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Muscle–tendon properties of the 
female athlete: a comparison 
between “power modulation” and 
“energy conservation” training 
exposures
Scott Newbould1,2, Josh Walker2, Alexander J. Dinsdale2, Sarah Whitehead2,3 & 
Gareth Nicholson2

Muscle–tendon function can be categorised into “energy conservation” or “power modulation” 
tasks. However, little is known about how female tendons adapt to these different loading demands. 
This study compared muscle–tendon unit morphological and mechanical properties in athletes who 
regularly undergo either energy conservation (14 runners) or power modulation (eight netballers) 
activities. Static ultrasound was used to measure Achilles’ and patellar tendon thickness, as well as 
the thickness, pennation angle, and fascicle length of the gastrocnemii and vastus lateralis muscles. 
Achilles’ tendon length and moment arm were also measured. Muscle–tendon mechanical measures 
included plantar flexion and knee extension isometric strength, and Achilles’ tendon elongation, 
strain, and stiffness. Netballers displayed significantly higher absolute tendon thickness (p = 0.004 
for Achilles’, p = 0.021 for patellar), but not when normalised to body mass. Netballers also displayed 
significantly higher Achilles’ tendon stiffness (p = 0.046) and isometric plantar flexion and knee 
extension strength (both p < 0.001). No differences were detected in any other measure of muscle 
or tendon morphology. The results of this study provide evidence that power modulation activities 
promote different muscle–tendon unit properties to energy conservation activities in females, but that 
these adaptations may be body mass dependent.
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Lower-limb muscle–tendon units (MTUs) like the triceps surae are key structures in human movement, and 
their function can be categorised into three roles: “energy conservation”, “power amplification”, and “power 
attenuation”1. Energy conservation strategies are typically seen in endurance activities that are characterised by 
repetitive submaximal loading cycles where metabolic economy is important, such as long-distance running. 
In contrast, power amplification and power attenuation strategies (together, “power modulation”) are common 
in sports where athletes frequently undergo maximal acceleration and deceleration, jumping and landing, and 
changes of direction.

The magnitude of Achilles’ tendon (AT) strain differs between energy conservation and power modulation 
tasks, with reported peak strains of less than 6% during running2, but over 8% during single leg hopping3. 
Consequently, these different movement demands might result in divergent adaptations to the MTU. This 
is because the key factor in tendon adaptation is the strain magnitude, which must be sufficient to stimulate 
adaptations4,5. Indeed, a recent meta-analysis of training studies concluded that aerobic training (i.e., energy 
conservation) in isolation had no effect on tendon properties, whereas jump-based plyometric training (i.e., 
power modulation) resulted in significant tendon stiffness increases6. Tendon adaptation can occur through 
changes to the tendon’s material (i.e., elastic modulus), morphological (i.e., cross-sectional area, CSA), or 
mechanical (i.e., stiffness) properties7. These aspects are interrelated, as for example an increase in CSA will 
reduce the stress experienced by the tendon and therefore the magnitude of elongation in response to a constant 
tensile load, modulating the mechanical properties of the tendon7.
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Importantly, whilst material changes can significantly alter tendon stiffness within 8–12 weeks of loading8, 
only small and inconsistent changes in CSA are seen over this time frame in training studies6. In contrast, a larger 
AT CSA has consistently been reported in male athletes who regularly undergo both power modulation9,10 and 
energy conservation loading10–13. Tendon CSA may therefore be a sensitive marker of adaptation, but because 
of the relatively slow turnover of tendon tissue14, the short-term nature of training studies limits their ability 
to examine the long-term (i.e., years) effects of tendon loading15. Therefore, much can be learned about long-
term tendon adaptation from cross-sectional studies such as those which compare MTU properties between 
populations who have experienced different long-term loading demands. The measurement of tendon properties 
has implications for athlete performance, as previous research has highlighted the relationships between tendon 
mechanical properties and athletic performance outcomes such as jump and sprint ability16–18 and long-distance 
running performance19,20. Furthermore, the uniformity of muscle and tendon mechanical properties (i.e., 
muscle strength and tendon stiffness) is important not only for enhancing athletic performance potential, but 
also for mitigating injury risk21,22.

Despite the utility of these measurements, there is currently a scarcity of data in females, which is of concern 
because of the known differences in tendon properties between sexes23–25. These differences might be explained by 
different acute responses to loading between sexes, whereby females display an attenuated response to exercise13. 
This is possibly because of higher oestrogen levels, which have been shown to reduce markers of positive tendon 
adaptation after loading13,26. Indeed, whilst male runners display different tendon properties compared to 
untrained controls, female runners do not13,27. Although this suggests that female tendon properties might not 
adapt in response to loading, studies by Vikmoen et al.28 and Dalgaard et al.29 showed increased patellar tendon 
(PT) CSA following heavy resistance training (i.e., a high tendon strain activity). As such, the findings from 
Magnusson et al.13 and Westh et al.27 might be because running (i.e., a lower tendon strain activity) is a loading 
type that is insufficient to stimulate adaptations in females.

In contrast, Hansen et al.30 found that the jumping leg of female handball players displayed significantly 
greater PT CSA and stiffness compared to the non-jumping leg, evidencing that chronic power modulation 
loading stimulates adaptation in females. However, this study did not measure any aspects of the AT, and thus 
even though power modulation MTU strategies are common to nearly all sports, the long-term response of the 
AT to this type of loading remains unknown. Additionally, whilst Fletcher et al.31 reported differences in the 
mechanical profile of the AT between male and female runners and Magnusson et al.13 and Westh et al.27 found 
no difference in AT morphology between female runners and controls, no study has reported the mechanical and 
morphological properties together in a female-specific running cohort. In conclusion, the chronic adaptations 
to these different loading demands in female athletes remains unclear, and therefore the aim of this study was 
to compare the lower-limb MTU profiles of female energy conservation and power modulation athletes, with 
measures including strength, morphological characteristics, and mechanical properties.

Results
Anthropometrics and muscle morphology
There were differences in stature (runners: 169.0 ± 4.9 cm, netball: 180.0 ± 7.8 cm, p < 0.001, large effect size 1.75) 
and body mass (runners: 63.4 ± 5.9 kg, netball: 81.1 ± 7.6 kg, p < 0.001, large effect size 2.62) between groups. 
There were no differences in any measure of muscle morphology between groups (p ≥ 0.05) (Table 1).

Tendon thickness
A mixed analysis of variance (ANOVA) for AT thickness revealed there was a main effect of group (p = 0.010), 
whereby netballers had a thicker AT than runners (netballers: 4.82 ± 0.44 mm, runners: 4.27 ± 0.42 mm) (Fig. 1A). 

Variable Runners (Mean ± SD) Netball (Mean ± SD) p Hedges’ g (95% CI)

Gastrocnemius medialis

Thickness (mm) 18.1 ± 2.7 20.3 ± 2.5 0.077 0.80 (− 0.84–1.66)

Thickness/shank length 0.042 ± 0.07 0.043 ± 0.006 0.656 0.13 (− 0.72–0.96)

Pennation angle (°) 17.5 ± 1.8 19.2 ± 1.8 0.050 0.89 (− 0.01–1.76)

Fascicle length (mm) 63.3 ± 8.7 68.2 ± 9.1 0.225 0.53 (− 0.32–1.38)

FL/shank length 0.147 ± 0.021 0.144 ± 0.020 0.702  − 0.17 (− 1.00–0.67)

Gastrocnemius lateralis

Thickness (mm) 13.8 ± 2.5 15.3 ± 1.6 0.142 0.65 (− 0.22–1.50)

Thickness/shank length 0.032 ± 0.006 0.032 ± 0.004 0.784 0.05 (− 0.78–0.89)

Pennation angle (°) 11.7 ± 2.5 13.3 ± 1.8 0.126 0.68 (0.19–1.54)

Fascicle length (mm) 64.5 ± 12.7 66.3 ± 7.1 0.727 0.15 (− 0.69–0.99)

FL/shank length 0.150 ± 0.027 0.139 ± 0.016 0.343  − 0.41 (− 1.25–0.44)

Vastus lateralis

Thickness (mm) 22.0 ± 3.0 24.6 ± 3.1 0.071 0.81 (− 0.07–1.68)

Thickness/thigh length 0.053 ± 0.008 0.054 ± 0.007 0.682 0.10 (− 0.74–0.94)

Pennation angle (°) 16.0 ± 2.4 16.6 ± 1.5 0.574 0.24 (− 0.60–1.08)

Fascicle length (mm) 78.7 ± 9.7 82.2 ± 9.8 0.423 0.35 (− 0.50–1.19)

FL/thigh length 0.192 ± 0.026 0.180 ± 0.022 0.378  − 0.39(− 1.22–0.46)

Table 1.  Descriptive statistics and paired t-test differences between groups for muscle morphology. SD, 
standard deviation; CI, confidence interval; FL, fascicle length
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There was also a main effect of region where AT was thicker at 5 cm (4.81 ± 0.57 mm) and 4 cm (4.60 ± 0.47 mm) 
than 3 cm (4.21 ± 0.43 mm, both p < 0.001) (Fig. 1A). There was no group × region interaction (p = 0.373). A 
mixed ANOVA for normalised AT thickness revealed no difference between groups (p = 0.243), but a significant 
main effect of region (p < 0.001), where post-hoc testing revealed 5 cm (0.196 ± 0.03 mm/kg3/4) was thicker than 4 
cm (0.186 ± 0.0.02 mm/kg3/4, p = 0.041) and 3 cm (0.171 ± 0.0.02 mm/kg3/4, p < 0.001), and 4 cm was thicker than 
3cm (p < 0.001) (Fig. 1B). There was no group × region interaction (p = 0.151).

PT thickness had a main effect of group (p = 0.027), where netballers (3.33 ± 0.46 mm) displayed a thicker PT 
than runners (2.84 ± 0.46 mm) (Fig. 1C). The ANOVA also revealed a main effect of region (p = 0.024), where the 
25% region (3.21 ± 0.61 mm) was thicker than the 50% region (3.04 ± 0.50 mm, p = 0.025) (Fig. 1C). There was 
no group × region interaction (p = 0.117). A mixed ANOVA for normalised PT thickness revealed no main effect 
of group (p = 0.692), but a significant main effect of region (p = 0.008), with post-hoc tests revealing that the 25% 
region (0.132 ± 0.02 mm/kg3/4) was thicker than 50% (0.124 ± 0.02 mm/kg3/4, p = 0.015) (Fig. 1D). There was no 
group × region interaction (p = 0.104).

Pearson’s correlations revealed significant positive moderate relationships between body mass and average 
AT thickness (r = 0.482, p = 0.027) and PT thickness (r = 0.440, p = 0.041).

Fig. 1.  Regional tendon thickness for (A) Achilles’ tendon (B) normalised Achilles’ tendon, (C) patellar 
tendon, and (D) normalised patellar tendon. * denotes a significant difference between groups (p < 0.05). # 
and ### denote a significant difference between regions of p < 0.05 and p < 0.001, respectively. Between-group 
comparison of Achilles’ and patellar tendon thicknesses resulted in large Hedges’ g effect sizes of 1.38 and 1.07, 
respectively.
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Muscle–tendon unit mechanical properties
As displayed in Table 2, netballers displayed higher maximal plantar flexion and knee extension joint moments 
(p < 0.001), as well as higher AT force (p < 0.001) and AT stiffness index (ATkindex; p = 0.046). There were no 
differences in gastrocnemius medialis (GM) tendinous tissue elongation, strain, AT length, or moment arm 
between groups (p > 0.05). There was no relationship (p > 0.05) between body mass and ATkindex.

Discussion
The aim of this study was to compare the lower limb MTU profiles of female energy conservation athletes 
(runners) and power modulation athletes (netballers). Netballers possessed higher isometric strength and AT 
stiffness, as well as a thicker AT and PT, compared with runners. No differences were present between groups 
for normalised tendon thicknesses, or any other measure of MTU morphology. These findings provide insight 
into the effects of these different long-term loading demands on the structure and function of the triceps surae 
and quadriceps muscle–tendon complexes. These data can be used to inform sport-specific training practices for 
optimising MTU properties in female athletes.

Netballers displayed a thicker AT and PT than runners (large effect sizes). This is likely because the power 
modulation activities such as jumping and landing present in netball32 generally result in larger tendon strains 
than running33 and therefore are more stimulative to the tendon4. Indeed, whilst Hansen et al.34 found that 9 
months of running training was not sufficient to change AT CSA, studies by Houghton et al.35 and Bohm et 
al.36 reported increases in male AT size as a result of plyometric (i.e., power modulation) training. In addition 
to the power modulation loading experienced in netball training and competition, the netballers completed 
2.5 ± 0.5 strength and conditioning sessions per week (compared to 0.7 ± 0.7 for the runners), which included 
a combination of plyometric and resistance training. Resistance training is an effective stimulus for tendon 
adaptation6, and the increased muscle strength developed through this type of training means that the netballers’ 
tendons are likely exposed to greater strains from more forceful muscle contractions during movement21. 
Therefore, even though the volume of tendon loading of the runners is likely higher than that of the netballers 
in terms of the number of loading cycles and the integral of strain over time, the difference in strain magnitude 
experienced by these two groups is likely the primary cause of the divergence in tendon size and stiffness.

However, it must be noted that no differences were found between groups for normalised thickness (p = 0.320 
and 0.697 for AT and PT, respectively). This questions whether the thicker tendons in netballers are caused 
by loading demands alone, or in conjunction with body mass, as a higher body mass will necessarily place 
higher forces on the tendon during weight-bearing activities. To further investigate this, correlation analyses 
were carried out between body mass and absolute tendon thickness metrics, which found moderate positive 
relationships, showing that body mass also influences tendon size, which has been reported previously in males37. 
Tendon size (both absolute and normalised) tended to be greater at the more proximal measurement region for 
both tendons (Fig. 1). Although speculative, this might be because tendon strain is not uniform across the length 
or depth of the tendon (e.g.,38,39), which results in non-uniform adaptations. Interestingly, no differences were 
observed between groups for any measure of muscle morphology, meaning that all morphological differences 
between groups were present in the tendons, rather than muscle. Ultimately, it appears that the combination 
of loading demands, body mass, and muscle strength all expose the netballers’ tendons to higher relative load 
and strain, and although caution is warranted because of the cross-sectional nature of the study and the use of 
thickness measurement rather than CSA, these findings suggest that increased mechanical loading can result in 
a hypertrophic adaptation to the AT and PT in females.

In the present study, netballers displayed significantly higher AT stiffness than runners (large effect size of 
0.91). Similarly, Arampatzis et al.40 found that male sprinters had greater AT stiffness than endurance runners, 
demonstrating that power modulation loading results in divergent stiffness adaptations to energy conservation. 

Variable
Runners
(Mean ± SD)

Netball
(Mean ± SD) p Hedges’ g (95% CI)

Plantar flexion MVC (N.m) 123.1 ± 15.9 175.9 ± 22.4  < 0.001*** 2.75 (1.55–3.93)

Normalised plantar flexion MVC (N.m/kg3/4) 5.5 ± 0.6 6.5 ± 0.9 0.002** 1.45 (0.49–2.38_

Knee extension MVC (N.m) 133.4. ± 27.7 199.7 ± 32.7  < 0.001*** 2.16 (1.07–3.21)

Normalised knee extension MVC (N.m/kg3/4) 5.9 ± 1.1 7.4 ± 0.8 0.005** 1.35 (0.40–2.28)

GM tendinous tissue elongation (mm) 12.6 ± 3.4 15.9 ± 4.8 0.074 0.81 (− 0.08–1.67)

GM tendinous tissue strain (%) 6.5 ± 1.7 7.3 ± 1.9 0.344 0.41 (− 0.44–1.25)

Achilles’ tendon force (N) 4171 ± 622 5949 ± 743  < 0.001*** 2.55 (1.40–3.70)

ATkindex (N/strain) 677 ± 177 854 ± 207 0.046* 0.91 (0.02–1.78)

Achilles’ tendon length (mm) 193.4 ± 20.8 216.3 ± 37.3 0.143 0.79 (− 0.09–1.66)

Achilles’ tendon length/shank length 0.448 ± 0.036 0.453 ± 0.069 0.790 0.12 (− 0.72–0.95)

Achilles’ tendon moment arm (mm) 29.7 ± 2.7 29.6 ± 1.9 0.951  − 0.26 (− 0.86–0.81)

Table 2.  Descriptive statistics and paired t-test differences between groups for maximum voluntary isometric 
contraction moments and Achilles’ tendon properties. SD, standard deviation; CI, confidence interval; MVC, 
maximum voluntary contraction; GM, gastrocnemius medialis; ATkindex, Achilles’ tendon stiffness index. *, **, 
and *** denote a significant difference between groups at levels of p < 0.05, p < 0.01, and p < 0.001, respectively.
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In further support of this, power modulation activities that cause high tendon strains, such as plyometric training, 
generate positive AT stiffness adaptations41. Thus, the present results provide initial non-causal evidence that 
female athlete tendons adapt to power modulation-type loading in similar ways to male tendons; future research 
should investigate this using intervention designs.

The triceps surae muscle strength of an individual might also contribute to increased stiffness, as when 
reporting data from several of their studies, Arampatzis et al.21 showed a significant relationship between the 
AT force experienced during a maximal voluntary isometric contraction and AT stiffness (r = 0.67, p < 0.001). 
This is because more forceful contractions from the triceps surae induce higher AT strains, promoting stiffness 
adaptation4. Although no relationship was found between AT force and stiffness in the present study, the higher 
AT stiffness in the netballers allowed AT strain to remain within optimal ranges despite higher muscle strength, 
meaning that functional MTU uniformity between muscle strength and tendon stiffness is maintained21. The 
higher AT stiffness, coupled with the thicker tendons in the netballers, implies that the higher stiffness is because 
of morphological adaptation, rather than material changes, although this remains somewhat speculative. This is 
because a thicker tendon will be a stiffer one, assuming a consistent material profile42. This adaptation enhances 
both the structural and functional integrity of the tendon, showing for the first time that power modulation 
training promotes AT adaptation in female athletes.

Netballers displayed significantly higher isometric plantar flexion and knee extension moments than runners 
(large effect sizes of 2.75 and 2.16, respectively), a difference which might be explained by the resistance training 
undertaken by the netballers. However, given that resistance training variables (e.g., exercise selection, volume, 
intensity) were not collected for this study, this supposition cannot be fully supported. Nevertheless, another 
potentially contributing factor is that in power modulation movements, the MTU is required to rapidly generate 
and attenuate high forces1, which might result in positive strength adaptation. Indeed, power modulation loading 
has been shown to positively impact muscle strength in plyometric training studies41. The higher body mass of 
the netballers might contribute to the strength difference, as the relevant musculature is required to produce 
greater forces to generate movement and will be exposed to greater loads during weight-bearing activities. 
Furthermore, muscle strength is positively associated with better performance and lower injury risk in power 
modulation activities (i.e., jumps, sprints, change of direction activities43, and although strength is also positively 
related to running economy44, the relatively lower forces experienced in energy conservation activities might not 
be sufficient to stimulate substantial strength adaptations, unlike power modulation activities.

It must be acknowledged that the sample size of the present study was relatively small which reduces 
statistical power. Nevertheless, significant differences were reported for several of the variables of interest (i.e., 
muscle strength, tendon thickness and stiffness), indicating that the study was adequately powered to detect 
these differences between groups. However, these were all differences with large effect sizes, and thus it could be 
the case that there might have been small or moderate differences between groups in other variables that were 
not statistically significant because of the sample size. Regardless, the present work has identified differences 
between these female athlete cohorts for the first time for tendon stiffness and thickness. The measurement of 
tendon thickness as opposed to CSA is another point for consideration; whilst ultrasound-measured tendon 
thickness is a reliable metric45, it is ultimately a proxy measure for tendon size and precludes the calculation 
of tendon stress and Young’s modulus. The exclusion of these measurements means the material properties of 
the tendon have not been measured in this study and instead must be inferred from the relationship between 
mechanical and morphological properties.

In conclusion, netballers displayed different mechanical function (greater AT stiffness and isometric strength) 
compared to runners, and these differences were underpinned by morphological differences in the tendons 
(greater absolute tendon size) rather than muscle. These divergent properties are likely an adaptation to the 
combination of the increased body mass and the distinct loading demands experienced by the netballers, which 
place relatively greater forces on the MTU than those experienced by the runners. The present study provides 
insight into the MTU adaptations of power modulation and energy conservation athletes. Whilst the cross-
sectional design provides the benefit of investigating long-term loading, it does not provide control over the 
exact loading demands (e.g., intensity, volume, concurrent training), or over possible selection bias. Therefore, 
results should be interpreted within the context of the cross-sectional design of this study. Longitudinal studies 
are required to confirm the impact of each type of loading on MTU adaptations.

These findings provide evidence that female tendons are responsive to mechanical loading in the form of 
power modulation type movement. Although previous research has called into question the adaptability of female 
tendons to loading13,27, the results of this study and a recent training study28 suggest that the lack of response 
in the previous investigations is because energy conservation loading is an insufficient stimulus for tendon 
adaptation in females. The tendon properties observed in the power modulation athletes in this study evidence 
adaptations that are theoretically beneficial for both performance improvement and injury risk reduction in this 
population, with uniformity of the muscle–tendon unit being maintained21. Therefore, practitioners can use 
power modulation movements (e.g., plyometric training) to target favourable tendon properties in female power 
modulation athletes. The results of this study have widespread implications because of the large number of sports 
where the loading demands or training practices are characterised by power modulation type movements.

Methods
Participants
A convenience sample of 22 healthy females took part in this between-group cross-sectional study, which included 
14 long-distance runners to represent energy conservation loading (age: 28.6 ± 7.0 years) and eight netballers for 
power modulation loading (age: 25.2 ± 4.1 years). Netballers were chosen to represent power modulation loading 
because of the high frequency of jumps, accelerations, and deceleration events present in netball training and 
competition32. Netballers had a total netball training age of 14.1 ± 5.5 years, including 5.2 ± 3.1 years at their 
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current standard, and completed 5.9 ± 0.6 training sessions per week. Runners trained for and competed in 
races ranging from 5 km to marathon distances, had 7.9 ± 4.9 years of running training, including 6.6 ± 4.6 years 
at their current standard, and completed 5.1 ± 2.3 running sessions per week for a distance of 62.8 ± 21.9 km/
week. Participants were required to be free of any musculoskeletal injury for at least 6 months, as well as never 
previously rupturing or having tendinopathy of their AT or PT. All participants provided their written informed 
consent to take part in the study, and the study was approved by the Leeds Beckett University Ethics Committee 
(approval number 102194) and conformed to the Declaration of Helsinki46.

Procedures
Muscle and tendon morphology were assessed via static longitudinal B-mode ultrasound using a Siemens Acuson 
P300 system (Siemens Healthineers AG, Erlangen, Germany). The AT and PT were scanned using a 40-mm 
linear array probe (12–18 MHz), and the gastrocnemius medialis and lateralis and the vastus lateralis muscles 
with a 50-mm linear array probe (5–12 MHz). All images were analysed using ImageJ software (ImageJ2 1.54h, 
64-bit, National Institutes of Health; Bethesda, MD, USA). AT thickness was measured 3, 4, and 5 cm proximal 
to the calcaneal notch, as this region has been shown previously to differentiate between athlete cohorts11,12. 
Similarly, as regional adaptations to the PT have been shown9, PT thickness was measured at approximately 
25, 50, and 75% of tendon length47, where PT length was defined as the distance from the origin of the PT on 
the apex of the patellar to the insertion on the tibial tuberosity. Importantly, as tendon loading is impacted by 
body mass and a significant difference in body mass was present between groups (p < 0.001), tendon thickness 
values were also normalised to body mass to the power of 0.759. Tendon thickness was reported for each location 
individually, as well as an average of the three locations for each tendon.

For the AT and gastrocnemii scans, participants laid prone on a physiotherapy bed with their ankle fixed 
at 90° (neutral) and knee fully extended. The ankle was fixed at 90° by using an elastic bandage to secure the 
participant’s foot to the physiotherapy bed support, and the angle was confirmed using a handheld goniometer 
(Jamar, UK). For the vastus lateralis scan, participants sat on the bed with their knee fully extended and with 
a hip angle of 120° (180° in anatomical position), achieved by manipulating the backrest of the physiotherapy 
bed. For the PT scan participants sat upright with a knee angle of 90°, achieved by having participants sit with 
their legs off the edge of the bed, with their feet resting on rubber mats which were stacked to a height that 
resulted in a 90° knee angle (confirmed with a goniometer). The gastrocnemii were scanned at approximately 
30% of shank length (distance between lateral femoral epicondyle and lateral malleolus) and the vastus lateralis 
at approximately 50% of thigh length (distance from femoral greater trochanter to lateral femoral epicondyle). 
From each muscle scan, muscle thickness (distance between aponeuroses), pennation angle (angle of fascicle 
relative to deep aponeurosis), and fascicle length (straight-line distance between a fascicle’s insertion at deep 
and superficial aponeuroses) were measured. If the field-of-view was insufficient to measure a full fascicle, the 
manual linear extrapolation method was used48. Finally, the AT resting length was measured with a tape measure 
(guided with ultrasound) from the most distal point of the GM myotendinous junction to the calcaneal notch. 
Muscle thickness, fascicle length, and AT length were also normalised to their respective segment lengths to 
remove any scaling effect of stature on outcomes49,50.

Mechanical properties of the AT were assessed using ultrasound and dynamometry. Participants were 
seated on a dynamometer (CSMI, Cybex Humac Norm, Stoughton, MA, USA) with a hip joint angle of 60° 
flexion, the knee in full extension, and an ankle joint angle of 90° (neutral). A 60-mm, 128-element linear array 
ultrasound probe recording at 15 Hz (LV7.5/60/128Z-2, 5–8 MHz; EchoBlaster 128 CEXT-1Z, Telemed UAB; 
Vilnius, Lithuania) was placed over the GM myotendinous junction to measure displacement throughout 
all ankle dynamometry protocols. Participants performed 5-s graded isometric contractions with 20-s rest 
periods, starting at 20 N.m and increasing by 10–20 N.m until a maximum was reached. Three to five maximal 
attempts were performed, with the average of these being used for analysis51. The displacement of the GM 
myotendinous junction from rest to the isometric portion of each contraction includes elongation of both the 
GM aponeurosis and the AT, with the displacement of this landmark being used as the measure of GM tendinous 
tissue elongation. Throughout all dynamometry procedures, participants were securely strapped into position 
to minimise joint rotation, but the measured GM tendinous tissue elongation was corrected for unavoidable 
joint rotation40. AT moment arm was calculated using a passive rotation protocol and the tendon excursion 
method52. From these procedures, the variables of interest were the maximum GM tendinous tissue elongation, 
strain (elongation relative to resting length), AT force (calculated as the maximum joint moment recorded by 
the dynamometer divided by the AT moment arm), and stiffness index (ATkindex). ATkindex was calculated by 
dividing the maximum tendon force by the maximum GM tendinous tissue strain51; this metric has previously 
been shown to display high reliability within a female athlete population53, and because its calculation utilises 
strain rather than elongation, it partitions out the between-subject variability in tendon length. Additionally, 
participants performed three maximal isometric knee extension trials of 5 s each with 30 s of rest whilst seated 
on the Cybex dynamometer with a knee joint angle of 90° and a hip joint angle of 80° flexion. The average of the 
maximum joint moments recorded from each trial was used for analysis.

Statistical analysis
All data are presented as mean ± standard deviation, and α = 0.05. All analyses include all 22 participants (14 
runners, 8 netballers), and all statistical tests were two-tailed. Data were first checked for normality using a 
Shapiro–Wilk test, and then an independent samples t-test was used to assess differences between groups (or a 
Mann–Whitney U test in the case of non-normally distributed data). Hedges’ g effect sizes with 95% confidence 
intervals were calculated to assess the magnitude of group differences and were interpreted as ≤ 0.2 = trivial, 
0.2 to 0.5 = small, 0.5 to 0.8 = medium, and ≥ 0.8 = large. For tendon thicknesses, a 2 × 3 (group × region) mixed 
ANOVA was used to assess differences in tendon thickness between groups and measurement regions, as well 
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group × region interaction effects. If significant main effects or interactions were found, Bonferroni post-hoc tests 
were used for pairwise comparisons. Pearson’s correlation coefficient (r) was used to assess the relationships 
between body mass and AT thickness and stiffness, where r ≤ 0.2 = trivial, 0.2 to 0.4 = weak, 0.4 to 0.6 = moderate, 
0.6 to 0.8 = strong, 0.8 to 1.0 = very strong. Microsoft Excel (Microsoft Corporations, Redmond, WA, USA) and 
SPSS Statistics (IBM Corporations, Version 28.0, Armonk, NY, USA) were used for calculations and statistical 
analyses.

Data availability
The data generated and analysed for this study are available in Supplementary Information File 1.

Received: 26 November 2025; Accepted: 1 April 2026

References
	 1.	 Roberts, T. J. & Azizi, E. Flexible mechanisms: The diverse roles of biological springs in vertebrate movement. J. Exp. Biol. 214, 

353–361 (2011).
	 2.	 Lichtwark, G. A. & Wilson, A. M. Interactions between the human gastrocnemius muscle and the Achilles tendon during incline, 

level and decline locomotion. J. Exp. Biol. 209, 4379–4388 (2006).
	 3.	 Lichtwark, G. A. & Wilson, A. M. In vivo mechanical properties of the human Achilles tendon during one-legged hopping. J. Exp. 

Biol. 208, 4715–4725 (2005).
	 4.	 Arampatzis, A., Karamanidis, K. & Albracht, K. Adaptational responses of the human Achilles tendon by modulation of the 

applied cyclic strain magnitude. J. Exp. Biol. 210, 2743–2753 (2007).
	 5.	 Arampatzis, A., Peper, A., Bierbaum, S. & Albracht, K. Plasticity of human Achilles tendon mechanical and morphological 

properties in response to cyclic strain. J. Biomech. 43, 3073–3079 (2010).
	 6.	 Lazarczuk, S. L. et al. Mechanical, material and morphological adaptations of healthy lower limb tendons to mechanical loading: a 

systematic review and meta-analysis. Sports Med. https://doi.org/10.1007/s40279-022-01695-y (2022).
	 7.	 Heinemeier, K. M. & Kjaer, M. In vivo investigation of tendon responses to mechanical loading. J. Musculoskelet. Neuronal Interact. 

11, 115–123 (2011).
	 8.	 Kubo, K. et al. Time course of changes in the human Achilles tendon properties and metabolism during training and detraining in 

vivo. Eur. J. Appl. Physiol. 112, 2679–2691 (2012).
	 9.	 Kongsgaard, M., Aagaard, P., Kjaer, M. & Magnusson, S. P. Structural Achilles tendon properties in athletes subjected to different 

exercise modes and in Achilles tendon rupture patients. J. Appl. Physiol. 99, 1965–1971 (2005).
	10.	 Wiesinger, H. P. et al. Are sport-specific profiles of tendon stiffness and cross-sectional area determined by structural or functional 

integrity?. PLoS ONE 11, e0158441 (2016).
	11.	 Rosager, S., Aagaard, P., Neergaard, K., Kjaer, M. & Magnusson, S. P. Load-displacement properties of the human triceps surae 

aponeurosis and tendon in runners and non-runners. Scand. J. Med. Sci. Sports 12, 90–98 (2002).
	12.	 Magnusson, S. P. & Kjaer, M. Region-specific differences in Achilles tendon cross-sectional area in runners and non-runners. Eur. 

J. Appl. Physiol. 90, 549–553 (2003).
	13.	 Magnusson, S. et al. The adaptability of tendon to loading differs in men and women. Int. J. Exp. Pathol. 88, 237–240 (2007).
	14.	 Heinemeier, K. M. et al. Lack of tissue renewal in human adult Achilles tendon is revealed by nuclear bomb 14C. FASEB J. 27, 

2074–2079 (2013).
	15.	 Wiesinger, H. P. et al. Effects of increased loading on in vivo tendon properties: A systematic review. Med. Sci. Sports Exerc. 47, 

1885–1895 (2015).
	16.	 Bojsen-Møller, J., Magnusson, S. P., Rasmussen, L. R., Kjaer, M. & Aagaard, P. Muscle performance during maximal isometric and 

dynamic contractions is influenced by the stiffness of the tendinous structures. J. Appl. Physiol. 99, 986–994 (2005).
	17.	 Wu, Y. K. et al. Relationships between three potentiation effects of plyometric training and performance. Scand. J. Med. Sci. Sports 

20, 1 (2010).
	18.	 Houghton, L., Dawson, B. & Rubenson, J. Achilles tendon mechanical properties after both prolonged continuous running and 

prolonged intermittent shuttle running in cricket batting. J. Appl. Biomech. 29, 453–462 (2013).
	19.	 Kubo, K. et al. Effects of mechanical properties of muscle and tendon on performance in long distance runners. Eur. J. Appl. Physiol. 

110, 507–514 (2010).
	20.	 Rogers, S. A., Whatman, C. S., Pearson, S. N. & Kilding, A. E. Assessments of mechanical stiffness and relationships to performance 

determinants in middle-distance runners. Int. J. Sports Physiol. Perform. 12, 1329–1334 (2017).
	21.	 Arampatzis, A., Mersmann, F. & Bohm, S. Individualized muscle–tendon assessment and training. Front. Physiol. 11, 723 (2020).
	22.	 Mersmann, F. et al. Longitudinal evidence for high-level patellar tendon strain as a risk factor for tendinopathy in adolescent 

athletes. Sports Med. Open 9, 1 (2023).
	23.	 Onambélé, G. N. L., Burgess, K. & Pearson, S. J. Gender-specific in vivo measurement of the structural and mechanical properties 

of the human patellar tendon. J. Orthop. Res. 25, 1635–1642 (2007).
	24.	 Zhang, X., Deng, L., Xiao, S., Li, L. & Fu, W. Sex differences in the morphological and mechanical properties of the Achilles tendon. 

Int. J. Environ. Res. Public Health 18, 8974 (2021).
	25.	 Lepley, A. S. et al. Sex differences in mechanical properties of the Achilles tendon: longitudinal response to repetitive loading 

exercise. J. Strength Cond. Res. 32, 3070–3079 (2018).
	26.	 Hansen, M. et al. Effect of administration of oral contraceptives in vivo on collagen synthesis in tendon and muscle connective 

tissue in young women. J. Appl. Physiol. 106, 1435–1443 (2009).
	27.	 Westh, E. et al. Effect of habitual exercise on the structural and mechanical properties of human tendon, in vivo, in men and 

women. Scand. J. Med. Sci. Sports 18, 23–30 (2008).
	28.	 Vikmoen, O. et al. Effects of heavy strength training on running performance and determinants of running performance in female 

endurance athletes. PLoS ONE 11, e0150799 (2016).
	29.	 Dalgaard, L. B. et al. Influence of oral contraceptive use on adaptations to resistance training. Front. Physiol. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​

8​9​/​f​p​h​y​s​.​2​0​1​9​.​0​0​8​2​4​​​​ (2019).
	30.	 Hansen, M. et al. Impact of oral contraceptive use and menstrual phases on patellar tendon morphology, biochemical composition, 

and biomechanical properties in female athletes. J. Appl. Physiol. 114, 998–1008 (2013).
	31.	 Fletcher, J. R., Pfister, T. R. & Macintosh, B. R. Energy cost of running and Achilles tendon stiffness in man and woman trained 

runners. Physiol. Rep. 1, e00178 (2013).
	32.	 Mackay, L. et al. Movement characteristics of international and elite domestic netball players during match-play. Int. J. Perform. 

Anal. Sport. https://doi.org/10.1080/24748668.2024.2303893 (2024).
	33.	 Adam, N. C. et al. In vivo strain patterns in the Achilles tendon during dynamic activities: A comprehensive survey of the literature. 

Sports Med. 9, 604–605 (2023).

Scientific Reports |        (2026) 16:18877 7| https://doi.org/10.1038/s41598-026-47580-w

www.nature.com/scientificreports/

https://doi.org/10.1007/s40279-022-01695-y
https://doi.org/10.3389/fphys.2019.00824
https://doi.org/10.3389/fphys.2019.00824
https://doi.org/10.1080/24748668.2024.2303893
http://www.nature.com/scientificreports


	34.	 Hansen, P., Aagaard, P., Kjaer, M., Larsson, B. & Magnusson, S. P. Effect of habitual running on human Achilles tendon load-
deformation properties and cross-sectional area. J. Exp. Med. 95, 2375–2380 (2003).

	35.	 Houghton, L., Dawson, B. & Rubenson, J. Effects of plyometric training on Achilles tendon properties and shuttle running during 
simulated cricket batting innings. J. Strength Cond. Res. 27, 1036–1046 (2013).

	36.	 Bohm, S., Mersmann, F., Tettke, M., Kraft, M. & Arampatzis, A. Human Achilles tendon plasticity in response to cyclic strain: 
Effect of rate and duration. J. Exp. Biol. 217, 4010–4017 (2014).

	37.	 Tomlinson, D. J. et al. The combined effects of obesity and ageing on skeletal muscle function and tendon properties in vivo in men. 
Endocrine 72, 411–422 (2021).

	38.	 Franz, J. R., Slane, L. C., Rasske, K. & Thelen, D. G. Non-uniform in vivo deformations of the human Achilles tendon during 
walking. Gait Posture 41, 192–197 (2015).

	39.	 Slane, L. C. et al. Non-uniformity in the healthy patellar tendon is greater in males and similar in different age groups. J. Biomech. 
80, 16–22 (2018).

	40.	 Arampatzis, A., Karamanidis, K., Morey-Klapsing, G., De Monte, G. & Stafilidis, S. Mechanical properties of the triceps surae 
tendon and aponeurosis in relation to intensity of sport activity. J. Biomech. 40, 1946–1952 (2007).

	41.	 Ramírez-delaCruz, M. et al. Effects of plyometric training on lower body muscle architecture, tendon structure, stiffness and 
physical performance: A systematic review and meta-analysis. Sports Med. Open 8, 431 (2022).

	42.	 Magnusson, S. P., Hansen, P. & Kjaer, M. Tendon properties in relation to muscular activity and physical training. Scand. J. Med. 
Sci. Sports 13, 211–223 (2003).

	43.	 Suchomel, T. J., Nimphius, S. & Stone, M. H. The importance of muscular strength in athletic performance. Sports Med. 46, 
1419–1449 (2016).

	44.	 Saunders, P., Pyne, D., Telford, R. & Hawley, J. Factors affecting running economy in trained distance runners. Sports Med. 34, 
465–485 (2004).

	45.	 Kruse, A., Stafilidis, S. & Tilp, M. Ultrasound and magnetic resonance imaging are not interchangeable to assess the Achilles 
tendon cross-sectional area. Eur. J. Appl. Physiol. 117, 73–82 (2017).

	46.	 World Medical Association. World Medical Association Declaration of Helsinki: Ethical principles for medical research involving 
human subjects. JAMA 310, 2191–2194 (2013).

	47.	 Bissas, A. et al. Muscle–tendon morphology and function following long-term exposure to repeated and strenuous mechanical 
loading. Scand. J. Med. Sci. Sports 30, 1151–1162 (2020).

	48.	 Franchi, M. V. et al. Muscle architecture assessment: Strengths, shortcomings and new frontiers of in vivo imaging techniques. 
Ultrasound Med. Biol. 44, 2492–2504 (2018).

	49.	 Abe, T., Fukashiro, S., Harada, Y. & Kawamoto, K. Relationship between sprint performance and muscle fascicle length in female 
sprinters. J. Physiol. Anthropol. Appl. Hum. Sci. 20, 141–147 (2001).

	50.	 May, S., Locke, S. & Kingsley, M. Gastrocnemius muscle architecture in elite basketballers and cyclists: A cross-sectional cohort 
study. Front. Sports Act. Living 3, 768846 (2021).

	51.	 Hunter, S. et al. Reliability and accuracy of a time-efficient method for the assessment of Achilles tendon mechanical properties by 
ultrasonography. Sensors 22, 2549 (2022).

	52.	 Fath, F., Blazevich, A. J., Waugh, C. M., Miller, S. C. & Korff, T. Direct comparison of in vivo Achilles tendon moment arms 
obtained from ultrasound and MR scans. J. Appl. Physiol. 109, 1644–1652 (2010).

	53.	 Newbould, S., Walker, J., Dinsdale, A. J., Whitehead, S. & Nicholson, G. Between-day reliability of local and global muscle–tendon 
unit assessments in female athletes whilst standardising menstrual cycle phase. PLoS ONE 20, e0306587 (2025).

Acknowledgements
We would like to thank all study participants for taking part in this study.

Author contributions
SN—conceptualisation, formal analysis, investigation, methodology, project administration, visualisation, orig-
inal draft preparation, review and editing. GN—conceptualisation, methodology, supervision, review and edit-
ing.  JW—conceptualisation, methodology, visualisation, review and editing.  SW and AD—conceptualisation, 
methodology, review and editing.  All authors approved the final version of the manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​6​-​4​7​5​8​0​-​w​​​​​.​​

Correspondence and requests for materials should be addressed to S.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026 

Scientific Reports |        (2026) 16:18877 8| https://doi.org/10.1038/s41598-026-47580-w

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-026-47580-w
https://doi.org/10.1038/s41598-026-47580-w
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Muscle–tendon properties of the female athlete: a comparison between “power modulation” and “energy conservation” training exposures
	﻿Results
	﻿Anthropometrics and muscle morphology
	﻿Tendon thickness
	﻿Muscle–tendon unit mechanical properties

	﻿Discussion
	﻿Methods
	﻿Participants
	﻿Procedures
	﻿Statistical analysis

	﻿References


