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A B S T R A C T

Achilles tendon rupture (ATR) alters stiffness of the tendon and other structures within the triceps surae 
muscle–tendon unit. Although stiffness of the tendon has been studied after rupture, regional adaptations of the 
medial gastrocnemius (MG) muscle and aponeurosis mechanical properties are unknown. Therefore, we assessed 
changes in MG muscle and aponeurosis shear wave (SW) velocity and morphology during a 1-year follow-up 
after unilateral ATR. Twenty-three (17 males, 6 females) participants were assessed for SW velocity of MG 
muscle and aponeurosis and morphological properties at 2, 6 and 12 months at rest. Linear mixed models were 
used to investigate the differences between limbs at different time points, and partial correlations controlled for 
age to explore associations between SW velocity and morphological properties. Regional SW stiffness of the 
injured MG muscle and aponeurosis were lower at 2 months but recovered by 6 months after ATR. When 
comparing limbs, MG muscle and aponeurosis SW velocity were lower in the injured limb at 2 months with a 
mean difference of − 0.34 m/s (− 0.48 to − 0.21 m/s, t = -5.10), and − 1.6 m/s (− 2.39 to 0.89 m/s, t = 4.38). SW 
velocity did not differ at the muscle or aponeurosis between limbs at 6 or 12 months. Fascicle length of the MG 
muscle was negatively correlated with SW velocity of the MG muscle (r = -0.25, p = 0.041) and positively 
correlated with aponeurosis SW velocity (r = 0.29, p = 0.018). The remodelling of the MG muscle to shorter 
fascicles might help to enhance stiffness and maintain tension at the muscle.

1. Introduction

Force exerted by a muscle is transmitted readily through the sur
rounding collagen-rich connective tissues (Huijing, 2003), including 
aponeurosis and free tendon, to reach the bone and facilitate locomo
tion. Although some force may be transmitted in cross-fiber directions 
(Finni et al., 2017; Huijing, 2003), the main pathway of force is the 
stiffest myotendinous structure. Stiffness (i.e. ratio of length to force 
change) is an important factor for muscle energetics as it affects rate of 
force development, force production and efficiency of locomotion 
(Bojsen-Møller et al., 2005; Ettema and Huijing, 1994; Monte and 
Zignoli, 2021; Roberts, 2016). The stiffness of tendinous tissue can be 
altered by acute injuries such as tendon rupture (Agres et al., 2015; 
McNair et al., 2013) and can influence the structure and function of the 
muscle in series; for example, fascicle length is inter-related with tendon 
compliance and gait efficiency (Bohm et al., 2021; Lichtwark and 

Wilson, 2008; Monte et al., 2020).
Passive mechanical properties of the muscle in series have important 

functional relevance, affecting a muscle–tendon unit’s (MTU) capacity 
to execute movements across large ranges of motion with minimal 
metabolic energy expenditure (Blazevich, 2019). In endurance runners, 
higher plantar flexor passive stiffness was found to be associated with 
better running economy (Ueno et al., 2017). Moreover, passive stiffness 
of the plantar flexors may be a reflection of muscle parallel elastic 
component characteristics rather than tendinous tissue (Kubo et al., 
2001).

Shear wave elastography (SWE) is a non-invasive technique that 
allows regional assessment of soft tissue mechanical properties (Bercoff 
et al., 2004; Bernabei et al., 2020; Eby et al., 2013). SWE provides a 
surrogate measure of tissue stiffness by tracking shear waves (SW) 
generated by radiation pulses (Bernabei et al., 2020). Tissue stiffness is 
determined based on the propagation velocity (m/s) of the SWs. Recent 
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studies suggest a relationship between plantar flexor muscle stiffness 
measured at rest with SWE and during passive lengthening (Chino and 
Takahashi, 2016). Additionally, lower SW velocity of the medial 
gastrocnemius (MG) muscle were documented following a 12-week 
muscle mediated stretching program (Andrade et al., 2020), and after 
acute static stretching (Akagi and Takahashi, 2013), in agreement with 
expected muscle stiffness adaptation to stretching. These studies indi
cate that SW technology is sensitive enough to detect adaptations 
resulting from exercise or injuries such as Achilles tendon rupture (ATR) 
(Aubry et al., 2011). However, careful interpretation is advised as SW 
stiffness measurements rely on the assumptions that tendons are linearly 
elastic, homogenous and isotropic which might not be fully met in vivo 
(Bercoff et al., 2004; Khair et al., 2024).

Studies evaluating SW velocity of the Achilles tendon (AT) after 
rupture have found lower SW velocity in the injured limb that increases 
to comparable levels of the un-injured side within 12-weeks (Yoshida 
et al., 2023). Our recent study showed association between SW velocity 
and toe region of the tendon force–elongation curves one year after ATR 
(Khair et al. 2024). Furthermore, the stiffness based on force–elongation 
curves was different between the shorter free AT compared to the longer 
MG tendon (Khair et al., 2024). Thus, there may be regional differences 
in tissue stiffness that are inherent but also influenced by the recovery 
state.

It is well established that ATR changes the contractile component of 
the triceps surae MTU. In the first weeks following rupture, the length of 
the AT increases, which prompts remodelling of the MG muscle, char
acterized by a reduction in fascicle length (Baxter et al., 2018; Hullfish 
et al., 2019). These adaptations in the structure of the MG muscle are 
critical to enable the ruptured limb to operate within a near-optimal 
operating range, albeit with a narrower range of active force genera
tion (Stäudle et al., 2020). In the context of the muscle force–velocity 
relationship, assuming a similar contraction velocity shorter fascicles 
are expected to produce less force than longer fascicles (Hill, 1953). 
Those changes in function and structure of the MG and the triceps surae 
MTU can alter the stiffness of the muscle, aponeurosis and tendon, yet 
such changes after ATR are poorly understood.

Therefore, the objective of this study was to examine changes in MG 
muscle and aponeurosis SW velocity and MG muscle morphology during 
a 1-year follow-up after unilateral ATR. We hypothesized that SW ve
locity of the MG muscle and aponeurosis would be lower on the injured 
side than on the contralateral side at 2 months, then increase to be 
similar at 6 months, and exceed that of the un-injured side at 12 months 
after rupture (Yoshida et al., 2023). Additionally, to understand the 
interplay between contractile and tendinous tissue, we explored the 
associations between SW velocity, morphological properties of the MG 
muscle and plantar flexion maximum voluntary torque (MVC).

2. Methods

In total, 23 participants (6 females; 41 ± 10.6 years, 178 ± 9.6 cm, 
87 ± 17.4 kg) with unilateral ATR were recruited within a clinical 
cohort study (NoARK, trial registration: NCT03704532). Participants 
were diagnosed within 14 days of the rupture using guidelines by the 
American Academy of Orthopaedic Surgeons and received non-surgical 
treatment. Inclusion criteria were a minimum of 2 of the following 4 
criteria: a positive Thompson test, decreased plantarflexion strength, 
presence of a palpable gap, and increased passive ankle dorsiflexion 
with gentle manipulation (Surgeons, 2009). Participants who suffered 
avulsion fracture or a re-rupture were excluded from the analysis. Par
ticipants were treated non-surgically with early mobilisation (Reito et al. 
2018). This study was approved by the Ethics committee of Central 
Finland health care district (2U/2018). Participants signed an informed 
consent explaining the details of the study, possible risks, and gave 
permission to use data for research purposes. Participants were tested 
(mean ± SD) 2.2 ± 0.4, 6.1 ± 0.3, and 12.3 ± 05 months after rupture.

2.1. Laboratory test protocol

B-mode ultrasound images were acquired using a 6-cm linear probe 
(UST-5712; 7.5 MHz, Aloka, Tokyo, Japan) while participants laid in 
prone position with a relaxed ankle joint angle, and feet over the end of a 
table. Ultrasonography was used to locate the most distal point of the 
MG muscle–tendon junction and the proximal edge of the calcaneus, 
both of which were marked on the skin. Then, the distance was 
measured with a measuring tape following the curvature of the AT 
(Barfod et al., 2015). Images to calculate fascicle length and cross- 
sectional area (CSA) were captured halfway between the 
muscle–tendon junction and the crease of the knee, at the point where 
the deep and superficial aponeuroses of the muscle run parallel 
(Bolsterlee et al., 2016). CSA images were taken using the extended field 
of view function from the same muscle location with the knee flexed to 
90 ◦ (Khair et al., 2022). Two images were taken, and average values 
were used for further analysis.

Supersonic shear wave elastography (Aixplorer Supersonic Imagine, 
v. 12.3.1 Aix-en-Provence, France) was used to record shear wave ve
locity (m/s) of the MG muscle and aponeurosis (Bercoff et al. 2004) with 
a linear 38 mm probe (2–10 MHz, SL10-2). Measurements were per
formed with a custom musculoskeletal pre-setting (penetration mode, 
smoothing level 5, persistence off, opacity 100 %) with the participant in 
prone position and ankles relaxed over the end of the table (Fig. 1). 
Taking into account the sensitivity of SWE to passive tension, partici
pants relaxed in a prone position for 3 min prior to imaging to unload 
tension on the triceps surae MTU. Once relaxed, it is reasonable to as
sume that this position represents the passive state of the plantar flexors. 
Additionally, this approach is commonly used in studies assessing SWE 
properties of the triceps surae (Chino and Takahashi, 2016; Coombes 
et al., 2018; DeWall et al., 2014).

For MG muscle, the probe alignment was determined at 50 % of 
muscle belly length, where multiple fascicles and both superficial and 
deep aponeurosis were visible in sagittal view. For the aponeurosis, 
images were acquired from the most distal point of MG muscle. The 
probe was positioned perpendicular to the skin with a clear view of both 
aponeurosis and proximal MG subtendon. The deep aponeurosis was 
assessed as it represents the proximal extension of the AT (Shin et al., 
2009). The elasticity range was adjusted according to the individual MG 
and aponeurosis properties to visualize changes in the SWE colourmap 
while avoiding saturation (maximum device range 0–16.3 m × s− 1). 
Videos ranged between 3–5 s per condition. Intra-rater reliability of SW 
imaging was tested for one rater with an additional pilot sample (n = 8) 
with a minimum of 24 h between two trials. Reliability of SW imaging 
for MG aponeurosis was ICC 0.87 (95 % CI 0.41–0.98), CV of 5.9 %, SEM 
0.33 m/s and MDC 0.9 m/s, and for the MG muscle belly ICC 0.77 (95 % 
CI 0.14–0.96), CV of 3.7 %, SEM 0.09 m/s and MDC 0.2 m/s.

After the ultrasound measurements, participants sat in a custom- 
made ankle dynamometer (University of Jyväskylä, Finland) with the 
hip at 120◦, knee at 0◦, and the ankle and first metatarsophalangeal 
joints fixed at 90◦ and 0◦ respectively. First, participants performed a 
series of submaximal isometric contractions as warm-up and familiar
ization. Then, participants were instructed to perform MVC’s, with 
verbal encouragement provided to ensure maximal effort. Participants 
performed at least 3 ramp isometric contractions and the trial with the 
highest peak torque was used. Data were sampled at 1KHz via a 16-bit 
A/D board (Power 1401, Cambridge Electronic Design, Cambridge, 
UK) connected to the lab computer, and signals were recorded using 
Spike2 software (Cambridge Electronic Design, Cambridge, UK).

2.2. Data analysis

B-mode image analysis was performed using ImageJ (1.44b, National 
Institutes of Health). Reliability of these measurements was established 
previously (Khair et al., 2022).

SW videos were processed using semi-automated software developed 
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in MATLAB (ElastoGUI, University of Nantes, France). Accepted 
thresholds for saturation and void levels were < 1 % and < 0.1 %, 
respectively. The area of the MG aponeurosis was chosen to cover the 
distal deep aponeurosis of the MG (Fig. 1). MG muscle belly area was 
chosen to cover the largest area possible while avoiding artifacts. For 
further details about this analysis, readers are referred to the supple
mentary material appendix 1.

2.3. Statistical analysis

Linear mixed models were used to investigate the effects of time (2, 
6, and 12 months) and limb condition (injured and un-injured) on the 
MG tendon and fascicle length, CSA, and SW velocity of MG muscle and 
aponeurosis. Models were built in JASP (JASP 0.18, Netherlands) with 
time and limb condition as fixed effects variables and participant as 
random factor. Restricted maximum likelihood with Satterthwaite 
approximation was used since it produces acceptable type 1 error for 
small sample sizes (Luke, 2017). Linear mixed models were used as it 
allows for the inclusion of all available data without the need for 
imputation or case-wise deletion, assuming data are missing at random. 
Missing at random assumption was evaluated by modelling the proba
bility of missingness using logistic regression based on observed vari
ables. Our main interest was in the interactions between time and limb 
condition on the structural and mechanical properties of the MG muscle. 
Analysis was followed by pairwise Bonferroni-adjusted comparisons. 
Skewness and kurtosis were checked to insure the normality of the data. 
The level of significance was set at p < 0.05, and descriptive data are 
reported as mean (SD). Data from 6 and 12 months were used to perform 
partial correlations controlled for age to explore the relationship be
tween SW velocity, MVC and morphological properties. The analysis 
was performed for the injured and the un-injured limbs separately, and 
finally for both limbs pooled together.

3. Results

Six participants did not attend their biomechanical assessment at the 
2-month follow-up, seven at 6 months, and five at 12 months. As a result, 
the final dataset included 102 data points: 34 at 2 months, 32 at 6 
months, and 36 at 12 months. Logistic regression analysis supported the 
assumption that the data were missing at random.

Table 1 shows the mean values at three timepoints. At two months, 
MG tendon length was longer but fascicle length, muscle CSA, muscle 
SWV and aponeurosis SWV were lower in the injured compared to the 
un-injured limb. These limb-related differences persisted throughout the 
year in MG tendon length, MG fascicle length and MG CSA.

MVC of the injured limb was lower at 6 months (mean difference (95 

Fig. 1. Schematic representation of the SW measurement protocol. SW velocity was assessed at the MG muscle belly (below), and aponeurosis (above) from prone 
position with foot relaxed over the end of the table.

Table 1 
Descriptive data of the measured variables.

2 months 6 months 12 months

Un- 
injured

Injured Un- 
injured

Injured Un- 
injured

Injured

MG tendon 
length (cm)

17.7 
± 1.7

19.4 ±
2.0a

18.2 
± 1.9

20.1 ±
1.8a

17.8 
± 1.9

19.9 ±
1.8a

Fascicle length 
(cm)

4.9 ±
0.7

4.4 ±
0.5a

5.0 ±
0.7

4.3 ±
1.1a

5.2 ±
0.9

4.1 ±
0.9a

CSA (cm2) 15.4 
± 4.5

12.7 ±
3.4a

15.9 
± 5.4

13.4 ±
4.2a

16.3 
± 5.6

13.8 ±
4.7a

MG aponeurosis 
SW velocity 
(m/s)

6.4 ±
1.3

4.8 ±
0.9a

6.9 ±
1.4

6.7 ±
1.8b

6.9 ±
1.5

6.8 ±
1.7b

MG muscle SW 
velocity (m/s)

2.1 ±
0.2

1.7 ±
0.3a

2.1 ±
0.3

1.9 ±
0.3

2.0 ±
0.3

2.0 ±
1.6b

a denotes statistical differences between the injured and un-injured limbs, 
while b denotes temporal changes within limbs the 2 months times point to 6 and 
12 months.
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%CI) of − 78.3 Nm, [-102.2 to − 54.46 Nm], t = -6.80), and 12 months 
(− 66.8 Nm, [-90.7 to − 42.97 Nm], t = -5.81) compared to the un- 
injured limb. MVC increased in both limbs from 6 months to 12 
months, with a mean difference (28.2 Nm, [11.98 to 44.37 Nm], t =
3.57) in the un-injured, and (39.7 Nm, [23.49 to 55.86 Nm], t = 5.04) in 
the injured limb.

In the linear mixed model for MG aponeurosis SW velocity, a sig
nificant interaction was observed between limb condition and time (p =
0.002). Compared to the un-injured limb, the injured limb aponeurosis 
SW velocity was lower at 2 months (− 1.6 m/s, [-2.39 to 0.89 m/s], t =
4.38) and increased to comparable levels 6 months after rupture (Fig. 2). 
Within the injured limb, MG aponeurosis SWV increased 1.7 m/s from 2 
to 6 months (− 2.49 to − 0.93 m/s, t = -4.43) and reached 6.8 ± 1.7 m/s 
at 12 months (Fig. 2).

The linear mixed model for MG muscle SW velocity showed a sig
nificant interaction between limb condition and time (p < 0.001). In the 
injured limb, MG muscle SW velocity was lower at the 2 months time
point compared to the un-injured (− 0.34 m/s [-0.48 to − 0.21 m/s], t =
-5.10) and compared to the injured limb at 12 months (− 0.31 m/s [-0.47 
to − 0.15 m/s], t = -3.93) (Fig. 2).

3.1. Associations between SW velocity, MVC and MG morphological 
properties

Data from 6- and 12 months were combined for this analysis since no 
within limb differences were detected between these two time points. In 
the un-injured limb, SW velocity of the MG muscle negatively correlated 
with MG fascicle length (r = -0.51 [-0.74 to − 0.18]). MVC peak torque 
correlated with fascicle length (r = 0.55 [0.27 to 0.76]) and CSA (r =
0.65 [0.42 to 0.79]) of the MG muscle (Figs. 3 and 4).

In the injured limb, SW velocity of the aponeurosis correlated with 
MG fascicle length (r = 0.35 [0.02 to 0.67]). MVC in the injured limb 
correlated with fascicle length (r = 0.52 [0.35 to 0.69]) and CSA (r =
0.48 [0.25 to 0.69]) of the MG muscle.

When both limbs were pooled together, fascicle length of the MG 
muscle was negatively correlated with SW velocity of the MG muscle (r 
= -0.25 [-0.48 to 0.010]) and positively correlated with aponeurosis SW 
velocity (r = 0.29 [0.07 to 0.5]). MVC showed positive correlations with 
SW velocity of the aponeurosis (r = 0.29 [0.10 to 0.26]), fascicle length 
(r = 0.66 [0.53 to 0.76]) and CSA (r = 0.56 [0.39 to 0.70]) of the MG 
muscle.

4. Discussion

The present study assessed changes in SW velocity at the MG muscle 
and aponeurosis to understand the interplay and adaptations of con
tractile and tendinous tissue during a 1-year follow-up in patients with 
unilateral ATR. As expected, SW velocity in both the MG muscle belly 
and aponeurosis of the injured limb was lower compared to the un- 
injured limb at 2 months, possibly due to the lack of tensile stimulus 
in the early immobilization period. By 6 months, SW velocities had 
increased to levels comparable to the un-injured limb. An additional 
novel finding of this study was that longer MG fascicle length was 
associated with lower SW velocity of the MG muscle and higher SW 
velocity at the aponeurosis.

Our findings show that the MG muscle of the injured limb had a 
lower SW velocity at 2 months compared to the un-injured side. Given 
that muscles are sensitive to mechanical tension (de Boer et al., 2008), it 
is plausible to assume that the lower SW velocity of the muscle is due to 
loss of tensile tension caused by immobilization and increased length of 
the tendon after rupture. Six months after rupture, there was no differ
ence between limbs in MG muscle SW velocity. This could be a conse
quence of tensile loading with progressive rehabilitation, prompting an 
increase in muscle SW velocity in addition to the re-modelling of the MG 
muscle to shorter fascicles (Hoeffner et al., 2023; Khair et al., 2022). We 
observed an inverse relationship between fascicle length and SW ve
locity of the MG muscle. Hence, the data suggest that higher SW velocity 
after 2 months may be partly attributed to shorter MG fascicle length. 
Because of the increased length of the tendon after rupture, shorter 
fascicles may be necessary to maintain tension at a level comparable to 
the un-injured limb (Hoeffner et al., 2023).

The finding that SW velocity of the aponeurosis was lower at 2 
months and increased to similar levels to that of the un-injured limb at 6 
months (Fig. 2) is consistent with previous studies that assessed AT 
mechanical properties after rupture. In the first 8 weeks after rupture, 
SW velocity at the free tendon was found to be lower compared to the 
contralateral limb (Chen et al., 2013; Sukanen et al., 2024). By 12 
weeks, SW velocity has been reported to be comparable with SW values 
of the un-injured limb (Yoshida et al., 2023). Thus, it may be hypothe
sized that the aponeurosis follows a similar recovery pattern as the free 
tendon. However, it should be noted that the aponeurosis has 
contraction-dependent and different mechanical properties compared to 
tendon (Lieber et al., 1991), with studies showing a more compliant 
behaviour in the aponeurosis than that of the tendon (Finni et al., 2022; 

Fig. 2. Line plots showing means ± SD of SW velocities measured at the MG muscle belly (left) and MG aponeurosis (right). Dashed lines and triangles indicate the 
injured limb, while solid lines and circles represent the un-injured limb. *Significant difference between limbs (p < 0.05).
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Finni and Komi, 2002; Ross et al., 2024). Additionally, the alignment of 
the AT and aponeurosis is complex and not strictly in series (Epstein 
et al., 2006) but these concepts fall outside the scope of this study. In the 
long-term, increased stiffness in the tendon and aponeurosis may help to 
reduce force production impairments resulting from ATR (Stäudle et al., 
2020). Indeed, we found a positive correlation between the aponeurosis 
SW velocity and absolute plantar flexion torque. It is beneficial for the 
MTU if the tendinous tissue remodels to a higher stiffness, as this fa
cilitates active force generation in a smaller operating range.

In the injured limb, MG CSA was smaller with shorter fascicles 1-year 
after rupture. These structural changes in the MG have clear functional 
implications, particularly affecting the maximum plantar flexion torque 
(Fig. 3). Consistent with our previous findings (Khair et al., 2022), the 
remodelling of the MG muscle accompanied lower force production 
capacity in the injured limb. Notably, in the injured limb, MG had a 
slight increase in CSA accompanied by a decrease in fascicle length over 
time. While speculative, this observation might suggest an increase in 
sarcomeres in parallel. However, future studies are required to confirm 
this hypothesis.

The relationship between muscle shear modulus — derived from SW 
velocity — and muscle force during active muscle contraction has been 
comprehensively studied (Lima et al., 2017a; Yoshitake et al., 2014). 

These studies documented a linear relationship between muscle shear 
modulus and muscle force during submaximal contraction up to 60 % of 
MVC, with muscle shear modulus measurements showing more accurate 
estimation of contraction intensity compared to surface electromyog
raphy. However, at rest, MG shear modulus was not related to measures 
of muscle strength or MVC (Lima et al., 2017b), concomitant with the 
findings of this study.

To our knowledge this is the first study to show an association be
tween tissue SW velocity and fascicle length of the MG muscle. The data 
indicate that longer MG fascicles are associated with lower SW velocity, 
reflecting more compliant muscle at rest. Consistent with our observa
tion, there is evidence that longer fascicles in a given muscle are asso
ciated with lower passive tension at the single fiber and whole muscle 
levels at long lengths (Hinks et al., 2022). Furthermore, Andrade et al., 
(2020) assessed muscle properties using SWE and structural changes in 
the MG muscle following a 12-week stretching program. They observed 
a decrease in the MG muscle SW velocity accompanied by an increase in 
fascicle length. It is plausible to assume that an increase in fascicle 
length may partly account for decreased muscle stiffness as a long term 
adaptation following a 12-week stretching program, during which the 
muscle is tensioned at long lengths (Andrade et al., 2020; Weppler and 
Magnusson, 2010). Conversely, shorter fascicles may result in increased 

Fig. 3. Scatterplots and regression lines of the correlations between plantar flexion maximum voluntary torque (MVC) and measured variables at 6 and 12 months. * 
Significant correlation p < 0.05, *colour coded as follows: black for un-injured limb, red for injured limb, and blue for both limbs combined. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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muscle stiffness after an injury such as ATR, where tendon elongation 
shifts the tension to shorter MG lengths.

Fascicle length has implications for the force–length relationship 
(Tabary et al., 1972; Woittiez et al., 1983), and overall mechanical 
output of the muscle (Cox et al., 2000; Drazan et al., 2019). Theoreti
cally, muscles with longer fascicles can achieve faster excursions over 
greater ranges and perhaps higher forces (Drazan et al., 2019; Lieber and 
Fridén, 2000). Indeed, higher SW velocity of the aponeurosis was 
associated with longer fascicles and higher maximum plantar flexion 
torque. Considering the role of tendon stiffness in muscle force and rate 
of torque development (Arampatzis et al., 2007; Monte and Zignoli, 
2021; Quinlan et al., 2018), it is reasonable to assume that muscles with 
longer fascicles and higher force outputs have stiffer aponeuroses, 
potentially providing structural support for the compliant muscle. 
However, it is unclear how tissue properties measured at rest reveal 
information about muscle and tendon properties measured during dy
namic contractions or active lengthening. Therefore, the findings of this 
study warrant careful interpretation.

This study is not without limitations. Due to the nature of ATR, we 
were not able to have equal representation between sexes, however this 
does not influence the integrity of the analysis as comparisons were done 
within participants. The SWE technique is based on the assumption that 
the measured tissues are linearly elastic, homogenous and isotropic 
(Bercoff et al., 2004), however these conditions might not be fully met. 
Therefore, we chose to report SW velocity for both the MG muscle and 
aponeurosis. Lastly, it should be noted that the AT resting length was 
measured from the most proximal point of the calcaneus to the MG MTJ. 
While this measurement may not capture the full anatomical length of 
the tendon, it is sufficient to detect elongation of the tendon following 
ATR.

5. Conclusion

After ATR, SW velocity of the MG muscle and aponeurosis were 
lower at 2 months but recovered to the levels of the un-injured side by 6 
months in non-surgically treated patients. The associations observed in 
this study suggest that remodelling of the MG muscle to shorter fascicle 
lengths may help restore tension in the injured muscle. However, these 
changes have consequences, as shorter fascicle length is associated with 
lower SW velocity at the aponeurosis and lower force production 

capacity.
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