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Abstract 

Introduction: Achilles tendon rupture (ATR) patients have persistent functional deficits in the 

triceps surae muscle-tendon unit (MTU). The complex remodeling of the MTU accompanying 

these deficits remains poorly understood. The purpose of the present study was to associate in vivo 

and in silico data to investigate the relations between changes in MTU properties and strength 

deficits in ATR patients. 

Methods: Eleven male subjects who had undergone surgical repair of complete unilateral ATR 

were examined 4.6 ± 2.0 (mean ± SD) years after rupture. Gastrocnemius medialis (GM) tendon 

stiffness, morphology, and muscle architecture were determined using ultrasonography. The force-

length relation of the plantar flexor muscles was assessed at five ankle joint angles. In addition, 

simulations (OpenSim) of the GM MTU force-length properties were performed with various 

iterations of MTU properties found between the unaffected and the affected side.  

Results: The affected side of the patients displayed a longer, larger, and stiffer GM tendon (13 ± 

10%, 105 ± 28% and 54 ± 24%, respectively) compared with the unaffected side. The GM muscle 

fascicles of the affected side were shorter (32 ± 12%) and with greater pennation angles (31 ± 

26%). A mean deficit in plantarflexion moment of 31 ± 10% was measured. Simulations indicate 

that pairing an intact muscle with a longer tendon shifts the optimal angular range of peak force 

outside physiological angular ranges, whereas the shorter muscle fascicles and tendon stiffening 

seen in the affected side decrease this shift, albeit incompletely. 

Conclusions: These results suggest that the substantial changes in MTU properties found in ATR 

patients may partly result from compensatory remodeling, although this process appears 

insufficient to fully restore muscle function. 

Key Terms: Tendon rupture; stiffness; simulation; muscle force; muscle fascicle; tendon healing  

Abbreviations 

ATR  Achilles tendon rupture  

CSA  Cross-sectional area 

FHL  Flexor hallucis longus 

GL  Gastrocnemius lateralis 

GM  Gastrocnemius medialis 

MTJ  Myotendinous junction 

MTU   Muscle-tendon unit 
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MTU0  Muscle-tendon unit unaffected side 

MTU1  MTU0 + longer tendon 

MTU2  MTU1 + shorter muscle fascicles and greater pennation angle 

MTU3  Muscle-tendon unit affected side 

MVCi  Maximal voluntary isometric contraction 

PCSA  Physiological cross-sectional area 

SEE  Series elastic element
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1 Introduction 

Achilles tendon rupture (ATR) commonly occurs during recreational physical activity (1). Surgical 

repair is often prescribed in cases of total rupture, followed by 2 weeks of joint immobilization 

(2), 6 to 8 weeks wearing an orthotic boot with adjustable ankle angle (3), before starting another 

2 to 4 months of active rehabilitation (4). The prognosis is relatively satisfying, with patients being 

able to resume ambulatory activities and physical activity after 6 months (3, 4). However, side-to-

side morphological (5, 6) and functional (7, 8) differences remain in the triceps surae muscle-

tendon unit (MTU) several years after surgery. Regardless of treatment strategies (surgical or not), 

the repaired Achilles tendon becomes longer (8-11), with a long-lasting enlargement of the tendon 

cross section (12).  

From a mechanical point of view, the tendon stiffness of the affected side is lower than in 

unaffected controls during the first month’s post-surgery (13, 14). Observations from animal (14, 

15) and human (6, 16) studies suggest that a progressive increase in tendon stiffness takes place 

during rehabilitation, even exceeding values measured on the unaffected side about 2 years after 

rupture (17).  

Consistent with changes in morphological and mechanical properties of the ruptured Achilles 

tendon, recent studies have shown concomitant alteration in muscle architecture (9-11, 18). 

Collectively, these studies indicate a rapid and long-lasting (up to 47 months) decrease in the 

fascicle length of the gastrocnemius medialis (GM) muscle, while enduring differences in 

pennation angle have only been observed in one case study, in a patient with poor functional 

outcome (11). 

Tendon mechanical properties and the architecture of a muscle have a profound influence on the 

contractile behaviour and function of the musculoskeletal system. Tendon deformation conditions 

the operating length and contraction velocity of muscle fibers, thereby affecting muscle work, 

force, and efficiency (19, 20). This aspect is particularly interesting in the context of ATR patients, 

whose strength levels remain lower in the affected side years after surgery (7, 9, 17, 21). Indeed, 

a longer Achilles tendon may offset the operating range of the triceps surae muscle fibers to shorter 

lengths (8), although the influence of stiffness recovery and the shortening of muscle fibers on the 

force deficit of former ATR patients is currently poorly documented. 

The purpose of the present study was to undertake a detailed examination of the possible relations 

between changes in MTU properties and strength deficits in ATR patients. Data were collected 
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from patients with a history of ATR and surgical repair. We hypothesized that the treated side 

would present a lower plantarflexion moment within the operating angular range of the healthy 

side, caused by alterations in MTU properties. Because deficits in force generation are observed 

years after surgery, we expected muscle fiber shortening and tendon stiffening to mitigate these 

deficits but to remain insufficient to compensate for the impact of posttreatment tendon 

lengthening. To support this mechanistic hypothesis, experimental data were used as input 

variables in simulated isometric contractions of the GM muscle. 

2 Methods 

2.1 Study design and subjects 

Male patients with a history of ATR and surgical repair were recruited for this study. In a cross-

sectional design, data were collected in a pseudo randomized order between legs and conditions. 

The unaffected leg served as control for matched comparisons. Ethical approval was granted by 

the institutional review board of the German Sport University, and all subjects gave written 

informed consent. Each subject attended two data acquisition sessions separated by a minimum of 

three days at the Institute of Biomechanics and Orthopaedics of the German Sport University 

Cologne. The sample size was calculated with the G*Power software (22), based on the deficit in 

isometric maximal plantar flexion moment at suboptimal MTU length as the primary outcome. 

This variable was chosen since the main hypothesis of the study is based on strength deficit. Using 

a mean deficit of 20% and an SD of 19% (23), a β level of 0.8, and an α level of 0.05, the a priori 

power analysis suggested that a minimum sample size of 10 subjects would be necessary. 

Because neither time after injury nor initial treatment seem to have an impact on force generation 

deficits in ATR patients after one year (21), the subjects were chosen to be 2 to 7 years postsurgery 

and treated with either a modified Bunnel, a Kessler end to end, or with a Dresdner Instrument 

(minimal invasive) surgery technique. In addition, it was required that the surgery took place 

within the first 7 days after injury and that subjects' age was in the range of 20 to 60 years. 

Exclusion criteria consisted of sural nerve injury, tear of the soleus muscle, tendon recurring 

rupture, and Achilles tendon rupture on the bilateral side. These criteria were obtained by analysing 

magnetic resonance images and surgery reports with a physician. Cardiovascular complications, 

self-reported pain in the lower back/ limbs, and other bone/ joint symptoms, precluding the 

performance of maximal voluntary contractions, were assessed and used as exclusion criteria. 

Cardiovascular assessment was done using a health questionnaire based on the “Physical Activity 
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Readiness Questionnaire” (24) recommended by the American College of Sports Medicine. As the 

purpose of the present study was to undertake a detailed examination of the possible relations 

between changes in MTU properties and strength deficits in ATR patients, missing data would 

induce bias. In an effort to reduce the possibility of bias, incomplete datasets (i.e., in cases where 

subjects did not perform all the required tests) were therefore excluded from the analysis. Patients 

were recruited from a collaborating medical center (Mediapark Klinik Köln) and by 

announcements in the local media. Using local media in addition to the medical center was a way 

to recruit patients with different treatment histories, in an effort to limit recruitment bias.  

2.2 Morphology of the triceps surae MTU 

Muscle and tendon morphology measurements were based on a previously reported procedure (25) 

using B-Mode ultrasonography and a 6-cm linear array transducer (Aloka ProSound Alpha-7, 

Japan, 13 MHz). While subjects were lying prone with the knee and ankle joint in anatomically 

neutral position (knee fully extended, sole perpendicular to the tibia), the calcaneal insertion and 

the myotendinous junctions (MTJ) of the gastrocnemii tendon were visualized using 

ultrasonography and marked on the skin to measure the length of the medial and lateral 

gastrocnemius (GL) tendons (25). The free Achilles tendon length was measured from panoramic 

ultrasound scans between the calcaneal insertion and the MTJ of the soleus muscle. This is a 

modified approach to the validated method of Barfod and colleagues (26), for which a good 

reliability was demonstrated in healthy subjects. The proximal tendon length of GM and GL 

(tendon aponeurosis) was calculated as the length difference of the gastrocnemii tendons and the 

free Achilles tendon. Achilles tendon cross-sectional area (CSA) was measured from transverse 

plane ultrasound images taken at 25% intervals from the calcaneal insertion to the soleus MTJ. 

Three images were collected and analyzed (ImageJ, 1.47v, National Institutes of Health) per 

scanning position and averaged for further analyses. Architecture of the gastrocnemii muscles was 

assessed from ultrasound scans taken over the mid-muscle bellies (25). The scanning location for 

the soleus muscle was chosen to optimize fascicle imaging, above the MTJ of the GM muscle. 

Muscle fascicle length, pennation angle, and muscle thickness were measured offline (Matlab, 

version R2013b, The Mathworks). The deep and superficial aponeurosis as well as visible parts of 

three fascicles (i.e., within the field of view) were outlined manually. Pennation angles were 

defined as the angle between these fascicles and the deep aponeurosis (27). Fascicle length was 

obtained as the summation of the outlined fascicle sections and nonvisible sections, extrapolated 
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as straight lines between the edges of the field of view and the aponeuroses (27). Muscle thickness 

was defined as the perpendicular distance between the deep and superficial aponeuroses in the 

center of the chosen muscle fascicle (25). Average measurements from three images were 

calculated for further analysis. All measurements and analysis were performed by the same 

investigator.  

2.3 GM Tendon mechanical properties 

After a standardized warm-up, consisting of incremental isometric contractions up to maximum 

level, three maximal isometric plantarflexions were performed to determine maximum force. The 

mechanical properties of the GM tendon, consisting of the free Achilles tendon and the tendinous 

tissue between the GM MTJ and the soleus MTJ, was then examined by measuring GM tendon 

elongation during 5- second isometric ramp contractions up to 80% of maximum effort (28). Visual 

feedback was provided to ensure a linear increase in force. The stiffness of the GM tendon was 

measured as a surrogate of Achilles tendon stiffness. This measure was chosen because it involves 

the main structures of the Achilles tendon and because of the current difficulty to test the stiffness 

of the whole Achilles tendon in vivo (29).  

Subjects were seated in a custom-made dynamometer with their foot firmly strapped to a force 

plate with their ankle and knee joints at 0° (knee fully extended, sole perpendicular to the tibia) 

and their hip joint flexed at 70°. To determine GM tendon elongation, the linear array ultrasound 

transducer (Aloka ProSound Alpha-7, Japan, 13 MHz, 73 Hz frame rate) was attached 

longitudinally over the GM MTJ (13, 17, 25), using a custom-made case and elastic bandages. The 

point of force application and the vertical reaction force were assessed by three one-dimensional 

strain gauge force sensors embedded under the footplate. Reflective markers were positioned on 

anatomic landmarks of the subject’s leg (medial and lateral calcaneus, 2nd metatarsal joint, 

malleolus lateralis, malleolus medialis, tibial tuberosity), force plate, and ultrasound transducer 

(Fig. 1). The magnitude of the external ankle joint moment was calculated from the perpendicular 

reaction force and the vector connecting the ankle joint center (midpoint of both malleoli markers) 

and the point of force application. The resulting joint moment was corrected for antagonistic co-

activation of the tibialis anterior muscle (30). Forces acting parallel to the footplate as well as the 

weight of the foot were neglected.  

Achilles tendon force was calculated by dividing the resulting joint moment by the Achilles tendon 

moment arm, estimated with the tendon excursion method (31, 32). A three-dimensional motion 
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capture system (Vicon Nexus, Oxford, UK) was used to simultaneously acquire marker trajectories 

(100 Hz) and analog signals (1 kHz). The ultrasound system was time synchronized by sending a 

rectangular impulse through the electrocardiography channel. 

 

FIGURE 1. Experimental set-up used to quantify tendon mechanical properties. F: vertical reaction force, r: vector 

connecting ankle joint centre and point of force application, Δd: distance between the myotendinous junction (red dot) 

and the osteotendinous insertion represented by the projection midpoint of the medial and lateral calcaneus marker. 

The displacement of a muscle fascicle intersection point with the deep aponeurosis close to the 

GM MTJ was analyzed in the 2D ultrasound image with a semi-automatic tracking software 

(Tracker 4.84, physlets.org/tracker/) (33). The three markers attached to the ultrasound transducer 
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enabled the transformation of that point into the global reference system. Tendon length changes 

were then defined as a change in the distance between the fascicle intersection point and the 

osteotendinous insertion represented by the midpoint of the medial and lateral calcaneus marker 

on the skin (34)(Fig. 1). Each tendon force-elongation relationship was temporarily fitted with a 

second-order polynomial without a constant term to exclude trials with a coefficient of 

determination lower than 0.9 from further analysis (33). The remaining trials for each leg were 

averaged and fitted with a second-order polynomial without a constant term.  

To compare the affected and unaffected side on a common tendon force level, GM tendon stiffness 

was calculated in the force interval between 60 and 80% of the maximum isometric contraction 

(MVCi) of the affected side. Young’s modulus, was calculated by multiplying the GM stiffness 

with the fraction of GM tendon resting length and average tendon CSA. At a force level 

corresponding to 80% MVCi of the affected side, tendon stress was calculated as the quotient of 

tendon force and mean CSA and GM tendon strain as the percentage of tendon elongation relative 

to resting length. In addition, GM tendon strain at 80% MVCi of the unaffected side was 

determined to obtain appropriate values to scale the serial elastic element (SEE) of the muscle-

tendon model. 

2.4 Moment-angle relationship 

A custom-made dynamometer was used to determine the moment-angle relationship of the 

plantarflexor muscles (35). Subjects were seated in an upright position with the hip and knee joints 

flexed at 90°. The joint center of the ankle joint was carefully aligned with the axis of rotation of 

the dynamometer. A strain gauge force sensor was embedded under the foot platform. Ankle joint 

moment was determined by multiplying the measured force with the external moment arm, the 

perpendicular distance between the force sensor and axis of rotation. A figure of the dynamometer 

can be found in the Supplemental Digital Content 1 (see Figure, Supplemental Digital Content 1, 

http://links.lww.com/MSS/C242).  

After a standardized warm-up consisting of incremental isometric contractions up to maximum 

level, subjects performed a series of maximal isometric contractions at ankle joint angles of -20,-

10, 0, 10 and 20°, with 0° representing the neutral position, and positive angles indicating 

plantarflexed positions. The trial with the highest moment for each tested angle was taken for 

further analyses. Ultrasound scanning of the GM enabled acquiring images of muscle architecture 

during the maximal isometric contraction. To assess the inevitable movement of the knee and ankle 
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joint during the contractions (36, 37), trajectories of reflective markers attached to the trochanter 

major, lateral femur condyle, lateral malleolus, and fifth metatarsal phalangeal joint were recorded 

with a motion capture system with 5 Vicon MX40 infrared cameras and a frame rate of 100 Hz 

(Vicon, Oxford, UK). Using kinematics information, maximum joint moments from the affected 

side were linearly interpolated at the ankle joint positions at which maximum joint moments were 

generated on the unaffected side.  

2.5 Statistical analysis 

D’Agostino and Pearson normality test were applied to check whether the data were normally 

distributed. A two-way repeated-measure ANOVA (side and joint angle as main effects) was used 

to identify interactions between the affected/unaffected sides and the moment-angle relationship. 

For all other parameters dependent-sample t-tests or Wilcoxon signed rank tests were used to 

identify differences between sides. All tests were performed in GraphPad Prism (v 7.02) with a 

significance level of α = 0.05. Values are reported as means ± SD in text and means ± SEM in the 

figures.  

2.6 Computer simulations  

Isometric contractions of the GM muscle were simulated with a modified “gait10dof18musc” 

musculoskeletal model in OpenSim 4.0 (38, 39). The modified model consists of six rigid bodies 

(femur, tibia, fibula, talus, calcaneus, and toes) and a model of the GM MTU (40). The length of 

the tibia segment was scaled to the average shank length of the subjects (429 mm), determined as 

the distance from the lateral edge of the tibial plateau to the lateral malleolus. The foot segments 

(talus, calcaneus, and toes) were scaled to match the average Achilles tendon moment arm of the 

subject’s unaffected side (45 mm). To scale the generic muscle-tendon model, optimal muscle 

fiber length, pennation angle at optimal muscle fiber length, maximum isometric force, slack 

length of the SEE, and strain of SEE at maximum isometric force were adjusted to reflect average 

muscle and SEE properties of the affected and unaffected sides.  

For optimal muscle fiber length and pennation angle at optimal muscle fiber length, the average 

fascicle length and pennation angle were obtained from ultrasound scans performed at rest, in the 

anatomical neutral position. Slack length of the SEE was calculated as the difference between the 

MTU length and the projected optimal muscle fiber length. Strain of the serial elastic element 

(SEE) at maximum isometric force was determined by extrapolating the experimentally 

determined strain at 80% MVCi. The maximum isometric force of the GM muscle was estimated 
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by multiplying the Achilles tendon force at MVCi of the unaffected side with the relative fraction 

of the muscle physiological CSA of cadaveric specimen (25.5% of the triceps surae muscle) (41).  

To better apprehend the functional implications of the GM tendon and muscle properties measured 

in the affected leg, simulations were performed for four different MTU configurations, with 

variations in tendon length, muscle architecture and tendon stiffness. These different MTU 

configurations and their muscle-tendon specific scaling factors are listed in Table 1.  

TABLE 1. Muscle-tendon specific parameters used to scale the generic muscle-tendon model. 

 𝐹0
𝐶𝐸[𝑁] 𝐿0

𝐶𝐸  [mm] 𝛼0
𝐶𝐸 [°] 𝐿̅𝑆

𝑆𝐸𝐸  [mm] 𝜀0
𝑆𝐸𝐸[%] 

MTU0 1357 63 19 390 4.9 

MTU1 1357 63 19 416 4.9 

MTU2 1357 42 24 416 4.9 

MTU3 1357 42 24 416 2.9 

𝐹0
𝐶𝐸 : maximum isometric muscle force, 𝐿0

𝐶𝐸  : optimal muscle fiber length, 𝛼0
𝐶𝐸 : muscle fiber pennation angle at optimum 

muscle fiber length, 𝐿̅𝑆
𝑆𝐸𝐸  : slack length of series elastic element (SEE), 𝜀0

𝑆𝐸𝐸  : strain of SEE at maximum isometric force. 

MTU0 represents the muscle-tendon unit of the unaffected side. MTU1 has the same properties as MTU0 but a longer tendon. 

MTU2 has the same properties as MTU1 but shorter fascicles and greater pennation angles. MTU3 has the same properties as 

MTU2 but a stiffer tendon and thus represents the muscle-tendon unit of the affected side. 

Assuming full muscle activation, active muscle force was computed as a function of ankle joint 

angle. Simulations were done in two different knee joint configurations (extended/ 90° flexed) 

with a range of ankle joint angles from 60° plantarflexion to 60° dorsiflexion.  

3 Results 

Eleven out of the 14 subjects recruited for the trial completed all sets of measurement and were 

included in the final analysis (Fig. 2). The baseline characteristics of these subjects are reported in 

Table 2.  
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FIGURE 2. Flow chart illustrating the recruitment and inclusion of subjects at each stage of the trial. 

TABLE 2. Subjects demographic characteristics in mean ± SD. 

Sample size Age 

[yrs.] 

Height 

[cm] 

Mass 

[kg] 

Time post-surgery 

[yrs.] 

Time to surgery 

[days] 

11 44.1 ± 11.3 179 ± 8 79.5 ± 10.6 4.6 ± 2 3.5 ± 1.7 

 

3.1 Muscle tendon morphology 

The parameters describing tendon and muscle morphology are summarized in Table 3. Free 

Achilles tendon length was significantly longer (22 ± 22 mm) on the affected side, but no 

significant differences were observed in the length of the proximal part of the gastrocnemii tendon. 

Achilles tendon CSA was significantly greater in all regions of the affected tendon (Table 3). On 

average, tendon CSA was 105 ± 28% larger. In addition, Achilles tendon moment arm was 

significantly shorter (14% ± 10%) on the affected side.  

Muscle thickness was significantly smaller in the GM (12 ± 12%) and GL (10 ± 12%) muscles of 

the affected side compared to the unaffected side, but not in the soleus muscle. Other architectural 

parameters of the triceps surae muscles were significantly different between sides. In the affected 

side, fascicle length was 32 ± 12%, 27 ± 14%, and 34 ± 18% shorter in the GM, GL and soleus 
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muscles, respectively, whereas pennation angle was 31 ± 26%, 25 ± 31%, and 45 ± 44% larger, 

respectively.  

TABLE 3. Parameters describing tendon and muscle morphology assessed in neutral position of the ankle and knee joint. 

  Affected leg  Unaffected leg    

Tendon parameters  mean ± SD  mean ± SD differences 95% CI p-value 

Free AT lT [mm]  82 ± 22  61 ± 17 22 ± 22 7 to 37 0.009 

Proximal GM lT [mm]  143 ± 23  139 ± 24 4 ± 34 -19 to 26 0.721 

Proximal GL lT [mm]  162 ± 24  165 ± 28 -3 ± 25 -20 to 14 0.709 

CSA 0% [mm2]  112 ± 51  80 ± 19 32 ± 45 0 to 64 0.019 

CSA 25% [mm2]  155 ± 43  87 ± 14 68 ± 40 41 to 95 <0.001 

CSA 50% [mm2]  179 ± 50  77 ± 18 102 ± 40 75 to 129 0.001 

CSA 75% [mm2]  177 ± 20  72 ± 12 105 ± 23 90 to 120 <0.001 

CSA 100% [mm2]  168 ± 34  75 ± 18 93 ± 36 68 to 119 <0.001 

Tendon MA [mm]  38 ± 4  45 ± 4 -6 ± 5 3 to 9.4 0.001 

Muscle parameters        

GM thickness (mm)  16.3 ± 3  18.4 ± 1.6 -2.2 ± 2.2 -3.7 to -0.7 0.008 

GL thickness (mm)  13.6 ± 2  15.3 ± 2.8 -1.7 ± 2.2 -3.2 to -0.2 0.030 

SOL thickness (mm)  14 ± 2  16.1 ± 3.1 -2.1 ± 3.1 -4 to 0 0.054 

GM lF (mm)  42 ± 6  63 ± 6 -21 ± 9 -27 to -15 <0.001 

GL lF (mm)  56 ± 14  77 ± 12 -21 ± 12 -29 to -13 <0.001 

SOL lF (mm)  30 ± 6  47 ± 5 -16 ± 9 -23 to -10 <0.001 

GM Φ (°)  24.3 ± 3.3  18.9 ± 2.8 5.4 ± 3.6 3 to 7.8 <0.001 

GL Φ (°)  15.5 ± 2.6  12.6 ± 2.3 2.8 ± 2.8 1 to 4.7 0.007 

SOL Φ (°)  28.7 ± 5.4  20.6 ± 3.8 8.1 ± 7.3 3.2 to 13 0.004 

Values are presented as mean ± SD. CI: confidence interval, free AT lT: Achilles tendon length, proximal GM lT: length of the 

gastrocnemius medialis aponeurosis, proximal GL lT: length of the gastrocnemius lateralis aponeurosis, CSA: cross-sectional 

area, MA: moment arm, GM: gastrocnemius medialis muscle, GL: gastrocnemius lateralis muscle, SOL: soleus muscle, lF: 

fascicle length, Φ: pennation angle. 

3.2 GM Tendon mechanical properties 

Figures 3A and B show the differences in GM tendon properties of the affected compared to the 

unaffected side. GM tendon stiffness was 54 ± 24% higher in affected tendons (1160 ± 222 N·mm-

1 vs. 755 ± 108 N·mm-1; p < 0.001), whereas tendon stress (22.3 ± 3.7 MPa vs. 43.1 ± 8.2 MPa, p 

< 0.001) and tendon strain (2.48 ± 0.65% vs. 3.9 ± 0.5%, p = 0.001) were significantly smaller 

with differences of 47 ± 9% and 37 ± 11%, respectively. GM tendon strain at MVCi of the 
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unaffected side, used to scale the SEE of the generic muscle model, was also significantly smaller 

(41 ± 11%) in the affected side (2.9 ± 0.8% vs. 4.9 ± 0.7%, p = 0.001). Young’s modulus did not 

differ between sides (1692 ± 515 N/mm2 vs. 1866 ± 433 N/mm2, p = 0.152). Percentage differences 

between legs are displayed in Figure 3B. 

 

FIGURE 3A. Achilles tendon force-deformation relation for the affected (dashed line) and unaffected (solid line) side. 

Achilles tendon force (ATF) is expressed relative to the maximum of the affected side for each individual subject 

(80% of maximum ATF = 3503 ± 518 N). (B) Boxplots of relative differences between the affected and unaffected 

side, representing minimum, 25th percentile, median, 75th percentile and maximum. Significant difference between 

sides: *p < 0.05, **p < 0.01, ***p < 0.001. К: tendon stiffness, YM: Young’s modulus, Δl: tendon elongation. 

3.3 Moment-angle relationship  

The plantarflexion moment-ankle joint angle relationship and the corresponding results for fascicle 

length and pennation angle of the GM muscle are shown in Figure 4. The plantar flexion moment 

and fascicle length were significantly lower in the affected leg, with mean differences from control 

of 31 ± 10% and 23 ± 6%, respectively. Pennation angle was significantly greater in the affected 

muscle, with a mean difference of 28 ± 17%. The maximum moment was significantly lower (133 

± 36 Nm vs. 158 ± 38 Nm, p = 0.007) on the affected side compared to the unaffected side and 

occurred at a significantly more dorsiflexed joint angle (-7.2 ± 4° vs. 1.6 ± 3.7°, p < 0.001), whereas 

GM fascicles were significantly shorter (18 ± 3 mm vs. 22 ± 3 mm, p < 0.001) and pennation 

angles larger (65 ± 7° vs. 54 ± 7°, p = 0.002) on the affected side.  
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FIGURE 4. The plantarflexion moment-ankle joint angle relationship (A) and the corresponding results for fascicle 

length (B) and pennation angle (C) for the gastrocnemius medialis muscle (GM) during maximum isometric 

contraction. Ф:  significant leg effect (p < 0.001). Positive values on the x-axis represent plantarflexion, negative 

values dorsalflexion. 
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3.4 Computer simulations  

Figures 5A and B show the active GM muscle force for different MTU properties, as a function of 

ankle joint angle, with the knee extended or flexed, respectively.  

 

FIGURE 5. Active gastrocnemius medialis fiber force in relation to ankle joint angle with an extended knee (A) and 

a 90° flexed knee (B). MTU0 represents the muscle-tendon unit (MTU) of the unaffected side. MTU1 has the same 

properties as MTU0 but a longer tendon. MTU2 has the same properties as MTU1 but shorter fascicles and greater 

pennation angles. MTU3 has the same properties as MTU2 but a stiffer tendon and thus represents the MTU of the 

affected side. 

The MTU representing the unaffected side (MTU0) reaches the active fiber force plateau with the 

knee fully extended and the ankle joint angle ranging from 22° to 32° dorsiflexion (Fig. 5A). With 
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a longer tendon modelled to the architectural features of MTU0, represented by MTU1, peak active 

fiber force could not be reached within the simulated range of dorsiflexion (60°). The minimum 

ankle joint angle at which force can be generated then shifts from 49° to 16° of plantarflexion 

when the knee is extended (Fig. 5A) and from 12° of plantarflexion to 25° of dorsiflexion when 

the knee is flexed at 90˚ (Fig. 5B).  

When a longer tendon is coupled with shorter fascicles and a greater pennation angle (MTU2), a 

shift in the optimal angle for active fiber force is still observed but less pronounced than in MTU1 

(Fig. 5A). The force plateau in MTU2 is presented by ankle joint angles ranging from 32 to 40° of 

dorsiflexion. The minimum ankle joint angle to generate force shifts to 30° of plantarflexion.  

When tendon stiffness is increased with a configuration corresponding to MTU2 (MTU3), the 

model reflects more closely the properties measured in the affected side. Under these conditions, 

the peak active fiber force is achieved at ankle joint angles ranging from 19° to 26° of dorsiflexion, 

similar to the “unaffected” model, MTU0 (Fig. 5A). The ankle angular range over which the force 

plateau is achieved is, however, slightly reduced in MTU2 and MTU3 compared to MTU0 when 

dorsiflexion increases (Fig. 5A). The minimum ankle joint angle to generate force remains at 30° 

of plantarflexion, which also corresponds to an ankle joint angle of 8° dorsiflexion with a flexed 

knee.  

When quantifying maximal force generating capacity at a neutral ankle joint angle and extended 

knee joint, deficits of 71% (MTU1), 26% (MTU2) and 6% (MTU3) are observed relative to MTU0 

(100%). Deficits become even larger with a flexed knee and 20° of ankle dorsiflexion, reaching 

deficits of 100% (MTU1), 68% (MTU2), and 57% (MTU3). 

4 Discussion 

The aim of the present study was to get a better understanding of the strength deficit of the triceps 

surae muscle-tendon complex observed 2 to 7 years following complete ATR postsurgery. Our 

findings confirmed previous reports indicating elongated and stiffer GM tendons as well as a 

decrease in fascicle length in patients with history of ATR, suggesting an architectural re-

organisation of the triceps surae MTU. Consistent with our hypothesis, these changes were 

accompanied by a shift in the optimal ankle joint angle of moment production towards more 

dorsiflexed positions. Taken together, the experimental data suggest that the deficits in force 

generation seen in ATR patients may be mitigated by shorter muscle fascicles and a stiffer GM 

tendon but remain insufficient to compensate all the adverse effects of posttreatment lengthening. 
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Computer simulations suggest that the architectural reorganisation and tendon stiffening observed 

in ATR patients may help restoring prerupture capacity of maximal force production, whereas 

these changes remain ineffective to prevent a loss of force at shorter MTU lengths. 

4.1 Strength deficit  

Large strength deficits of the plantar flexor muscles could be observed in the investigated ATR 

patients. The average plantarflexion strength deficit observed in the affected side amounts to 31% 

and is in line with recent observations from ATR patients with functional impairment (9). The 

current strength deficits may partly be attributable to the 12 % and 10 % smaller muscle thickness 

measured in GM and GL, respectively. Nonetheless, such a difference in muscle size cannot 

entirely account for the largest strength deficits (up to 48%) seen at certain joint angles. This 

discrepancy suggests that other factors than muscle atrophy affect the force deficit over the entire 

operating range of the plantar flexor muscles. The fact that the affected side exerts a maximum 

moment at a significantly more dorsiflexed ankle joint angle than the unaffected side supports this 

assertion and the hypothesis of changes in the triceps surae force-length relation.  

4.2 GM tendon properties 

The biomechanical and morphological characteristics observed in the repaired GM tendon are 

obvious candidates to explain differences in the force-length relationship. In the current study, the 

surgically treated GM tendons were 26 mm longer than the GM tendon on the unaffected side, 

which is consistent with the literature reporting differences in tendon resting length ranging 15 to 

27 mm more than one year after surgery (8, 9, 17). The present results show that lengthening 

occurred mainly in the so-called free portion of the Achilles tendon. Despite being longer, affected 

GM tendons were stiffer (54 ± 24%) than unaffected ones, although similar Young’s modulus 

values suggest for the first time that the material properties of the affected tendon may be restored 

to values similar to the unaffected side, 4.6 years postsurgery. The higher stiffness of repaired GM 

tendons seems thus mainly attributable to the considerable differences in tendon CSA (105 ± 28%). 

From a functional perspective, a greater tendon stiffness limits deformation at a given load and 

would mitigate the excessive strain expected in the longer affected tendon. This trade-off arguably 

helps preserving favorable contractile conditions for the triceps surae muscles, by limiting 

excessive shortening of muscle fibers.  
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4.3  Architecture 

Despite the positive influence of tendon stiffening postulated above, we found substantial 

architectural remodeling of the triceps surae muscles, with 27-to-34% shorter fascicles and 25-to-

45% larger pennation angles in the affected side. These observations confirm very recent findings 

of shorter fascicles in the GM muscle of ATR patients (9-11) and are in agreement with one study 

reporting an increase in pennation angle (11). The magnitude of affected-to-healthy architectural 

differences differs considerably between studies (17-59% for fascicle length and no significant 

difference to 162% for pennation angle). This disparity is expectable, owing to the differences in 

patient background, injury profile, duration post-surgery, and in methodology.  

Muscle architectural remodelling is typically ascribed to adaptive addition or removal of 

sarcomeres as shown in animal studies (42, 43), immobilizing limbs in stretched or shortened 

positions, respectively. The ability of muscle to sense mechanical signals (change in tension) to 

regulate protein turnover in humans has been shown consistently and is often linked to 

architectural reorganisation (44-46).  

4.4 Computer simulations 

The computer simulations confirmed our hypothesis of a detrimental effect of tendon elongation 

on GM’s force generation ability, which may partly be compensated for by changes in muscle 

architecture and tendon stiffening.  

All things being equal, the model showed that a 26 mm longer GM tendon causes a shift in the 

operating range of fascicles towards longer MTU length, whereby peak forces could not be 

generated at functional joint configurations (i.e., ankle joint angle until 60° dorsiflexion; see MTU1 

in Fig. 5A). Such a shift would result in a 28% reduction of contractile force in comparison to the 

maximum force plateau of the unaffected side (MTU0 in Fig. 5).This is in agreement with the 23% 

reduction in contractile force predicted for a 2 cm tendon lengthening in other in silico data (47).  

To what extent would architectural differences observed in ATR patients, had they represented 

true sarcomeric remodelling, mitigate the negative impact of tendon lengthening? The simulations 

demonstrate that comparable shortening of muscle fibers and increase in pennation angle (MTU2 

in Fig. 5A) is sufficient to shift the muscle’s operating range and the optimal angular range for 

peak force back and thus closer to physiological values. Interestingly, when observing 

experimental data and simulations of the flexed knee condition (Fig. 5B), representing shorter 

MTU lengths, the gastrocnemii muscles of the affected side do not even contribute to force 
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generation in the experimental range of ankle joint angles (22° plantarflexion to 7° dorsiflexion). 

Taken together, these data support our assumption that the removal of in series sarcomeres resets 

sarcomere optimal operating length to original values. However, such a reduction of in series 

sarcomeres also restricts the active operating range of muscle fibers, resulting in a force deficit at 

shorter MTU lengths. Therefore, the influence of muscle atrophy seems less important to explain 

the present findings than the changes discussed above.  

A stiffening of the GM tendon was expected to have similar effects on the force-length relationship 

as the reduction in serial sarcomeres, albeit to a lower extent. Nonetheless, when added to the MTU 

model (MTU2) with altered tendon length and muscle architecture to fully mimic our findings in 

ATR patients (MTU3 in Fig. 5), the stiffer tendon enabled the muscle peak active force to occur at 

even shorter MTU lengths than in the unaffected side (MTU0). Therefore, as pointed out previously 

(47), the stiffer tendon in MTU3  shifts the optimal MTU length and ankle angle to control values 

by steepening the slope of the force-length curve and thereby being ineffective against force 

deficits outside optimal ranges. 

Finally, the differences in moment arms observed between affected and healthy sides in these 

patients likely influence the moment-angle relation (48). We tested this hypothesis by modelling 

the affected muscle tendon unit with all the characteristics measured in the present study, with a 

corresponding moment arm length (38mm) and with a moment arm length of the unaffected side 

(45mm). The result shows that, with a fully extended knee, the smaller moment arm of the affected 

MTU has a marginal effect on maximal active force production. Clearer, yet functionally less 

important effects can be seen as about 10% differences in force production at nonphysiological 

dorsiflexion angles. For the sake of clarity, we include the modelled differences in moment arm in 

a separate figure in the Supplemental Digital Content 2 (see Figure, Supplemental Digital Content 

2, http://links.lww.com/MSS/C243). 

4.5 Limitations 

The in silico study of the influence of MTU properties on limb function offers a powerful tool that 

is not devoid of limitation. Muscle modelling cannot entirely reflect in vivo conditions due to a 

number of limitations. For instance, we could not model the force-length relation of the subjects 

individually, nor could we implement all possible variables describing muscle properties. 

Nonetheless, using the means as input variables and keeping other parameters fixed to standard 

values throughout all conditions and between sides was allegedly sufficient here. With the aim to 
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demonstrate the influence of substantial changes measured in the MTU of tendon rupture patients, 

our model would not have yielded different conclusions with a greater level of accuracy. In 

addition, the present study only included a model for the GM muscle. Despite being a relatively 

important plantar flexor, this muscle contributes far less than the monoarticular soleus muscle. 

Future investigations may complete the present findings with an analysis based on the soleus 

muscle.  

This study focused on the mechanical and morphological features affecting force generation and 

the impact of other parameters – not measured here – cannot be predicted. A reduction in neural 

drive caused by cortico-motor inhibition may also affect force generation after injury. To the best 

of our knowledge, information on the contribution of neural drive to strength deficits in ATR 

patients is thus far lacking and is warranted to complement the present results. 

Another methodological consideration should be made regarding the assessment of tendon force 

and mechanical properties. Our method is based on the assumption that the triceps surae force 

explains nearly all the plantarflexion moment, neglecting the possible hypertrophy of synergist 

muscles previously observed in ATR patients (e.g., 5% flexor hallucis longus) (49). Such a 

hypertrophy could lead to an overestimation of tendon force and stiffness on the affected side. 

However, based on previous reports, the 7.7 cm3 hypertrophy of the flexor hallucis longus and 

deep flexors account less than 1% to the total volume of all plantar flexor muscles (1031 cm3) (49). 

Therefore, we believe the hypertrophy of synergist muscles to have a negligible impact on force 

distribution within the plantar flexor muscles several years after ATR.  

Finally, caution should be exercised when inferring the present findings to female patients. The 

choice of recruiting male participants only was made in an attempt to preserve statistical power, 

by avoiding the variability in tendon properties inherent to hormonal influences in a female 

population (50). Additional research is warranted to ascertain the present results with a larger 

sample of ATR patients including females.  

4.6 Clinical perspective 

The results based on our model illustrates the extent of functional deficits stemming from tendon 

lengthening in ATR patients. They also reflect how alterations in fascicle length and tendon 

stiffness may not entirely counteract these deficits, as seen with a narrower torque-angle relation 

in the affected side. Functional limitations may therefore occur in activities requiring large angular 

excursions of the ankle joint (e.g., unilateral heel-rises, jump landings, stair descent, and certain 
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locomotor tasks). Unfortunately, this analysis alone does not offer further information on clinical 

outcomes, nor can it predict the long-term effect that a reduced or corrected (revision surgery) 

tendon lengthening would have. The latter merits consideration.  

Simple trigonometric calculations suggests that alterations in muscle architecture (shortening of 

muscle and fibres) may have compensated the increased tendon slack by 80% (21mm), although 

lesser tendon slack was fully accounted for by architectural alterations in one other study (10). In 

the same line of thought, the alteration in muscles architecture was relatively limited in ATR 

patients with important functional deficits (9), pointing at the possible association between 

architectural compensatory changes and functional/clinical outcome. The differences between this 

study and others (9, 10) in the ratio of tendon/muscle length changes is worth noting.  

Further studies should investigate the ratio of tendon to muscle length changes, as a potential 

predictor for functional deficit and as a benchmark indicator for (revision) surgery and 

rehabilitation.  

4.7 Conclusion 

Overall, the evolution of tendon healing after rupture and repair seems to start with an initial 

remodelling of sarcomeres in series due to the muscle slack caused by an elongated tendon. 

Changes in tendon stiffness and muscle architecture after rupture and repair are in theory capable 

to fully compensate tendon lengthening in the GM muscle in terms of resetting muscle fascicles to 

their optimal length for force production. This adaptation in the GM muscle and presumably the 

entire triceps surae comes at the cost of a reduced range of motion for active force generation. We 

contend that this effect largely explains the great force deficit seen in the investigated ATR 

patients.   
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Supplemental Digital Content  

 

Supplemental Digital Content 1; Figure; Experimental set-up used to quantify the moment-angle relationship. 

Reflective markers defining thigh, shank and foot controlling knee and ankle angles. One dimensional strain gauge 

force sensor with the vertical force vector (F) and a fixed distance to center of rotation (r = 0.28m) for moment 

calculations. Ultrasound probe fixed on the gastrocnemius medialis muscle. 

 

 



 

29 

 

 

Supplemental Digital Content 2; Figure; Effect of Achilles tendon moment arm length on gastrocnemius medialis 

active fiber force generation in relation to ankle joint angle with an extended knee (A) and a 90° flexed knee (B). All 

curves represent the muscle-tendon unit of the affected side (MTU3) with varying moment arm length. MAu: moment 

arm unaffected side, MAa: moment arm affected side. MAa was obtained by manipulating the calcaneal tendon 

insertion in the model. 
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