 10, 20 and 30% of their MVC (in a randomized order) and 110 

maintain this value for 3 minutes at each percentage of their MVC (with 3 min rest between 111 

MVC levels). Simultaneously during these plantar flexion contractions, electromyographic 112 
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(EMG) activity was measured from the tibialis anterior muscle to assess the level of co-113 

contraction (see ‘Antagonist Muscle Co-Contraction’ section below) and the MTJ of the 114 

gastrocnemius muscle-tendon unit was tracked using B-mode ultrasound imaging to assess 115 

tendon elongation (see ‘Measurement of Tendon Elongation & Assessment of Tendon Creep’ 116 

section below). 117 

Antagonist Muscle Co-Contraction     118 

To estimate the level of dorsi flexor co-activation during plantar flexion efforts, the EMG 119 

activity was measured from a representative dorsi flexor muscle (tibialis anterior). The root 120 

mean square EMG activity was calculated from the raw signal and related to that measured 121 

from the same muscle (tibialis anterior) when acting as an agonist during dorsi flexion 122 

contractions at various percentages of the dorsi flexion MVC. The level of dorsi flexor co-123 

activation and the corresponding co-activation torque during plantar flexion efforts at 10, 20 124 

and 30% of MVC were then calculated in line with previously described methods (Maganaris 125 

et al., 1998b).    126 

Measurement of Longitudinal Tendon Elongation & Assessment of Tendon Creep  127 

During dynamometry testing, the medial head of the gastrocnemius MTJ was scanned at 128 

25Hz using ultrasound imaging (Mylab 70, Esaote, Italy) in line with previously described 129 

methods (Maganaris and Paul, 2002; Reeves et al., 2005) to represent the longitudinal 130 

elongations of the whole Achilles tendon. It was previously reported that there are no 131 

significant differences in Achilles tendon stiffness and strain between scanning at the MTJ of 132 

the medial or lateral head of the gastrocnemius (Morrison	 et	 al.,	 2015). The ultrasound 133 

probe was secured in position using a custom-made holder to prevent any movement relative 134 

to the scanned structure and an external marker placed onto the skin casting a line on the 135 

image and confirming that no movement took place. The longitudinal displacement of the 136 

gastrocnemius MTJ was tracked continuously during the 3-minute plantar flexion contraction 137 
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performed at each contraction level (10, 20 and 30% of MVC). Scans were then digitised 138 

offline using Image J (ImageJ,	 U.S.	 National	 Institutes	 of	 Health,	 Bethesda) at 1-minute 139 

intervals (i.e., tendon elongation was measured at 0, 1, 2 and 3 min time-intervals). These 140 

scans were acquired to assess the degree of overall longitudinal Achilles tendon elongation 141 

and to identify whether any tendon creep was evident during these sustained contractions. 	142 

Magnetic Resonance Imaging (MRI) Scanning 143 

Participants were positioned supine, with the knees fully extended within a 0.25-Tesla MRI 144 

scanner (G-Scan, Esaote, Italy). Axial plane scans of participant’s right lower leg were 145 

acquired using a Spin-Echo Fast Fourier sequence with the following scanning parameters: 146 

scanning time: 1:59 mins, echo time: 18 ms, repetition time: 1020 ms, 1 acquisition, field of 147 

view: 180x170 mm, pixels: 256x256, slice thickness: 7 mm and inter-slice gap: 1 mm. These 148 

scans were acquired (foot fixed in the neutral position) with the participant at rest and also 149 

while developing an isometric plantar flexion contraction (with the knee fully extended) with 150 

a torque equivalent to 10, 20 and 30% of their MVC (determined from the dynamometry 151 

measurements described above). Development of these prescribed isometric joint torque 152 

levels (10, 20 and 30% of MVC) was achieved by using a custom-made, MRI-compatible 153 

lever system. Measurement of participant’s external lever arm (defined as the distance from 154 

the ankle joint centre of rotation to the point of force application at the first metatarsal head) 155 

and the device lever arm were carefully measured using a ruler incremented in millimetres. 156 

Loads that would achieve the required plantar flexion torque levels were then calculated and 157 

positioned on one end of the lever system. The other end of the lever system was in contact 158 

with the participant’s foot (the first metatarsal head region) where the application of force 159 

acted to secure the system in place around a pivot point on the MRI bed. When the scan 160 

began, an experimenter positioned inside the MRI released the load. Participants then needed 161 

to develop a plantar flexion joint torque (isometric contraction) equivalent to the prescribed 162 
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level that would balance the load within a small, tightly controlled range, verified visually by 163 

the experimenter. This process was repeated for each level of joint torque (10, 20, and 30% of 164 

MVC). Axial plane scans were acquired starting from the calcaneus and continuing ~17 cm 165 

proximal from this point, capturing the entire length of the distal portion of the Achilles 166 

tendon and the vast majority of the proximal (gastrocnemius) tendon portion (Fig. 1). Moving 167 

proximally from the calcaneus, the first appearance of the Achilles tendon was designated as 168 

‘scan 0’. Using digitising software (OsiriX, Pixmeo, Geneva, Switzerland), the cross-169 

sectional area of the Achilles tendon was then measured on scan numbers 2-21 (Figs. 1 & 2). 170 

The distal portion of the Achilles tendon was defined as that composed of both soleus and 171 

gastrocnemius tendons. Moving proximally from the calcaneus, the first appearance of the 172 

soleus muscle (i.e., the soleus muscle-tendon junction) therefore delineated between where 173 

the distal portion of the Achilles tendon ended and the proximal portion (gastrocnemius) of 174 

the Achilles tendon began (Fig. 1).   175 

Sagittal plane MRI scans were acquired for the purpose of quantifying the Achilles tendon 176 

moment arm length, which was used for calculating tendon force – by dividing the measured 177 

plantar flexion joint torque by the Achilles tendon moment arm length. Scans were taken with 178 

the foot in the neutral ankle position, in 0.17 rad (10 deg) of dorsi flexion and 0.17 rad (10 179 

deg) of plantar flexion. During the scans, participants were asked to perform a plantar flexion 180 

contraction to the level of ~20% MVC so that the Achilles tendon moment arm was measured 181 

under load, because the Achilles tendon moment arm length is known to increase when a 182 

tensile load is applied compared to the resting state (Maganaris et al., 1998a). The Achilles 183 

tendon moment arm length was calculated for a neutral ankle position using the Reuleux 184 

method as previously described in detail (Maganaris et al., 1998a). Briefly, scans taken in 185 

dorsi flexion and plantar flexion were used to identify the instant centre of rotation on the 186 

talus bone in the neutral ankle scan. The Achilles tendon moment arm length was then 187 
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measured as the perpendicular distance between the Achilles tendon action line and the joint 188 

centre of rotation on the talus in the neutral ankle scan.  189 

Estimation of Mechanical Properties of the Achilles Tendon Proximal and Distal 190 

Components 191 

Mechanical and material properties were calculated separately for the distal and proximal 192 

portions of the Achilles tendon as described below. Overall Achilles tendon length was 193 

estimated using the participant’s height and multiplying by a factor of 0.00792 (calculated 194 

from tendon data from (Reeves et al., 2005)). MRI scans were used to measure the distal 195 

portion of the Achilles tendon length by summing the number of slices from the calcaneus 196 

insertion to the soleus MTJ (slice thickness: 7mm + gap: 1mm = resolution of 8mm). The 197 

proximal portion of the Achilles tendon length was estimated by subtracting the length of the 198 

distal portion from the overall Achilles tendon length. The overall longitudinal tendon 199 

elongation was measured using ultrasound at the gastrocnemius medial MTJ and longitudinal 200 

elongation for each section, ΔL, was estimated by assuming that elongation at the soleus MJT 201 

was 30% less than the elongation of the overall Achilles tendon (Bojsen-Moller et al., 2004). 202 

Mechanical stiffness, K, for both proximal and distal components of the Achilles tendon was 203 

estimated by dividing force applied, F, by the extension, Δx, (equation 1), on the respective 204 

tendon components.  205 

𝐾 = #
∆%

    (1) 206 

During in vitro testing taken until failure the tendon longitudinal force-elongation behaviour 207 

can be observed to move from a ‘toe’ region into a well-defined ‘linear’ elongation region. 208 

During in vivo tendon mechanical tests, although the tendon longitudinal force-elongation 209 

behaviour may begin to enter into a linear region following on from the curvilinear toe 210 

region, any linear region is not as well-defined as that during in vitro tests. The approach to 211 

calculating tendon stiffness in vivo therefore typically relies upon assuming linearity of the 212 
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tendon’s force-elongation curve over small, well-defined regions of this curve (Maganaris 213 

and Paul, 1999). The tendon force-elongation curve was therefore assumed as linear over the 214 

small force regions where it was measured, i.e., 0-10, 10-20 and 20-30% MVC.        215 

 216 

Young’s Modulus, E, was calculated separately for the distal and proximal tendon regions by 217 

taking the average resting CSA from each of the tendon sections, AAVE, and calculating the 218 

average stress, σ, and the average strain, εx, in the longitudinal direction (equations 2-5).  219 

𝐴'() =
'*
+

+
,-.   (2) 220 

𝜎 = #
'012

   (3) 221 

𝜀% =
4%
5

   (4) 222 

𝐸 = 7
8
    (5) 223 

Poisson’s ratio, ν, was calculated from the tendon volume change, ΔV, and the original 224 

tendon volume, Vo, using equation 6. Tendon volume was calculated using MRI 225 

measurements. The distal Achilles tendon portion was measured in full but only ~70% of the 226 

proximal (gastrocnemius) component of the Achilles tendon was directly measured by the 227 

MRI, so a subject specific multiplying factor was used to calculate total volume (Reeves et 228 

al., 2005).   229 

𝜐 = .
:
− 4<

:		(>		8?
  (6) 230 

Load sharing between the Achilles tendon components was estimated as 59% of the plantar 231 

flexor joint moment for the distal component of the Achilles tendon and 24% for the 232 

proximal component of the Achilles tendon based upon muscle physiological cross-sectional 233 

area (PCSA) data (Fukunaga et al., 1992). Other plantar flexor muscles (tibialis posterior, 234 

flexor hallucis longus and flexor digitorum longus) were assumed to carry the remaining 17% 235 

of the load (peroneus longus and brevis muscles were not included since their main role was 236 
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assumed to be ankle eversion and furthermore, there was no PCSA data available for these 237 

muscles relative to the other plantar flexors).  238 

Statistical Analysis 239 

A repeated measures analysis of variance (ANOVA) with a Newman-Keuls multiple 240 

comparison post-hoc test was applied to test for differences between contraction conditions 241 

(rest, 10, 20 and 30% MVC). This statistical approach was used for the parameters of tendon 242 

CSA, tendon longitudinal elongations, plantar flexor joint torque and dorsi flexor muscle co-243 

activation. A paired samples Student’s t-test was used to test for differences in mechanical 244 

properties between the distal and proximal portions of the Achilles tendon. Values presented 245 

are means ± SD. 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

  257 
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Results 258 

Regional Achilles Tendon CSA Changes Upon Loading 259 

At 10% of MVC, CSAs were significantly smaller throughout the proximal Achilles tendon 260 

component compared to those at rest (P<0.01), but there was no significant difference in the 261 

distal Achilles tendon CSAs (Fig. 2A). At 20% and 30% of MVC, CSAs throughout the 262 

proximal Achilles tendon component remained significantly smaller compared to those at rest 263 

(P<0.01; Fig. 2B & 2C respectively). At 20% of MVC, the most superior CSA of the distal 264 

Achilles tendon component (scan 9) was significantly smaller compared to that at rest 265 

(P<0.01), with no significant difference in any other CSAs throughout the distal Achilles 266 

tendon component (Fig. 2B). At 30% of MVC, CSAs in the superior region of the distal 267 

Achilles tendon (Scans 4-9) were significantly smaller compared to those at rest (P<0.01; 268 

Fig. 2C), with no significant difference at the most inferior CSAs of the distal Achilles 269 

tendon component (scan 2 & 3).  270 

Longitudinal Achilles Tendon Elongations 271 

Longitudinal elongations of the whole Achilles tendon measured using ultrasound are shown 272 

in Fig. 3 and Table 3. Elongations of the whole Achilles tendon measured at 0, 1, 2 and 3 273 

minutes during the sustained isometric contractions were not significantly different between 274 

any of these time-points, for any of the contraction levels (Fig. 3).  275 

Plantar Flexion Joint Torque & Achilles Tendon Moment Arm 276 

Table 1 shows how participants were able to be very accurate with matching the target 277 

plantar flexion torque over the duration of the three-minute contraction on the dynamometer, 278 

with little variation around the mean. Table 2 shows the Achilles tendon moment arm lengths 279 

for each individual participant as well as the group mean and SD. 280 

Dorsi Flexor Co-Activation 281 
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The level of dorsi flexor coactivation during plantar flexor efforts was <1% expressed as a 282 

proportion of the maximum agonist dorsi flexor EMG and <1 N·m when the torque 283 

contribution from this level of co-activation was calculated. There were no significant 284 

differences in co-activation between contraction levels (% MVC), or over time during the 285 

sustained isometric contraction.  286 

Mechanical Properties of the Distal & Proximal Components of the Achilles Tendon 287 

Table 3 shows the mechanical properties for the distal and proximal components of the 288 

Achilles tendon at the three different loading levels (10, 20 and 30% of MVC). The proximal 289 

component of the Achilles tendon was significantly longer (Lo), experienced ~60% lower 290 

forces (F), ~70% lower stress (σ), ~30% lower stiffness (K) and 6-fold higher Poisson’s ratio 291 

(v) compared to the distal Achilles tendon component (Table 3).  292 

 293 

 294 

 295 

 296 

  297 
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Discussion 298 

In this paper we adopt a novel MRI-based approach to study transverse tendon deformations 299 

occurring throughout the length of the Achilles tendon, with the initial hypothesis that 300 

deformation would be greater where tendon CSA is smaller. This experimental approach 301 

involved measuring tendon CSA changes in the transverse plane with the assumption that 302 

tensile loading causes a reduction in CSA proportional to the longitudinal elongation 303 

(Poisson’s ratio); essentially, as the tendon is stretched it becomes proportionally thinner. Our 304 

initial hypothesis, that tendon would undergo larger deformations in regions of smaller CSA, 305 

was based upon the assumption that material properties and forces were similar throughout 306 

the tendon’s length. Therefore, areas where the tendon CSA was smaller would experience 307 

higher stress and undergo larger transverse and longitudinal deformations. The present results 308 

do not support this hypothesis, but instead support the intriguing notion that Achilles tendon 309 

deformation is region-specific and closely related to differences in mechanical properties 310 

between the proximal (gastrocnemius) and distal components of the Achilles tendon (Figs. 1, 311 

2; Table 3).  312 

In the present study, we applied tensile loading via isometric muscle contraction at 10, 20 and 313 

30% of MVC. At 10% of MVC we found reductions in CSA throughout the length of the 314 

proximal (gastrocnemius) Achilles tendon portion, but no changes in the distal portion of the 315 

Achilles tendon (Fig. 2A). Selected superior regions of the distal portion of the Achilles 316 

tendon only began to show reductions in CSA upon loading at 20% and 30% of MVC, with 317 

no changes to inferior regions of the distal tendon portion (Fig. 2B & 2C). These results show 318 

that rather than the region of smallest tendon CSA undergoing larger transverse deformations 319 

due to tensile loading, there is a marked difference between proximal and distal regions of the 320 

Achilles tendon. Specifically, in the proximal region of the Achilles tendon force was ~60% 321 

lower, stress ~70% lower, stiffness ~30% lower and Poisson’s ratio 6-fold higher compared 322 
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to the distal portion of the Achilles tendon. (Fig. 2; Table 3). Substantially greater transverse 323 

strain in the proximal compared to the distal region of the Achilles tendon explains the 6-fold 324 

higher Poisson’s ratio value for this proximal Achilles tendon region.  325 

The substantially lower forces acting on the proximal portion of the Achilles tendon (~60% 326 

lower) can be explained because only forces generated proximal to the gastrocnemius myo-327 

tendinous junction by the gastrocnemius muscle act to deform this proximal Achilles tendon 328 

region. In contrast, the more distal portion of the Achilles tendon experiences much higher 329 

forces generated by both proximally located muscles: the gastrocnemius and soleus (Table 3). 330 

Substantially lower forces in the proximal Achilles tendon region contribute to explaining the 331 

markedly lower stiffness (~30% lower) compared to the distal tendon portion (Table 3). The 332 

lower stiffness of the proximal Achilles tendon region may allow it to function as a ‘buffer’, 333 

absorbing high strains induced by high force eccentric contractions and thereby protecting the 334 

stiffer, more highly stressed, distal portion of the Achilles tendon. The capacity of tendon to 335 

act as a buffer and protect the muscle fascicles from injury by attenuating the force and 336 

slowing the rate of lengthening for muscle fascicles has previously been identified (Konow 337 

and Roberts, 2015; Konow et al., 2012; Roberts and Konow, 2013). We speculate that the 338 

proximal portion of the Achilles tendon may not only function as a buffer to protect the 339 

muscle fascicles, but also to protect the stiffer, more highly stressed, distal portion of the 340 

Achilles tendon. 341 

A tendon’s modulus reflects the intrinsic ‘material’ properties of the tendon and is given by 342 

the stiffness normalised to the dimensions of the tendon (Maganaris and Paul, 1999; Reeves 343 

et al., 2003). Since the CSAs of these two tendon regions (proximal and distal Achilles 344 

tendon regions) are fairly equivalent (see Fig. 2 and Table 3) and our findings show the 345 

stiffness of the proximal tendon region to be lower, these results might indicate a lower 346 

modulus of the proximal Achilles tendon, however this was not found to be the case (Table 347 
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3). The stiffness values in the present study ranged between 51 and 132 N mm-1, which agree 348 

well with a number of previously reported values for the Achilles tendon ranging between 26 349 

and 187 N mm-1 (Arampatzis	 et	 al.,	 2007;	 Karamanidis	 and	 Arampatzis,	 2006;	 Kubo	 et	350 

al.,	 2002;	 Maganaris	 and	 Paul,	 2002;	 Reeves	 et	 al.,	 2005), but are lower than some other 351 

reports for the same tendon ranging between 486 and 2,000 N mm-1 (Couppé	 et	 al.,	 2016;	352 

Kongsgaard	et	al.,	2011;	Magnusson	et	al.,	2003;	Magnusson	et	al.,	2001). These apparent 353 

discrepancies across the literature are likely explained by a number of factors including the 354 

proportion of force attributed to the Achilles tendon from the measured joint torque, differing 355 

sections of the force-elongation curve examined and variance in the anatomical structures 356 

tracked to measure longitudinal elongations.     357 

Consistent with our findings in the ‘free’ Achilles tendon, a greater elongation of the 358 

gastrocnemius compared to the soleus tendon-aponeurosis has been observed using 359 

ultrasound imaging during maximal and sub-maximal contractions with the knee in full 360 

extension (Bojsen-Moller et al., 2004). Through the insertion and tracking of a needle into the 361 

‘free’ Achilles tendon, it has been reported that the elongation and strain of the free Achilles 362 

tendon (corresponding to the distal portion of the Achilles tendon in the present study) was 363 

greater than an intra-muscular point tracked on the medial gastrocnemius tendon-aponeurosis 364 

(Magnusson	 et	 al.,	 2003). These previous findings are broadly in line with those of the 365 

present study when considering the two separate regions of the Achilles tendon; the present 366 

study found greater elongation and longitudinal strains in the distal Achilles tendon 367 

(equivalent to the ‘free tendon’ of the previous study) compared to the proximal Achilles 368 

tendon region (Table 3). Previous work using a 3-dimensional ultrasound approach has found 369 

3mm elongation in the Achilles tendon and 3mm elongation in the proximal gastrocnemius 370 

component of the Achilles tendon during contraction at 50% of MVC (Farris et al., 2013). 371 

Similar elongations between these two components of the Achilles tendon with markedly 372 
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lower forces acting on the gastrocnemius tendon component are in line with our assertions of 373 

a lower stiffness for the proximal (gastrocnemius) compared to the distal Achilles tendon. 374 

Due to the greater length of the proximal (gastrocnemius) compared to the distal Achilles 375 

tendon region, these elongations correspond to smaller longitudinal strains in the proximal 376 

tendon component consistent with MRI-based findings at 30 and 60% of MVC (Iwanuma et 377 

al., 2011). These previous reports, however, reflect overall ‘end-to-end’ length changes of 378 

these tendon components rather than any more detailed region specificity as examined in the 379 

present study. An increased width measured at the gastrocnemius MTJ was noted upon 380 

contraction in a previous report (Farris et al., 2013). In another report an increased width of 381 

the proximal (gastrocnemius) Achilles tendon component, but a decreased width of the distal 382 

Achilles tendon component during contractions at 30 and 60% of MVC was noted (Iwanuma 383 

et al., 2011). Whilst girth measurements at a single site such as the MTJ may result from 384 

muscle bulging, tensile deformation of a tendon should only result in thinning of its overall 385 

CSA (Poissons ratio) and therefore consideration of only one axis in the transverse plane may 386 

not reveal the true nature of deformation during tendon loading. In the present study, the 6-387 

fold higher Poisson’s ratio of the proximal compared to the distal Achilles tendon region 388 

reflects the substantial ‘thinning’ of the proximal tendon region during tensile loading.  389 

We initially hypothesised that larger CSA reductions inferring larger longitudinal elongations 390 

would occur in areas where the tendon CSA was smaller. In sharp contrast, we found larger 391 

CSA reductions inferring larger longitudinal elongations, in the proximal Achilles tendon 392 

region where tendon CSA was actually the greatest (Fig. 2). This finding raises at least two 393 

main possibilities:  394 

1. Forces may not be distributed equally throughout the length of the Achilles tendon and 395 

areas of smaller CSA may experience lower forces and stresses.  396 
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2. There may be differences in the Achilles tendon’s material properties along its length that 397 

could result from changes in the volume fraction, with collagen fibre-to-matrix ratios 398 

increasing in areas where the tendon CSA is smaller.  399 

Although possible, option 1 above seems unlikely since the forces experienced in the smaller 400 

CSA regions would need to be substantially lower than other regions to compensate for the 401 

smaller CSA. Although not implausible, it is difficult to understand how the forces 402 

transmitted through an in-series structure could vary so drastically. The density and area 403 

fraction of collagen fibrils have been shown to vary between different regions of the rabbit 404 

patellar tendon (Williams et al., 2008), raising the possibility that changes to the collagen 405 

fibre-to-matrix ratio (option 2 above) may occur along the length of the human Achilles 406 

tendon. If this ratio (collagen fibre-to-matrix) increases in regions of smaller tendon CSA, it 407 

may increase the modulus in these Achilles tendon regions and contribute towards explaining 408 

the current findings.  409 

The finding of differential deformations along the length of the proximal and distal Achilles 410 

tendon components is in line with previous in vivo reports of non-uniform longitudinal 411 

elongations in the soleus tendon-aponeurosis and tibialis anterior muscle-tendon unit (Finni et 412 

al., 2003; Maganaris and Paul, 2000). Differences in elongation have also been reported 413 

between the gastrocnemius tendon-aponeurosis and the Achilles tendon (Bojsen-Moller	 et	414 

al.,	 2004;	 Magnusson	 et	 al.,	 2003). Our findings are also in line with in vitro reports of non-415 

uniform elongations along the length of the human Achilles and other long tendons (Wren et 416 

al., 2001; Zernicke et al., 1984). Since the gastrocnemius and soleus tendons ‘fuse’ to form 417 

the Achilles tendon distal to the soleus muscle, there is the potential for intra-tendinous shear 418 

to occur within the Achilles tendon. Indeed the propensity for shear within the Achilles 419 

tendon has been indicated from in vivo (Bojsen-Moller	 et	 al.,	 2004;	 Magnusson	 et	 al.,	420 

2003) and in vitro (Lersch et al., 2012) human studies.  421 
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Three muscles (gastrocnemius medial and lateral heads and soleus) generate force applied to 422 

the Achilles tendon and their individual force contributions will vary according to their 423 

physiological cross-sectional area (Fukunaga	 et	 al.,	 1992). These three muscles may also be 424 

activated to different relative levels at any given joint torque. Indeed, activation of the lateral 425 

gastrocnemius muscle was shown to be relatively lower at 30% of maximum voluntary 426 

plantar flexion contraction compared to the medial gastrocnemius (Masood	 et	 al.,	 2014). 427 

This highlights the complexity of loading on the Achilles tendon with contributions from 428 

three independent muscles, which have been suggested to constitute mechanically separate 429 

tendon compartments within the Achilles (Bojsen-Moller	 and	 Magnusson,	 2015). Indeed, 430 

ultrasound speckle tracking methods have shown greater elongation within the deeper region 431 

of the Achilles tendon compared to the superficial layer during loading (Arndt	 et	 al.,	 2012;	432 

FRANZ	 et	 al.,	 2015;	 Slane	 and	 Thelen,	 2015). This may suggest the presence of inter-433 

fascicle sliding and a relative independence of gastrocnemius and soleus tendon components 434 

functioning within the Achilles tendon. The fibres of the Achilles tendon may spiral by up to 435 

1.57 rad as they descend towards the attachment site on the calcaneus, with the degree of 436 

rotation varying according to the nature and extent of the fusion between gastrocnemius and 437 

soleus tendon components within the Achilles tendon (Cummins and Anson, 1946) and also 438 

varying considerably between individuals (Bojsen-Moller	 and	 Magnusson,	 2015). This 439 

complex 3-dimensional micro-structure will have implications for the degree of deformation 440 

occurring along the different regions of the Achilles tendon, likely determining areas of shear 441 

and torsional stress concentration. This is reflected by markedly different values for Poisson’s 442 

ratio between the proximal and distal Achilles tendon regions (Table 3). It might be 443 

speculated that rather than differences in tendon CSA as we initially hypothesised, the 444 

complex 3-dimensional micro-structure and the potential for shear within the tendon could be 445 

factors contributing towards the high rupture rate of the Achilles tendon 3 to 5 cm proximal 446 
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to the calcaneus (Józsa et al., 1989). To determine the effects of different structural 447 

distributions within and along the Achilles tendon, construction of a finite element model is 448 

required similar to that previously performed for the patellar tendon (Lavagnino et al., 2008).  449 

The approach followed in the present study involved isometric contractions being held for 2 450 

minutes duration during MRI scanning. During prolonged constant tensile loading there is the 451 

potential for tendon creep to occur and we therefore tested for this possibility using 452 

ultrasound scanning. Our results showed no significant increase in longitudinal tendon 453 

elongation during this constant contraction over a 3-minute period (i.e., longer than our actual 454 

MRI scanning period), indicating that creep was unlikely present in our MRI measurements 455 

for the range of loading levels examined (Fig. 3). The absence of creep may be explained by 456 

the lower level of contractions elicited here (up to 30% MVC) compared to other studies 457 

where creep has been observed (Cohen et al., 1976; Maganaris et al., 2002).  458 

Co-activation of dorsiflexor muscles was also unlikely to play any role in our MRI 459 

measurements at the range of voluntary forces examined since the estimated dorsiflexor co-460 

activation torque was <1%. Our participants demonstrated on the dynamometer that they 461 

were capable of maintaining the target torque very accurately during plantar flexion 462 

contractions with visual feedback at the elicited torque levels (Table 1). We are therefore 463 

confident that participants maintained the torque level constant in the MRI scanner during the 464 

acquisition of the scans. Additionally, our plantar flexion lever system was very sensitive and 465 

the experimenter present in the MRI scanner could identify if any deviations occurred from 466 

the balanced situation.  467 

Certain limitations and assumptions of the current work should be noted. In the present study 468 

we have examined plantar flexion contractions up to the level of 30% MVC due to the 469 

constraints associated with the length of time contractions needed to be maintained in the 470 

MRI scanner (2 mins); therefore caution should be emphasised in extrapolating the current 471 
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findings to higher forces approaching MVC. Although it might be argued that these force 472 

levels (10, 20 and 30% MVC) are at the relatively low end in relation to MVC forces, the 473 

largest elongations occur within the initial low-force region of the tendon force-elongation 474 

curve (Butler et al., 1978). In fact, at force levels corresponding to 30% of MVC, tendon 475 

elongation is ~50-60% of the elongation measured at 100% of MVC (Malliaras et al., 2013; 476 

Reeves et al., 2003; Reeves et al., 2005). Hence, by examining tendon deformations at loads 477 

up to 30% of MVC, we actually cover a force range accounting for 50-60% of its entire 478 

elongation. Due to constraints of the MRI field of view, we were not able to scan the entire 479 

length of the proximal part of the Achilles tendon, which should be acknowledged as a 480 

limitation. For calculation of the mechanical properties of this proximal part of the tendon it 481 

was therefore necessary to estimate its length using an anthropometric ratio from published 482 

data. When estimating the overall elongation of the distal part of the Achilles tendon in 483 

calculating mechanical properties, we applied a ratio from published data to the elongation 484 

directly measured higher up at the gastrocnemius myo-tendinous junction. In calculating 485 

stiffness of the distal and proximal portions of the Achilles tendon, although the overall 486 

force-elongation relationship was curvilinear, a necessary simplification made in the present 487 

(and all previous studies of a similar nature) was to assume linearity of specific but small 488 

sections of this force-elongation curve.           489 

In conclusion, using a novel MRI-based approach the present study has shown marked 490 

differences along the length of the Achilles tendon, with larger transverse tendon 491 

deformations upon tensile loading within the proximal compared to the distal region of the 492 

Achilles tendon. These marked differences were reflected by the force on the proximal 493 

tendon region being ~60% lower, stress ~70% lower, stiffness ~30% lower and Poisson’s 494 

ratio 6-fold higher compared to the distal Achilles tendon component. These results suggest 495 
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that the proximal component of the Achilles tendon may act as a mechanical buffer to protect 496 

the stiffer, more highly stressed, distal component of the Achilles tendon from injury.  497 

  498 
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Table 1. Joint torque during plantar flexion contractions at 10, 20 and 30% of maximal 655 

voluntary contraction (MVC). Values are means ± SD for the target torque, the actual torque 656 

(mean over three-minute duration) and SD (the variance around the mean over the three-657 

minute duration).  658 

10%	MVC	 20%	MVC	 30%	MVC	

Target	 Actual	 SD	 Target	 Actual	 SD	 Target	 Actual	 SD	

(N·m)	 (N·m)	 (N·m)	

12.3	±	

3.4	

12.3	±	

3.4	

0.3	±	

0.1	

24.6	±	

6.8	

24.5	±	

6.7	

0.4	±	

0.2	

36.9	±	

10.2	

36.5	±	

10	

0.6	±	

0.3	

 659 

 660 
Table 2. Achilles tendon moment arm lengths. Individual values for each participant are 661 

shown, in addition to the group mean and SD.  662 

	 Moment	arm	length	(mm)	

P1	 48	

P2	 49.5	

P3	 49.2	

P4	 54.9	

P5	 57.7	

P6	 44.8	

P7	 38.6	

P8	 64.4	

P9	 51.5	

	 	

Mean	 50.9	

SD	 7.5	

 663 

 664 
  665 
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Table 3. Mechanical properties for the Achilles tendon components. 666 

  
Overall	Achilles	Tendon	 	      

Measured		 r	 50.9	 7.5	 		 	     

values	 h	 1.81	 0.05	 		 	     

		 	 10%	MVC	 20%	MVC	 30%	MVC	 	      

		 Ao	 0.95	 0.14	 0.95	 0.14	 0.95	 0.14	 	      

		 A	 0.84	 0.16	 0.83	 0.16	 0.80	 0.15	 	      

		 ΔLFULL	 2.7	 0.9	 6.7	 2.2	 10.1	 2.2	 	      

		 T	 12.3	 3.4	 24.5	 6.7	 36.5	 10.0	 	      

		 	 Proximal	Achilles	 Distal	Achilles	

		 	 10%	MVC	 20%	MVC	 30%	MVC	 10%	MVC	 20%	MVC	 30%	MVC	

		 Ao	 0.95	 0.14	 0.95	 0.14	 0.95	 0.14	 0.92	 0.21	 0.92	 0.21	 0.92	 0.21	

		 A	 0.84	 0.16	 0.83	 0.16	 0.80	 0.15	 0.90	 0.17	 0.87	 0.16	 0.85	 0.17	

Calculated	 F	 65**	 16	 129**	 32	 193**	 47	 159	 39	 317	 78	 474	 116	

values	 Lo	 147**	 11	 147**	 11	 147**	 11	 81	 11	 81	 11	 81	 11	

		 ΔL	 0.8**	 0.3	 2.0**	 0.7	 3.0**	 0.7	 1.9	 0.7	 4.7	 1.6	 7.1	 1.5	

	 σ	 0.7**	 0.1	 1.4**	 0.3	 2.0**	 0.4	 2.5	 0.9	 5.0	 1.7	 7.5	 2.6	

	 εL	 0.6**	 0.2	 1.4**	 0.5	 2.0**	 0.4	 2.4	 0.9	 5.8	 2.2	 9.2	 2.5	

		 εT	 -2.5	 5.5	 -6.2	 8.0	 -7.9	 8.2	 -1.0	 3.3	 -2.4	 4.1	 -3.3	 4.6	

		 K	 89**	 27	 51**	 10	 86**	 37	 132	 40	 75	 15	 128	 55	

		 E	 125	 50	 101	 32	 95	 21	 114	 56	 100	 53	 85	 28	

		 ν	 6.4	 10.8	 3.8	 6.1	 3.7*	 3.7	 0.3	 1.7	 0.1	 1.4	 0.3	 0.6	

 667 
Values are means and SD. *(P<0.05)	and	**(P<0.01)	denote	significant	difference	from	the	distal	668 
component	of	the	Achilles	tendon. 669 
Abbreviations (units): 670 
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r	=	moment	arm	length	(mm) 671 
h	=	Participant	height	(m) 672 
Ao = Average unloaded tendon cross-sectional area (cm2) 673 
A = Average loaded tendon cross-sectional area (cm2) 674 
ΔLFULL = overall change in full Achilles tendon length (mm) 675 
T = Joint torque developed at the ankle (N·m) 676 
F = force on the tendon section (N) 677 
Lo = original tendon section length (mm) 678 
ΔL = change in tendon section length (mm) 679 
σ = Average engineering stress in tendon section (MPa) 680 
εL = Average longitudinal strain in tendon section (%) 681 
εT = Average transverse strain in tendon section (%) 682 
K = Average stiffness of tendon section (N mm-1) 683 
E = Average Young’s modulus of tendon section (MPa) 684 
ν = Poisson’s ratio for tendon section   685 
 686 
 687 
 688 
 689 

  690 
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Figure Titles 691 

Figure 1. Example series of axial plane magnetic resonance imaging scans showing tendon 692 

cross-sectional areas (CSA) measured in one participant. The tendon CSAs are delineated by 693 

the green line. The first appearance of the soleus muscle can be seen, which defined where 694 

the proximal component of the Achilles tendon began.   695 

 696 

 697 
Figure 2. Cross-sectional area (CSA) along the length of the Achilles tendon at rest and 698 

during isometric contraction at (A) 10%, (B) 20% and (C) 30% of plantarflexion maximum 699 

voluntary contraction (MVC). *denotes significantly (P<0.01) different from rest. SOL MTJ 700 

= soleus myo-tendinous junction. Scan 0 is the first appearance of the Achilles tendon above 701 

the calcaneus. Data are means and SD (n=9). 702 

 703 

 704 
Figure 3. Longitudinal elongation of the Achilles tendon measured at the medial 705 

gastrocnemius myo-tendinous junction using ultrasound at rest and during isometric 706 

contraction at (A) 10%, (B) 20% and (C) 30% of plantarflexion maximum voluntary 707 

contraction (MVC). Isometric contractions were maintained at the defined contraction levels 708 

(10, 20 and 30% MVC) for up to 3 minutes, with measurements being taken immediately 709 

upon contraction (time 0 on the x-axis) and subsequently every minute. Data are means ±SD 710 

(n=9). 711 
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Figure 3. 727 


