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SUMMARY
Background. This longitudinal study aimed to quantify the relative effects of body 
mass, peak muscle force, maturation and sex on Achilles tendon (AT) mechanical 
properties and to examine the external factors that trigger mechanical changes, or 
intrinsic tendon adaptations during adolescence. 
Methods. We measured AT mechanical properties and dimensions during pre-puber-
tal and adolescent growth in 41 participants (20 boys and 21 girls). Participants were 
tested over 18 months; longitudinal changes were examined through linear mixed 
modelling. 
Results. Sex and maturation were found to be the major factors influencing AT 
mechanical changes. Their effects were largely exerted through increases in muscle 
force, which imposed greater stress on AT and strongly predicted changes in stiffness 
and Young’s modulus in boys and girls, while strain was consistent.
Conclusions. The more rapid increase in stiffness before the age of peak height veloci-
ty in boys was associated with an increase in force at that time, which may have evoked 
the molecular signaling required for adaptations to internal tendon structure leading 
a different adaptive response between sexes. The present data are suggestive of an 
adaptive model in which increases in muscle force production impose greater mechan-
ical loading, on the tendon to trigger increases in stiffness as children mature through 
adolescence.
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BACKGROUND
The human Achilles tendon (AT) is a spring-like, load-bear-
ing structure that transmits muscular forces directly to the 
calcaneum of the foot, playing an essential role during daily 
tasks such as walking, running and jumping. AT would theo-
retically need to adapt rapidly to changes in body mass and 
strength, such as during periods of body growth and matu-
ration. In the present study we investigated the longitudinal 
changes in the properties of the Achilles tendon in adolescent 
girls and boys during a time period around growth-spurt.
Cross-sectional data from human studies suggests that the 
timing and rate of maturation during growth from childhood 
varies greatly between individuals (1), with a rapid period 
of growth associated with the peak height velocity (PHV) 

being clearly observed in the pubertal phase. However, the 
limited existing data obtained by cross-sectional analyses 
suggests that significant increases in both tendon stiffness 
and Young’s modulus occur with maturation to adulthood 
(2, 3), with a rapid increase in stiffness at or around PHV 
resulting partly from increases in cross-sectional area (2, 
3), potentially alongside a slowing in the rate of increase in 
tendon length (4). Collectively, these data provide an uncom-
plicated picture of the growth characteristics of important, 
energy-storing tendons such at the human AT. However, it 
is not yet known whether cross-sectional analyses accurately 
describe the longitudinal adaptive process.
The mechanical properties of the Achilles tendon also have 
been shown to differ based on both sex (5) and growth 
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rate (6). Although asynchronous growth rates may affect 
stress, strain, and stiffness of AT, especially in the PHV 
period, growth itself might not be a major factor influenc-
ing muscle-tendon unit (MTU) strain, and thus mechani-
cal change. Indeed, the cross-sectional data of Mogi, Torii 
(2) indicated that the calf-Achilles MTU length increases 
concurrently with the longitudinal growth of bones even in 
the period of rapid adolescent growth. In the only longitu-
dinal study thus far completed, Neugebauer and Hawkins 
(6) did not detect changes in peak AT strain, stiffness or 
modulus over a 6-month period, and no statistical relation-
ships with sex, growth rate or physical activity levels were 
observed in a sample of 10-12 years old girls and 12-14 years 
old boys. However, it is not known whether changes, if pres-
ent, can be reliably detected over a 6-month period using 
current testing methods. Furthermore, we do not perfectly 
know whether boys and girls adapt similarly, whether their 
changes occur at the same rate relative to PHV, or whether 
changes are similar in low or high force levels. By tracking 
changes over a longer time period, age- and maturation-re-
lated changes could be clarified. 
Body mass increases significantly around PHV (1), which 
results in rapid increases in muscle force and consequent-
ly a greater mechanical load on tendons (7). These changes 
have been associated with increased stiffness (k) and Young’s 
modulus (E) (3, 6), but it is not clear yet whether body mass, 
strength or both are explanatory factors of tendon adapta-
tion. Furthermore, increases in Young’s modulus, are related 
to either repeated stress (8) or high strain magnitudes (9). 
Whereas the strain at tendon failure is more or less constant 
during maturation the stress to tendon failure is dependent 
on the tendon’s material properties. Peak AT stress increased 
over a 6-month period due to a decrease in AT CSA in the 
study of Neugebauer and Hawkins (6) whereas greater (by 
percentage) increases in tendon stiffness and cross-sectional 
area than both muscle size and strength were observed over 
2 years in the patellar tendon of adolescent volleyball players, 
suggesting that growth was associated with a reduced peak 
tendon stress (10). However, it is not certain whether the 
peri-adolescent period is associated with significant increas-
es in stress or strain that might predispose to adaptation and 
or injury (11). Therefore, the examinations of AT proper-
ties over a similar period might allow for the rates of chang-
es in mechanical variables to be more clearly established 
and for associations with variables such as sex, maturation, 
body mass and peak muscular strength to be explored. The 
current literature remains limited primarily to cross-sectional 
studies, thus a more complete picture of tendon adaptation 
could then be feasibly drawn from the simultaneous tracking 
of children at different ages and levels of maturation at the 
start of the 1.5-year period.  

Complicating matters is that tendon exhibits highly non-lin-
ear axial force-displacement behavior at low force (low 
strain) levels and linear behavior at higher forces (higher 
strain). Little is known about the relative changes in the 
low-force region of the force-length (stress-strain) relation 
in AT or other energy-storing tendons, which is problem-
atic given that in vivo loading of the human AT typically 
lies within the low-strain region in most activities of daily 
living. Therefore, it is of great interest to specifically exam-
ine age-related changes in tendon properties, in both sexes, 
in the low-to-moderate force level region.  
Given the above, the purpose of the present longitudinal 
study was to quantify the relationships between body mass, 
peak muscle force (strength), maturation and sex with AT 
mechanical properties including stiffness, Young’s modu-
lus, stress and strain. It was hypothesized that changes in 
both body mass and strength would be strongly associated 
with longitudinal changes in AT mechanical properties in 
both low- and high-force regions, but that these would be 
underpinned by the maturation process in a sex-dependent 
manner which may varies at different force levels during the 
adolescent growth spurt. 

MATERIALS AND METHODS
Fifty-seven prepubertal children volunteered for the study, 
while forty-one participants (20 boys: 12.6 ± 0.4 years, 48.7 
± 7.2 kg, and 157.6 ± 5.1 cm; 21 girls: 10.6 ± 0.5 years, 36.6 
± 6.8 kg, and 146.4 ± 8.1 cm) were found to be close to the 
age of PHV, 16 participants were excluded since no PHV 
was observed. The predicted age of PHV was based on the 
equation of Mirwald, Baxter-Jones (12). The observed age 
of PHV that was closer to the best predicted age of PHV 
was accepted as the age of peak height velocity (APHV) in 
each participant. In order to determine the degree of reli-
ability of the above assumption, the intraclass correlation 
coefficient (ICC) between the two ages (best predicted and 
APHV) was calculated. The ICC rate for boys was 0.97 (p 
< 0.001) and for girls 0.77 (p < 0.001). The acceptable limit 
of the coefficient is > 0.75 (13), thus the best predicted age 
of PHV did not differ significantly from the approximate 
APHV defined in the present study.
Complete anthropometric characteristics for each sex at 
each testing time point are shown in table I. The age rang-
es represent one standard deviation around the average 
age at which peak height velocity (PHV) occurs for boys 
and girls, respectively. Finally, the maturation progress was 
classified into 4 stages: 12, 6 mo before, and then 0, and 
6 months after, the age of PHV (corresponding to 1st, 2nd, 
3rd and 4th time point of measurement, respectively). The 
difference of 6 mo in the predicted PHV was accepted 
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within the acceptable range (< 1 year) as recommended by 
Mirwald, Baxter-Jones (12). All participants were recruited 
from public schools and were healthy, without any disabili-
ty or leg injury. All students and parents provided informed 
consent. Research protocol and measurement techniques 
were approved by Local Ethics Research Committee (ERC-
003/2020). The study was conducted in accordance with the 
ethical guidelines and recommendations for the clinical and 
field science research (14).

Experimental design – measurements
Participants were tested in a random order over 18 months 
by performing the same measurements under similar condi-
tions at 6-month intervals. Anthropometric data including 
standing height, sitting height, leg length, body mass and 
age were recorded at each testing session (every six months, 
4 time points) and used to ensure the validity of procedure 
and calculate the maturity offset. Subsequently, the partici-
pants laid prone on the dynamometer bench (Cybex Humac 
Norm, CSMI, MA, USA) for strength measurements (figure 
1). The instrument and measurement accuracy were ± 0.5% 
full-scale maximum. The foot was positioned perpendic-
ular to the tibia (ankle in the neutral position, knee fully 
extended) and placed in the dynamometer’s foot plate with 
right ankle in the neutral position (0o: foot was perpendicu-
lar to the longitudinal axis of the tibia). The foot was tightly 
secured with straps to the footplate and the hips were tightly 
strapped to the seat. The rotation axis of the ankle joint was 
carefully aligned to be parallel to the axis of the lever arm of 
the dynamometer and passing through the midpoint of the 
line connecting both malleoli, as described by De Monte, 
Arampatzis (15). B-mode ultrasonography (US) (SSD-3500, 
Aloka, Tokyo, Japan) using a 60-mm electronic linear-array 
probe (7.5 MHz wave frequency) was used to measure the 
displacement of the distal myotendinous junction (MTJ) of 
the medial gastrocnemius (MG) during ramped, maximal 
isometric plantar flexions. The probe was placed longitudi-

nally at the position specified by a marker attached on the 
skin surface. An echo-absorptive marker was attached to 
monitor possible motion of the probe on the skin during the 
measurement. Analog signals from the dynamometer were 
amplified and synchronized with data from the ultrasound 
system using a DA 100 B amplifier (Biopac Systems. Inc., 
Goleta, CA, common mode rejection ratio > 90 db, band-
width = 0.05-500 Hz). Torque data were recorded by the 
dynamometer at a sampling frequency of 100 Hz.

Familiarization 
Prior to testing, each participant performed warm-up exer-
cise consisting of 3-5 sub-maximal isometric plantar flex-

Table I. Anthropometric characteristics of participants per stage of maturity (months from predicted age of PHV): age (years), 
body mass (kg), height (cm). A significant change in height (* 0.001 < p < 0.01) was observed in the interval between 1 year 
before and the predicted age of PHV. 

Maturity stage - 12 - 6 0 + 6

Boys (N = 21) Age   12.6 ± 0.4   13.4 ± 0.4   13.9 ± 0.4   15.2 ± 0.7

Body mass   48.7 ± 7.2   53.2 ± 7.3   59.1 ± 7.2   61.3 ± 8.3

Height 157.6 ± 5.1 162.1 ± 7.2    169 ± 7.5* 173.2 ± 10.7

Girls  (N = 20) Age   10.6 ± 0.5   11.5 ± 0.5      12 ± 0.5 13.05 ± 0.5

Body mass   36.6 ± 6.8   41.6 ± 7.9   46.8 ± 8   50.0 ± 8.5

Height 146.4 ± 8.1 151.4 ± 7.9 158.1 ± 6.9* 162.2 ± 4.0

Figure 1. Experimental setup, showing the ultrasound probe 
fixed to the muscle-tendon junction during ankle joint moment 
data collection. Upper left corner: torque-time trace (raw data) 
showing linear torque (Nm) increase over time (s).
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ion contractions to pre-condition the tendon. Thereafter, 
three ramped isometric plantar flexions (IPF) with maximal 
effort were done to familiarize the participants with the IPF 
required for testing. A 5-min passive rest was given between 
the familiarization phase and the testing protocol to mini-
mize fatigue.

Torque measurement during plantar flexion
Upon the instructor’s request, participants performed two 
10-s isometric ramp plantar flexion contractions increasing 
from 0% to 100% of the maximum torque at 20% of maxi-
mum torque every 2 s and holding maximally for 5 s (30-s 
inter-trial rest). In addition to continuous verbal encourage-
ment, the participant was provided visual feedback of the 
torque signal on screen to allow execution of the effort as 
accurately as possible. Torque values were obtained from 
the best effort in which the ramp was properly achieved and 
torque-time relations were linear in the ramp period with-
out energy loss (resulting from notable decreases in torque) 
in the test.

Measurement of tendon elongation
Ultrasound images were digitally recorded at a sampling 
frequency of 25 Hz. Max TRAQ software (Max Traq Lite 
version 2.09, Innovision Systems, Inc. Columbiaville, Mich-
igan. U.S.A) was used to digitize the spatial location of the 
MTJ in order to generate MTJ position-time data from 
the ultrasound video. 25 position points (1 position point 
every 0.4 s) were recorded for each 10-s ramp contraction. 
AcqKnowledge Acquisition & Analysis Software (BIOPAC 
Systems, Inc., USA) was used to synchronize the torque 
signal   and ultrasound imaging data. MG MTJ displacement 
was assumed to represent the change in the length of the 
AT. An example of Torque-elongation relationship obtained 
during ramped plantarflexion contractions for an adoles-
cent girl (12 years old) during age of peak height velocity is 
shown in figure 2.
As reported elsewhere (16), both a shift of the foot from 
the initial position and a change in ankle joint angle were 
observed during the measurements. The detection of possi-
ble heel movement during contraction was provided by 
capturing high-speed digital video (JVC 9800, frame rate = 
120 Hz) with a high-speed shutter to record plantar flexion 
motion. Five reflectors (2.5-mm radius) were placed on the 
5th metatarsal, lateral malleolus, and lower extremity of the 
heel and two markers were placed on the foot plate. The 
video camera was placed opposite the ankle in the fron-
tal plane at the middle of the dynamometer’s foot plate. 
Despite foot stabilization with the elastic straps and bandag-

es, displacement of the ankle joint was recorded during 
contraction, resulting in loss of alignment with the dyna-
mometer rotation axis. To accurately calculate the angle of 
rotation in two dimensions, the positions of the reflectors 
were recorded during the ramp isometric plantar flexion 
contraction and coordinate data from high-speed camera 
were down-sampled to match the ultrasound sampling 
frequency. The additional MTJ positional change (ΔL; mm) 
due to ankle rotation was calculated from the angle Δφ 
(rad) recorded by the camera and the torque moment arm’s 
length (d; mm) according to the equation: ΔL = Δφ × d. The 
additional MTJ displacement was subtracted from record-
ed elongation (ΔL) to compensate for the influence of ankle 
joint rotation. 

Moment arm measurement
The perpendicular distance from the center of rotation to 
the line of AT action was defined as AT moment arm (MA), 
which was calculated with the excursion method. Following 
the execution of the measurement protocol, without chang-
ing the participant’s position or the position of the ultrasound 
probe, passive AT behavior assessment was performed with 
the dynamometer rotating passively between 20o dorsiflex-
ion and 20o plantarflexion at a speed of 5o/s. The instruction 
was given to the participants to relax their leg muscles during 
the dynamometer’s foot plate movement to minimize muscle 
activity. Six trials were executed, and data were collected 
from the rotation in which the MTJ location was best visu-
alized. MTJ position data were collected initially as video 
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Figure 2. Example of Torque-elongation relationship obtained 
during ramped plantarflexion contractions for an adolescent 
girl (12 years old) during age of peak height velocity.
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recordings and Acknowledge software was used to synchro-
nize the MTJ movement   and angular position. A 3rd-order 
polynomial was fitted to describe the relationship between 
angular position and elongation of AT, and the first deriv-
ative of the polynomial for angle 0o was calculated to find 
the slope of the curve which represents the moment arm. 
Previous studies have not detected any difference between 
AT moment arm estimations between rest and MVC using 
the tendon excursion method over any given foot rotation 
step (17). This was attributed to the fact that although both 
elongation (ΔL) and angular displacement (dφ) were altered 
during MVC compared with rest at any angle, their ratio, 
which determines the magnitude of moment arm value, 
remained constant between contraction conditions. 

Calculation of the AT force
The tendon’s force was estimated by the equation: F = M / d, 
where:
• M is the plantarflexion moment;
• d the AT MA length. 

  In this study, the isometric plantar flexion force was calcu-
lated at angle 0o. The force resulting from this calculation 
represents the total force of all the ankle muscles trans-
ferred through the AT. In order to estimate the antagonistic 
moment of tibialis anterior (TA), moment and EMG signals 
from tibialis anterior were measured during ramped isomet-
ric dorsiflexions. The TA, as the major dorsiflexor muscle, 
was assumed to represent antagonist co-activation during 
plantarflexion. The EMG signals were recorded using 
pre-gelled Ag-AgCl surface circular electrodes with 10 mm 
diameter placed 20 mm apart located at 1/3 between the tip 
of fibula and the tip of medial malleolus and placed parallel 
to the TA fibers, in conformity with European recommen-
dations for the surface EMG assessment of muscles. Refer-
ence electrodes were placed around the ankle. EMG signals 
captured by each of the electrode pairs over tibialis anterior 
were smoothed using a digital low-pass filter. The maximal 
plantar flexor moment was corrected by the antagonistic 
moment values.  The plantar flexor moment was calculated 
by finding the sum of the resultant joint moment and antag-
onistic moment.

Tendon stiffness calculation
The stiffness k (N/mm) was defined as the slope of the 
linear portion of force (F) - elongation (ΔL) relation. The 
area of the linear trend (F-ΔL) was accepted as the area 
between 60% and 90% of the peak force (3, 17). In order 
to plot the F-ΔL relation, data from the force-time calcu-

lation and data from the MTJ position-time relation were 
combined in each ramp isometric plantar flexion for all 
measurements. Subsequently, muscle force   (N) and the 
MTJ length change (mm) data were synchronized and the 
slope of the F-ΔL relation was calculated: k = dF / dL (Ν/
mm). Force-elongation values   ranged from 10% to 40% 
and 60% to 90% (linear region) of the maximum force. 
A 1st-order polynomial was applied where the slope of the 
low-force and linear regions of the F-ΔL relation was equal 
to AT stiffness. Stiffness in the 10% to 40% region was 
measured from the length in relaxed muscle at a 0° joint 
angle (that is, at the length during standing but with no 
muscle activity) and that during contraction. The ankle 
angle was thus tested under identical conditions at each 
time point and between individuals.

Measurement of AT test length and cross-
sectional area (CSAAT)
Slack length is usually assumed to be the length measured 
either with the joint in its mid-position or when the net joint 
torque is zero and the resting length can only be defined when 
the muscle is completely slack. There is currently no method 
to characterize tendon resting length in vivo, i.e., it cannot be 
ascertained whether force was zero, hence in our study the 
‘test’ length was measured. Therefore, a standardized joint 
configuration was set to control tendon length before muscle 
contraction. With the leg muscles relaxed, the MTJ was 
located with the ultrasound probe placed on the skin above 
and parallel to GM. Measurements were performed by sagit-
tal imaging where the tendon boundaries were defined from 
AT insertion on the calcaneal tuberosity to the GM MTJ. 
The positions of the MTJ and the insertion of the tendon 
onto the calcaneal tuberosity were carefully marked on the 
skin and then the distance measured as a straight line. The 
vertical distance to the contact surface of the probe from the 
MTJ was measured by ultrasound. The test length of AT was 
defined as the hypotenuse of the Pythagorean triangle.
Two main imaging techniques have been used to estimate in 
vivo CSAAT: magnetic resonance imaging and B-mode ultra-
sound. To measure CSAAT, a transverse section was visualized 
using B-mode ultrasound. A special gel patch (gel pad Aqua-
flex, 2 × 9 cm Parker Laboratories, Inc., Fairfield, NJ USA) 
was used to enhance acoustic conductivity and obtain clear-
er images where CSAAT is smaller and receives the greatest 
pressure. The minimum CSAAT was the one accepted for the 
measurement. The area evaluated as minimum CSAAT was 
the mean value of three recorded measurements by subtract-
ing and replacing the gel patch each time. This ultrasonog-
raphy technique is widely used to measure AT cross-section-
al area (18). However, Bohm, Mersmann (19) showed that 
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US measurements were smaller (19%) than those obtained 
using MRI method. We therefore ran the analysis with and 
without the 19% correction and found the same outcome, 
so any potential underestimation would not have influenced 
the results as long as that error was consistent. The reliability 
of CSAAT measurements was investigated in a pilot study of 
6 participants aged 10.5-15.5 years who performed the same 
test on two different days by two experienced observers. 
There were no significant differences between the test and 
retest CSAAT values. The CV was 2.6 ± 1.2% and the RMSE 
was 2.1 mm2; a CV of < 5% is deemed acceptable. 

Calculation of AT Peak Stress,  
Strain and Young’s Modulus 
Stress (σ), determined as the force per unit area, was calcu-
lated using the minimum recorded CSA (i.e., CSAAT) from 
each participant according to the equation: σ = F / A, where:
• F was the AT force (N);
• A was the minimum CSAAT (mm2). 

Tendon strain (ε) was defined as tendon’s elongation normal-
ized to its test length according to the following equation: ε 
= (ΔL / Lo) × 100% where Lo and ΔL represent the test 
length and elongation of the Achilles tendon, respectively. 
The ‘peak strain’ was not defined as the strain before failure 
of the tendon but the peak strain that could be induced by 
voluntary contraction (e.g., how much an individual might 
be able to induce strain by themselves). The Young’s Modu-
lus was calculated as the slope of stress (σ) - strain (ε) curve 
according to the equation: E = dσ / dε.
Over the 1.5 -year project period, standing height, sitting 
height, leg length, body mass, AT test length and minimum 
CSAAT were re-measured every 6 months. Achilles tendon 
moment arm, force, stiffness, Young’s Modulus, strain and 
stress were calculated every 6 months. The maturation stage 
of 0 was defined as the age of PHV for all participants (N = 
41). Table II shows combined data and percentage changes 
between successive maturation stages for tendon cross-sec-
tional area, force, and tendon mechanical properties per 
stage of maturity.

Table II. Mean ± SD values (combined data) and percentage changes between successive maturation stages (months from 
predicted age of PHV), for tendon cross-sectional area, force, and tendon mechanical properties per stage of maturity (months 
from predicted age of PHV). 

Maturity stage          - 12           - 6            0         + 6

CSAAT     44.5 ± 3        47 ± 3 
       (5.6%)

       49 ± 3 
      (4.3%)

    51.5 ± 3 
    (5.1%)

Fpeak 1966.2 ± 505,4 2108.5 ± 501,8 (7.2%) 2586.7 ± 696.5* ǂ (22.7%)    2980 ± 746.0
   (15.2%)

klow   101.5 ± 30.25   121.7 ± 51.8
     (20.0%)

  142.5 ± 62.2
  (17.1%)

  156.4 ± 59
  (9.8%)

Elow   338.3 ± 105.85   409.5 ± 178.2
       (21.0%)

  494.1 ± 212.0
  (20.7%)

  530.5 ± 205.7
  (7.3%)

εlow       3.8 ± 0.6       3.9 ± 0.6 
       (2.6%)

      3.9 ± 0.6 
      (0.0%)

     3.9 ± 0.6 
     (0.0%)

σlow   18.64 ± 6.8     23.3 ± 10.2 
      (25.0%)

    27.8 ± 12.5 
    (19.3%)

  29.25 ± 11.3 
  (5.2%)

klin   199.5 ± 47.3   311.9 ± 151.7* ǂ

     (56.3%)
  372.2 ± 153.9
  (19.3%)

  448.3 ± 165.6
 (20.4%)

Elin   664.0 ± 162.5 1049.2 ± 519.2* ǂ

(58.0%)
1290.6 ± 524.5§

(23.0%)
1519.0 ± 574.1 
(17.7%)

εpeak       6.5 ± 5.0 
       (0.0%)

      6.8 ± 1.1 
      (4.6%)

      6.7 ± 1.0 
      (-1.5%)

    6.88 ± 1.0 
    (2.7%)

σpeak     36.3 ± 13.2     40.9 ± 14.8 
    (12.7%)

    45.8 ± 15.4 
    (12.0%)

    49.9 ± 13.2 
    (9.0%)

CSAΑΤ: minimum cross-sectional area (mm2), Fpeak: peak force (N), k: stiffness (N/mm), E: Young’s modulus (MPa), σ: stress (MPa), ε: strain (%), (low) 
and (lin) indicate the low force level (10%-40% of peak force) and high force level (60%-90% of peak force; linear) region of force-elongation relation-
ship. Significant change between consecutive stages of maturity in total sample: *: p < 0.01 total sample, ǂ: p < 0.01 within boys, *: p < 0.01 within girls.
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Statistical analyses
Maturation offset values were quantified to the nearest 
semester and grouped to integers such as - 12, - 6 months 
before and 0, + 6 months after predicted age of PHV in 
order to present the mean values (combined data) for AT 
dimensional and mechanical properties. Linear mixed 
models (LMM) were used to analyze inter-individual and 
intra-individual differences in changes in AT mechanical 
properties over maturity stages using SPSS statistical soft-
ware (v.25.0, SPSS Inc., Chicago, USA). A diagonal cova-
riance structure was used due to heterogeneous variances 
for each repeated measure and zero correlation between 
other repeated measures. An unstructured covariance struc-
ture was used as the most general covariance structure with 
no assumptions about the pattern of measurement errors 
within individuals. The estimation method of -2 Restricted 
Log Likelihood (-2RLL) was used as the main criterion for 
comparison with other models and according to the best fit 
of the model. Additionally, -2RLL was more accurate than 
Full Maximum Likelihood as the number of participants (N 
= 41) is small. Dependent variables (DVs) were peak force 
(Fpeak), stiffness (klow, klin), Young’s modulus (Elow, Elin), stress 
(σlow, σpeak) and strain (εlow, εpeak) in low (10%-40% of Fpeak) 
and high (60%-90% of Fpeak; linear region) force regions, 
respectively. Sex was used as a potential 2-level predictor 
(factor) for all dependent variables. Pairwise comparisons 
between two consecutive stages were conducted using Bonferroni 
confidence interval adjustment for each sex (tables I, II). Statis-
tical significance was accepted at a p-value < 0.05. 

RESULTS 
Mean ± SD values (combined data) for age, body mass 
and body height per stage of maturity are shown in table 
I. A significant change in height (p<0.01) was observed in 
the interval between 1 year before and the predicted age 
of PHV.  Measured and calculated variables relating to AT 
mechanical properties are shown in table II. 

AT test length (ltest) and cross-sectional 
area (CSAAT) 
Analysis showed that ltest and CSAAT were greater in boys 
than girls (b = 1.53 95% CI [1.2-1.9], p < 0.001; b = 4.90 
[4.18-5.57], p = 0.023) although the rate of increase in 
ltest and CSAAT (b = 0.05 [- 1.4-0.3], p = 0.594; b = 0.31 [- 
0.1-0.8], p = 0.176) in boys and girls was similar. A signif-
icant increase in ltest at PHV was observed in boys with 
limited increase thereafter (see table II). Increases in both 
ltest (b = 0.68 [0.55-0.82], p < 0.001) and CSAAT (b = 1.55 

[1.23-1.87], p < 0.001) were associated with maturation. No 
other significant increases in ltest or CSAAT occurred between 
consecutive states of maturity in boys or girls (table II). 

AT Stiffness and Young’s Modulus
As shown in figure 3, stiffness (klow) and Young’s modu-
lus (Elow) measured in the low-force region were greater in 
boys than girls (b = 44.18 [24.03-64.32], p < 0.001; b=145.6 
[73.4-217.7], p < 0.001, respectively). klow and Elow increased 
significantly with age relative to maturation offset (b = 9.63 
[4.21-15.04], p = 0.001; b = 34.41 [14.32-54.51], p = 0.001, 
respectively), but the rate of change over time (sex x matu-
ration interaction) was not different between boys and girls 
(p = 0.104; p = 0.118, respectively). klow increased with force 
at 40% of Fpeak (b = 0.07 [0.03-0.11], p < 0.001) but was 
not related to changes in ltest, CSAAT, the ratio of CSAAT and 
ltest, or body mass. Thus, changes in klow may be explained 
by changes in Elow, as evidenced by its similar tempo-
ral response.
Both stiffness (klin) and Young’s Modulus (Elin) measured in 
the linear region was greater in boys than girls (see figure 
3; b = 88.90 [38.56-139.25], p < 0.001; b = 287.98 [108.71-
467.25], p = 0.002, respectively). klin and Elin increased 
significantly with maturation (b = 39.97 [23.95-52.00], p < 
0.001; b = 132.67 [81.85-183.48], p < 0.001, respectively), 
although the rates of increases in klin and Elin were greater in 
boys than girls (b = 23.23 [4.68-41.79], p = 0.015; b = 80.49 
[12.97-148.01], p = 0.020, respectively). klin increased with 
Fpeak (b = 0.08 [0.05-0.12], p < 0.001), but the trend towards 
increase with body mass was not significant (b = 1.42 [- 
0.13-3.00], p = 0.072). klin also decreased with ltest (b = - 
14.07 [- 27.36-0.78], p = 0.038), but was not associated with 
changes in CSAAT. Furthermore, klin was not related to the 
ratio between CSAAT and ltest. Significant increases in klin (p 
= 0.002) and Elin (p < 0.001) were observed before PHV in 
boys while Elin increased significantly (p = 0.044) at PHV in 
girls (table II). Elin increased with body mass (b = 5.95 [0.47-
11.42], p = 0.034). The strain, as the ratio between elonga-
tion and ltest, was not different between the two groups (p 
> 0.05). Mean strain difference was null between boys and 
girls at all stages of maturity, indicating that stiffness was 
calculated in similar stain sectors between sexes (figure 3).

AT stress and AT strain
Stress measured in both the low force (σlow; measured to 40% 
of Fpeak; b = 7.93, [4.24-11.62], p < 0.001) and linear (σpeak; 
b = 15.64 [11.44-19.84], p < 0.001) regions was greater in 
boys than girls. Increases in both σlow (b = 2.27 [1.10-3.43], 
p < 0.001) and σpeak (b = 3.07 [1.54-4.60], p < 0.001) were 
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associated with maturation, while the response between 
the sexes was similar and body mass had no effect. σlow also 
increased with increasing klow and Elow (b = 0.19 [0.17-0.20], 
p < 0.001; b = 0.06 [0.05-0.07], p < 0.001, respectively), and 
σpeak increased with increasing klin and Elin (b = 0.18 [0.01-
0.03], p = 0.005; b = 0.01 [0.002-0.009], p = 0.003, respec-
tively) when sex and klin or Elin were entered as independent 
variables. As expected mathematically, σpeak was strongly 
related to Fpeak (p < 0.001). As shown in table II, εlow and εpeak 
were consistent across maturity stages as a result of parallel 
increases in length and tendon peak elongation.

AT force 
Peak isometric plantar flexor force, and thus AT force 
(Fpeak), was greater in boys than girls (b = 879.38 [697.50-
1061.28], p < 0.001), and increases were associated with 
both maturation (b = 147.95 [80.21-215.70], p < 0.001) and 
body mass (b = 9.86 [2.07-17.64], p = 0.013). The response 
differed between sexes such that force increased more in 
boys than girls (b = 98.21 [10.10-186.31], p = 0.029). Fpeak 
showed a significant increase at PHV in boys (p < 0.001) but 
increased relatively linearly in girls (table II). 

DISCUSSION
The present longitudinal study describes changes in mechan-
ical properties of an important energy-storing tendon, the 
Achilles tendon (AT), in boys and girls during pre-puber-
tal and adolescent developmental phases. Individuals were 
followed for 18 months (with testing at 0, 6, 12 and 18 

months) and the data were combined to form a longitudinal 
data set for linear mixed model analysis. The results of the 
analysis, which are summarized in figure 4, indicate that stiff-
ness in both the low-force (klow) and high-force (linear; klin) 
regions of the force-length (stress-strain) relation was great-
er in boys than girls and increased similarly with age rela-
tive to peak height velocity (PHV), although boys showed a 
more prominent increase in klin in the year before PHV. These 
changes in klow and klin were most strongly related to changes 
in Young’s modulus (Elow and Elin) rather than AT cross-sec-
tional area (CSAAT); stiffness and Young’s moduli in both low 
force and linear regions were also greater in boys than girls 
but increased similarly with age except for the more nota-
ble increase in the year before PHV in boys. Similarly, force 
increased rapidly 6 months before PHV in boys. Therefore, 
changes in stiffness klow and klin with age as well as differenc-
es between sexes were most strongly associated with chang-
es/differences in maximal plantar flexor peak strength (Fpeak), 
speculatively through a greater potential for force application 
to the tendon. Changes in CSAAT and tendon length (ltest) – or 
CSAAT/ltest – did not change consistently with Fpeak, so age-re-
lated changes in tendon stress (σlow and σpeak) were strongly 
related to the changes in Fpeak. However, since both muscular 
strength and AT stiffness increased simultaneously with age, 
the maximum tendon strain (εpeak) was constant across ages. 
Therefore, boys had greater AT stiffness than girls around 
PHV as a result of force changes rather than morpholog-
ical changes. These results have important implications for 
our understanding of adaptation of energy-storing tendons 
during growth and maturation, and these are discussed below. 

Figure 3. Mean force-elongation relationships in low force (i.e., 10%-40% of peak force) and linear (i.e., 60%-90% of peak force) 
regions per stage of maturity; - 12 (squares), - 6 (triangles), 0 (rhombuses), + 6 (circles), in boys (A; N = 20) and girls (B; N = 21). 
Boys showed greater increases in slope in both low force level and linear regions than girls, and greater increase between 3rd  and 
4th time point. The strain was not different among two groups (p > 0.05). Thus, stiffness was calculated in similar stain sectors.
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Previous cross-sectional data indicated that changes in 
Young’s modulus (E) rather than tendon morphological 
properties underpinned changes in tendon stiffness during 
adolescent growth (2, 20).  In the present study, both Achil-
les tendon stiffness (k) and E increased similarly during 
the study time period (18 months) around the age of PHV, 
with high rates observed ~ 1 year before PHV; in fact, 
maturation, sex and the maturation-sex interaction were 
the common predictors of both k and E in linear region of 
the tendon force-length relation. These results are consis-
tent with findings from cross-sectional study of Mogi, Torii 
(2), indicating that the peak rate of k increase is observed 
at or around PHV as a result of a greater rate of E increase 
during maturation. Increases in k are speculated to occur 
largely through adaptations including increased intrafibril-
lar crosslinking because of a lack of evidence of dimension-
al changes detected in cross-sectional cohorts (2, 3). Our 
data agree with these findings, showing that stiffness chang-
es were unrelated to tendon cross-sectional area (CSAAT), 
length (ltest) or the CSAAT/ltest ratio.  

Regarding to sex differences, linear mixed model anal-
ysis revealed that boys had greater k and E than girls in 
both force level regions. These results are consistent with 
several cross-sectional studies showing a lesser (patellar) 
tendon  stiffness in young women than men (21, 22) but 
not consistent with others that observed no differences in 
AT between boys and girls cross-sectionally (3) or over a 
short (6 month) time period (6). One possibility is that our 
longitudinal analysis using LMM minimized the effects of 
between-subject variability, and thus statistical error, whilst 
allowing changes in AT to be tested over a period of several 
years. This analysis indicates that changes in muscle force 
production, with a small influence from body mass change, 
may underpin the observed sex differences.   
The present analysis also leads to the assumption that the 
age-related increases in Achilles tendon k and E were like-
ly predominately triggered by an increase in maximal plan-
tar flexor force capacity (Fpeak). This assumption is part-
ly based on the findings that: 1) the rate of change in Fpeak 
increased significantly just prior to PHV (table II), which 
followed the rapid increase in both k and E in boys and is 
also temporally aligned with the rapid increase in E in girls 
in the linear region; 2) robust statistical relationships were 
observed between k, Fpeak and E; and 3) the significant asso-
ciation between force with maturation, body mass, sex and 
the interaction between sex and maturation, showing that 
force increased with maturation. However, boys produced 
greater force at all ages than girls and had correspondingly 
greater slopes of their force-, k- and E- maturation relations 
in both force level regions. These results might reflect a less-
er adaptation before PHV in girls in particular, speculative-
ly resulting from their lower physical activity levels (23). 
This is consistent with our findings that muscle strength 
and body mass stimuli for tendon adaptation, and therefore 
E measured in the linear region (60%-90% of Fpeak), was 
greater in boys and changed earlier than in girls. It would 
be of interest to compare adaptive changes in girls who 
perform a significant amount of physical activity (possibly 
including strength training) to those in the present study to 
determine whether adaptation might then be more similar 
between boys and girls.
Although tendon strain is commonly considered an import-
ant mechanical stimulus for tendon adaptation (9), our find-
ing that εpeak (6.5-6.9%) was constant across maturation 
stages whilst σlow and σpeak were strongly related to Elow and 
Elin (as well as klow and klin), respectively, is more consistent 
with the hypothesis that peak force, drives tendon stiff-
ness adaptation. One possibility is that increases in tendon 
strain resulting from increases in muscle force production 
with maturation triggered rapid adaptations that subse-
quently limited tendon strain, i.e., strain was a predomi-

Figure 4. Model of adaptation according to our longitudinal 
data. The increases in muscle force in the low force (10%-40% 
of Fpeak), or force (Fpeak) and body mass in the linear region, 
were found to have the strongest relationship with changes 
in Young’s modulus (Elow, Elin) in both boys and girls before/
at PHV. Stiffness in low force (klow) and linear (klin) regions were 
largely associated with changes in Elow and Elin, respectively, 
indicating that changes in the tendon’s material properties 
were key drivers of increases in stiffness. Body mass was only 
related to Elin. Strain and cross-sectional area/test length 1test 
were unchanged. Therefore, force appears to drive Achilles 
tendon stiffness adaptation. Figure (top) shows longitudinal 
ultrasound images of the Achilles tendon (AT), in relaxed and 
contracted states. Myotendinous junction (MTJ) and medial 
gastrocnemius (MG) are also shown.
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nate trigger, which then restricted strain to constant values. 
The exact mechanism by which mechanical loading (force) 
might trigger adaptive change is not yet clear, however it 
might 1) result from tendon-specific molecular signaling in 
response to high forces imposed on local mechanosensitive 
molecules (24), or 2) relate to ubiquitous molecular signal-
ing events in both the muscle and its associated connective 
tissues, including the tendons, triggered when high muscu-
lar forces are generated. By this latter mechanism, muscle 
(i.e., muscle strength) and tendon would undergo syner-
gistic growth and adaptation during maturation in order 
to optimize muscle-tendon congruity (25). Thus, a link 
between muscle molecular signaling and tendon adaptation 
may exist. This concept is consistent with data showing a 
correlation between increases in muscle size and (patellar) 
tendon stiffness after a period of strength training in adult 
humans (26), as well as increases in both tendon CSA and 
stiffness in response to low-load (i.e., low tendon strain) 
blood flow-restricted exercise training leading to signifi-
cant muscle hypertrophy (27). As the strategies for increas-
ing tendon mass and altering mechanical function rely on a 
better understanding of the triggers for adaptation, molec-
ular signaling and mechanical adaptation in energy-storing 
tendons may an important area for future study. 
In this study there are some limitations. Firstly, the foot was 
accepted to be rigid. Thus, the effect of foot deformation on 
the changes in MTU length during contractions was consid-
ered negligible (28). In addition, there are no studies measur-
ing the range of foot deformation in adolescents. Therefore, 
it was not investigated if foot deformation may cause incor-
rect results. Secondly, the ultrasound measurement may 
underestimate the CSAAT and the calculated stress may thus 
be overestimated. Previous research reported 5.5% (29) 
smaller CSAAT measured with the ultrasound than the MRI 

method. Given that we measured the difference in Young’s 
modulus between boys and girls in a longitudinally context, 
the methodological choice would not have strongly affected 
our finding that Young’s modulus was greater between boys 
and girls at and/or around PHV. However, further analy-
sis using MRI methods or 3D ultrasound may be needed to 
provide accurate CSAAT values.

CONCLUSIONS
In conclusion, Achilles tendon mechanical properties 
change throughout the adolescent growth period, although 
with a more rapid change before the age of peak height 
velocity in boys and with greater magnitude in boys than 
girls. The more rapid increase before PHV in boys was 
associated with an increase in force at that time, which may 
have evoked the molecular signaling required for adapta-
tions to internal tendon structure. These mechanical chang-
es were observed in both low- and high-force regions of the 
force-elongation relation. Our data are most consistent with 
a model in which increases in muscle force capacity (with 
a smaller effect of body mass, particularly for mechanical 
properties of the linear region of the force-elongation rela-
tion) trigger increases in modulus and thus stiffness. While 
both Achilles tendon CSA and length increase approxi-
mately linearly during adolescence, their changes appear to 
contribute little to changes in tendon stiffness. These data 
are the first to quantify longitudinal changes in the mechan-
ical properties of an energy-storing, load-bearing tendon in 
humans as well as the factors that may influence them. 
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