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Abstract
The purposes of this study were (1) determine if youth peak Achilles tendon (AT) strain, peak AT
stress, and AT stiffness, measured during an isometric plantar flexion, differed after six months
(mos) of growth, and (2) determine if sex, physical activity level (Physical Activity Questionnaire
(PAQ-C)), and/or growth rate (GR) were related to these properties. AT stress, strain, and stiffness
were quantified in 20 boys (13.47±0.81 years) and 22 girls (11.18±0.82 years) at 2 times (0 and 6
mos). GR (change in height in 6 mos) was not significantly different between boys and girls
(3.5±1.4 and 3.4±1.1 cm/6 mos, respectively). Peak AT strain and stiffness (mean 3.8±0.4% and
128.9±153.6 N/mm, respectively) did not differ between testing sessions or sex. Peak AT stress
(22.1±2.4 and 24.0±2.1 MPa at 0 and 6 mos, respectively) did not differ between sex and
increased significantly at 6 mos due to a significant decrease in AT cross-sectional area (40.6±1.3
and 38.1±1.6 mm2 at 0 and 6 mos, respectively) with no significant difference in peak AT force
(882.3±93.9 and 900.3± 65.5 N at 0 and 6 mos, respectively). Peak AT stress was significantly
greater in subjects with greater PAQ-C scores (9.1% increase with 1 unit increase in PAQ-C
score) and smaller in subjects with faster GRs (13.8% decrease with 1 cm/6 mos increase in GR).
These results indicate that of the AT mechanical properties quantified, none differed between sex,
and only peak AT stress significantly differed after 6 months and was related to GR and physical
activity.
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INTRODUCTION
Little is known about Achilles tendon (AT) mechanical properties in youth and how factors
such as sex, growth rate, and physical activity relate to these properties. Understanding these
properties and relations is fundamental to understanding AT injury mechanisms. AT-
calcaneal injuries, such as Sever’s disease, represent 2-16% of all physical activity related
musculoskeletal injuries in youth 10-14 years of age (Dalton, 1992; Scharfbillig et al.,
2008). Assuming 35% of the 20 million 10-14 year old children in the US. experience
musculoskeletal injuries each year (CDC, 2002; Cuff et al., 2010), this equates to 0.14 to 1.1
million AT-calcaneal injuries per year. The AT plays an important role in gait, is clinically
relevant due to the prevalence of youth AT injuries such as Sever’s disease, and can be
studied non-invasively making it a good representative tendon to study.

Stress, strain, and stiffness have been implicated in AT overuse injury (Almekinders et al.,
2002; Maganaris et al., 2004) and were therefore of interest in this investigation. These
quantities have been shown to differ based on both sex (Kubo et al., 2003) and physical
activity (Rosager et al., 2002). Growth rate (GR) is also thought to affect youth tendon
properties due to a slower muscle growth rate compared to bone growth rate but to date no
evidence has been provided to support this hypothesis (Micheli and Fehlandt, 1996;
Scharfbillig et al., 2008). Asynchronous growth rates of the lower leg bones relative to the
AT growth rate in combination with gastrocnemius-soleus strength gains may affect youth
AT stress, AT strain, and AT stiffness. The purposes of this study were to (1) determine if
peak AT stress, peak AT strain, and AT stiffness, measured during a maximal isometric
plantar flexion (MIPF) effort, changed after six months of growth in a youth population
during their primary growth years, and (2) test our hypotheses that sex, physical activity
level, and/or growth rate are related to these properties in youth. This study is the first to
report within-subject differences in AT properties in youth during a period of their primary
growth years.

METHODS
The study was approved by the University of California, Davis Institutional Review Board
and prior to testing, written informed parental consent and subject assent (12 years of age or
older) were obtained. 22 girls and 20 boys (11.18 ± 0.82 and 13.47 ± 0.81 years,
respectively) were enrolled in the study. The age ranges targeted for recruitment (10 to 12
year old girls and 12-14 year old boys) represent one standard deviation around the average
age during which peak height velocity (PHV) occurs for girls and boys respectively (Berkey
et al., 1993; Philippaerts et al., 2006; Rauch et al., 2004). Subjects completed the same
testing at the start of the study (0 months (mos)) and approximately 6 months later (24.2 ±
1.4 weeks on average; this equates to 5.6 mos and is referred to throughout as the 6 mos
testing session). A full practice testing session was completed within 10 days prior to the
first testing session to familiarize subjects with the testing procedures.

Clothed body mass without shoes (measured to the nearest half kilogram (kg) using a
calibrated scale) and body height without shoes (measured to the nearest half centimeter
(cm) using a stadeometer) were recorded. Lower leg length (referred to as leg length
throughout) was measured to the nearest millimeter and was defined as the distance between
the floor and the most lateral aspect of the fibular head (Kongsgaard et al., 2005). This
length provided a reasonable estimate of the bone length spanned by the Gastrocnemius-AT
complex. The AT moment arm was manually measured as the distance along a line formed
between the mid-substance of the AT and the most medial aspect of the medial malleolus
while subjects were standing with even weight distributed among both feet. Body height, leg
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length, and AT moment arm were measured in triplicate and the average determined for
each subject. GR was defined as the difference in height at 0 mos and 6 mos.

Each subject completed the Physical Activity Questionnaire (PAQ-C), which has been
validated elsewhere (Biddle et al., 2011; Crocker et al., 1997; Janz et al., 2008), to assess
their physical activity level. The average overall score (ranges from 1 to 5, with 5
representing a very physically active lifestyle) of the 9 questions was calculated to determine
each subject’s PAQ-C score (Janz et al., 2008).

Tendon mechanical properties
The mechanical properties of the AT were assessed using a water bath chamber (Figure 1)
that included a force transducer and a dual probe ultrasound system. After completing a
warm-up of six minutes of treadmill walking (2.0 miles per hour) (Hawkins et al., 2009),
subjects were positioned in the testing chamber such that their knee was flexed at ninety
degrees and their malleoli were aligned with the force transducer gearing system axis of
rotation. The subject’s knee and shank were secured using firm foam wedges to minimize
extraneous leg motion. Minimal ankle rotation was observed during MIPF efforts.

AT force and ultrasound images were collected simultaneously at 30 Hz using custom
Labview programs (National Instruments, Austin, Texas). Subjects performed five to six 5
second ramped MIPF trials. The four trials with the greatest MIPF torque were analyzed
(three for AT length and deformation, one for AT cross-sectional area (CSA)). For AT
length and deformation, sagittal plane images were collected using ultrasound probes
located over the calcaneus-AT and the gastrocnemius-AT junctions. The lateral
gastrocnemius-AT junction was imaged for all but two subjects, who had the medial
gastrocnemius imaged because of better image clarity. For AT CSA, transverse plane
images were collected using one probe located at approximately 50% of the free AT length
(e.g. free tendon defined as the tendon between the calcaneus-AT and the soleus-AT
junctions). CSA has been previously shown to vary along the length of the AT (Magnusson
and Kjaer, 2003) but has been shown to be the smallest at approximately 50% of the free AT
length (position used in the current study) (Kongsgaard et al., 2011).

For all trials, force acting on the AT (FAT) was calculated by dividing plantar flexion (PF)
torque by the AT moment arm. AT ultrasound images corresponding to 10 % increments of
peak FAT from 0% to 100% were identified (11 images total).

The AT perimeter was digitized in triplicate (ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA) in ultrasound images corresponding to 0, 20, and 40% of peak
FAT and the average CSA for these force levels calculated.

For AT length and deformation, the 11 ultrasound images were digitized in triplicate and the
average location of the calcaneus-AT and gastrocnemius-AT junctions determined. The total
AT length was defined as the length between the calcaneus-AT junction and the
gastrocnemius-AT junction. Deformation was calculated as the change in length relative to
the tendon length at 0% peak FAT (defined as the AT rest length).

AT stress, strain and stiffness were determined from the AT force-deformation, CSA and
rest length data. Force and deformation data were divided by CSA and rest length,
respectively to determine stress and strain, respectively. Second order polynomials were fit
to the average force-deformation data and the stress-strain data between 0 and 100% of peak
FAT for each subject. The stiffness and modulus were calculated as the derivative of the
force-deformation and the stress-strain second order polynomial equations, respectively, at
70% of peak FAT.
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Statistical Analysis
Repeated measures multiple regressions were used to determine if height, mass, and PAQ-C
score differed between testing sessions or between sex (R, R Foundation for Statistical
Computing, Austria). Repeated measures multiple regressions were used to assess the
relationship between the explanatory factors of interest (testing session, PAQ-C score, GR,
and sex) and peak PF torque, peak FAT, AT moment arm, AT rest length, AT CSA, peak AT
strain, peak AT stress, and AT stiffness. Significance for all AT properties and related
quantities was defined as Bonferroni adjusted p < 0.006 (p = 0.05/8 tests). Differences
between the percent growth of the AT compared to the lower leg were determined using a
paired t-test (p < 0.05). Differences between GR in boys and girls were determined using a t-
test (p < 0.05). Mean and standard deviations are reported.

RESULTS
Height and mass differed at the start and end of the study for both boys and girls (Table 1).
PAQ-C score and GR were not statistically different between sexes (p > 0.18). Peak AT
stress significantly increased 6.7% at 6 mos compared with 0 mos (Table 2) and was
significantly greater by 9.1% on average for a subject with a 1 unit greater PAQ-C score
(Table 4) compared to another subject (assuming all other factors held constant). When GR
was greater for a given subject by 1 cm/6 mos (assuming all other factors held constant),
peak AT stress was significantly smaller by 13.8% on average (Table 4). Peak AT stress did
not differ significantly between boys and girls (Table 4).

Peak AT strain, AT stiffness, and AT modulus were not significantly different between 0
and 6 mos (Table 2) and had no significant relationship with sex, GR, or PAQ-C score
(Table 4). AT moment arm significantly increased during the study by 5.7% on average
(Tables 3) and was significantly shorter for girls compared with boys (on average 12.2%
shorter for girls). PAQ-C score and GR had no significant relationship with AT moment arm
(Table 3).

When GR was greater for a given subject by 1 cm/6 mos compared to another subject
(assuming all other factors held constant), peak PF torque and peak FAT were significantly
smaller on average by 11.0% and 11.3%, respectively. Peak PF torque and peak FAT did not
differ significantly at 6 mos compared to 0 mos and were not related to PAQ-C score or sex
(Table 4).

AT rest length was significantly smaller by 2.0% on average for a subject with a 1 unit
greater PAQ-C score compared with another subject (assuming all other factors held
constant). AT rest length was not significantly different between sexes and was not
significantly related to GR (Table 4). Although the AT rest length increased over the study,
the percent growth of the lower leg (2.1 ± 0.6%) and AT percent growth (1.7 ± 0.9%) were
not statistically different (p = 0.29).

AT CSA significantly decreased between testing sessions by 5.7% on average. Sex, GR, and
PAQ-C score had no significant relationship with AT CSA (Table 4).

DISCUSSION
The purposes of this study were to (1) determine if peak AT stress, peak AT strain, and AT
stiffness, measured during an MIPF, changed after six months of growth, and (2) test our
hypotheses that sex, physical activity level, and/or GR are related to these properties in
youth. This study is unique in that within-subject comparisons, before and after 6 mos of
growth, identified changes in AT mechanical properties during growth rather than inferring
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this relationship from a sample of youth and a sample of older adults (Magnusson et al.,
2003; Waugh et al., 2012). The current study design also allowed for the relationships
between GR and AT properties as well as differences in AT properties between the
biological age-matched boys and girls to be determined, which prior to this study, had not
been reported.

Properties at 0 and 6 mos
Peak AT stress increased at 6 mos compared to 0 mos (+ 6.7%) due to a decrease in AT
CSA (−5.7%) and no difference in peak FAT. Peak stresses reported may represent the
highest MIPF stresses in the AT because the AT CSA used likely represent the narrowest
part of the AT. Peak stress (average 23 MPa) was less than previously reported in children
(46.7 ± 11.8 MPa (Waugh et al., 2012)) and adults (30-42 MPa (Kongsgaard et al., 2011;
Magnusson et al., 2003)). The differences are likely due to both AT CSA and peak FAT.
Waugh, et al. (2012) found similar AT CSA (39 mm2) in younger subjects (~9 years of age)
while larger adult CSAs have been reported (47-67 mm2 (Kongsgaard et al., 2011;
Magnusson et al., 2003)). Peak FAT (900 N) was less than previously reported in children
(~1850 N (Waugh et al., 2012)) and adults (~1970 N (Kongsgaard et al., 2011). The lower
peak FAT in the current population compared with those reported by Waugh, et al. (2012)
may be due to gastrocnemius force contributions being higher in an extended knee position
compared to the flexed knee position used in this study. The lower peak FAT in the current
population compared with adults (Kongsgaard et al., 2011) likely results from the immature
muscular strength in the younger age versus the older age.

Peak AT strain, AT stiffness, and AT modulus did not significantly differ between 0 and 6
mos. Peak strain (average 3.8%) was on the low end of previously reported peak AT strains
of 4 to 8.0% (Arampatzis et al., 2007a; Kubo et al., 2007; Rosager et al., 2002; Waugh et al.,
2012). Stiffness (average 128.9 N/mm) was less than previously reported in children (162.4
N/mm (Waugh et al., 2012)) and male adults (234 N/mm (Shin et al., 2008), 2622 N/mm
(Kongsgaard et al., 2011)). Modulus (average 674.9 MPa) was less than previously reported
in adults (1160 MPa (Maganaris and Paul, 2002), ~1100 MPa (Arampatzis et al, 2007b)) and
similar to that reported in children (8-10 years; 623.6 MPa (Waugh et al, 2012)).

The lack of difference in stiffness at 0 and 6 mos combined with the smaller CSA suggests
that the AT material changed during the study to allow a smaller CSA to provide the same
resistance to length change for a given change in FAT. Furthermore, the lack of difference in
the AT strain indicates that although the AT was longer at 6 mos than at 0 mos (+ 1.6%) the
peak AT deformation during the MIPF increased a proportional amount resulting in peak
strains that were not statistically different.

Growth Rate
GR had a significant relationship with several of the parameters investigated. Peak AT
stress, peak PF torque, and peak FAT were all smaller with faster GRs (−13.8%, −11.0%,
and −11.3%, respectively). The decrease in both peak PF torque and peak FAT with a faster
GR suggests that faster growing subjects did not maintain their PF strength. To our
knowledge, similar studies and findings have not been previously reported in the literature.
These findings raise several questions for further investigation including if the triceps surae
muscles have become stretched and are acting on the descending portion of the force-
deformation curve thereby decreasing the peak PF torque or if GR affected the actual muscle
strength or neural control.

AT CSA decreased after 6 mos (−5.7%) but was not related to GR. This suggests in the
study sample, CSA changed as a result of normal growth and development but not
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specifically based on the rate of growth. Previous studies have demonstrated greater AT
CSA in older versus younger adults (Magnusson et al., 2003). The decrease in CSA reported
here suggests that there may be a decrease in CSA prior to the increase in CSA that could
not be identified in the prior cross-sectional design.

Interestingly, there was no relationship between GR and peak AT strain, stiffness, or
modulus. No significant difference in the percent growth of the AT and of the shank is
counter to previous studies that have anecdotally reported a greater GR in the shank than the
tendon (Dalton, 1992; Micheli and Fehlandt, 1992; Micheli and Fehlandt, 1996; Scharfbillig
et al., 2008). In our asymptomatic subjects, there was no relationship between GR and the
peak strain or stiffness suggesting that in these growing subjects the AT properties adapted
to the growth and development occurring in the leg. These results do not identify however, if
the increased AT rest length was due to AT growth or if the AT was chronically being
stretched.

Sex
Peak AT stress, peak AT strain, AT stiffness, and AT modulus did not differ between boys
and girls. To our knowledge, no other known study has compared AT mechanical properties
in biologically-aged matched youth between sex. The current findings differ from those
reported by Kubo, et al. (2003) in adult AT properties, which were greater AT strain and
stress, and lower tendon stiffness in women compared to men (Kubo et al., 2003). The lack
of similar findings in the current study to those previously reported could be a result of the
boys and girls being matched for biological age rather than chronological age or could be a
result of hormonal differences in the girls of this study (which were not quantified)
compared with older females in previous studies. At the cellular level, lower collagen
synthesis rates in women compared to men have been reported to result from menstrual
cycles in women (Magnusson et al., 2007) and higher levels of estrogen in women (Kjaer et
al., 2009). Given the age of the subjects in this study, hormone levels are likely different that
those of older females although they were not directly measured.

Physical activity level
Physical activity level (as measured by PAQ-C score) had a significant relationship with
peak AT stress and AT rest length. With greater PAQ-C score, peak AT stress was greater
(9.1%) and AT rest length was smaller (−2.0%). Increased physical activity levels would
likely lead to greater triceps surae strength and therefore greater AT force. However, no
statistical relationship between peak FAT, peak PF torque, or AT CSA with physical activity
level was found. This suggests that physical activity results in a net increase in peak AT
stress that is not related to a generalized AT CSA or peak FAT response, but varies among
youth or perhaps in response to the type of activity the youth perform. These relationships
raise the question as to why the AT would shorten in physically active kids. Future studies
are needed to determine if the triceps surae muscle is lengthening or if the AT shortening is
in response to the altered loading and stretching the muscle.

Previous studies identified differences in adult AT properties between specific types of
activities, such as greater CSA in runners compared with non-runners (Kongsgaard et al.,
2005; Rosager et al., 2002), smaller AT stress in runners compared with non-runners
(Kongsgaard et al., 2005), and greater stiffness (triceps surae tendon and aponeurosis) in
sprinters compared with endurance runners (Arampatzis et al., 2007a). Similar comparisons
were not possible in this study because the subject’s overall physical activity level was
assessed rather than the specific types of activities in which the subject’s participated. The
PAQ-C provides an overall score rather than information about specific activities. The low
variability of the PAQ-C scores (SD of 0.3 to 0.7) suggests that the subjects enrolled in the
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study were similar in their activity levels. This is likely a result of the somewhat limited
geographical radius from which it was feasible to recruit subjects to visit the lab multiple
times over 6 months. Future studies could enroll subjects specifically based on the overall
activity level of the subjects as well as the specific types of activities to increase the
variability of PA levels.

CONCLUSIONS
Peak AT strain and stiffness did not significantly differ between sexes matched for
biological age or between the 0 and 6 month testing sessions. Peak AT strain and stiffness
also had no significant relationship with GR or physical activity level. Peak AT stress was
greater at 6 months compared to the beginning of the study, was greater in subjects with
greater physical activity level, and was smaller in subjects with faster GRs. The results of
this study are novel in reporting AT properties in youth over a period of growth.
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Figure 1.
The basic setup used to quantify muscle-tendon architecture and tendon strain during
isometric muscle efforts. A force transducer, located at the ball of the foot, is used to
quantify ankle plantar flexion torque developed by the triceps surae muscles. The ultrasound
system was used to quantify tendon CSA and AT length during muscle contraction.
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Figure 2.
Force-deformation curve averaged across all subjects for 0 mos and 6 mos. Standard
deviation bars are shown for both deformation and peak FAT. The passive force in the AT
(e.g. at 0% strain) for a 90 degree ankle angle was 18.8 N (18.4 N standard deviation) and
23.1 N (24.7 N standard deviation) at 0 and 6 mos, respectively.
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Figure 3.
Stress-strain curve averaged across all subjects for 0 mos and 6 mos. Standard deviation bars
are shown for both strain and stress.\
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Table 1

Subject demographics and descriptive measures for study population. Mean (standard 2 deviation) are
reported.

Sex Testing
Session

Age
(years)

Height
(cm)

Mass
(kg)

Leg length
(cm)

GR
(cm/6 mos)

PAQ-C
score

Boys 0 mos 13.47
(0.81)

159.1 *†
(11.6)

50.0 *†
(11.1)

42.1
(0.9) n/a 2.5

(0.7)

6 mos 13.94
(0.81)

162.7 *
(11.0)

52.9 *
(11.0)

42.7
(0.8)

3.5
(1.4)

2.4
(0.6)

Girls 0 mos 11.18
(0.82)

147.6 †
(9.8)

43.0 †
(8.2)

38.7
(0.6) n/a 2.4

(0.4)

6 mos 11.65
(0.82)

151.0
(9.8)

45.8
(9.1)

39.7
(0.7)

3.4
(1.1)

2.6
(0.3)

*
Significant difference between sex (p < 0.013).

†
Significant difference between 0 and 6 mos (p < 0.013).
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Table 2

Stress, strain, stiffness, modulus and the associated variables at the beginning and end of the study for both
boys and girls. Mean (standard deviation) are reported.

Sex Testing
Session

Peak AT strain
(%)

Peak AT stress †§‡
(MPa)

AT stiffness
(N/mm)

AT modulus
(MPa)

Boys 0 mos 3.3
(1.5)

23.1
(12.5)

108.7
(134.6)

564.7
(644.5)

6 mos 3.6
(1.6)

24.7
(9.8)

162.6
(146.0)

866.9
(753.5)

Girls 0 mos 4.0
(2.3)

21.1
(10.1)

117.5
(182.8)

610.1
(882.1)

6 mos 4.2
(1.9)

23.5
(10.1)

128.1
(150.2)

665.5
(820.1)

†
Significant difference between testing session (p < 0.006).

§
Significant relationship with PAQ-C score (p < 0.006).

‡
Significant relationship with growth rate (p < 0.006).
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Table 3

Associated variables of stress, strain, and stiffness at the beginning and end of the study for both boys and
girls. Mean (standard deviation) are reported.

Sex Testing
Session

AT moment
arm *†

(cm)

Peak PF
torque ‡

(Nm)

Peak FAT ‡

(N)

AT Rest
length †§

(mm)

AT CSA †

(mm2)

Boys 0 mos 5.3
(0.4)

50.8
(28.8)

947.8
(511.1)

203.5
(23.0)

41.3
(5.7)

6 mos 5.8
(1.2)

51.6
(21.0)

943.6
(357.8)

207.1
(24.9)

38.7
(7.4)

Girls 0 mos 4.8
(0.4)

39.6
(17.8)

822.7
(366.8)

183.2
(24.0)

38.8
(6.4)

6 mos 5.0
(0.2)

42.8
(13.7)

860.9
(255.3)

185.6
(24.0)

37.2
(7.7)

*
Significant difference between sex (p < 0.006).

†
Significant difference between testing session (p < 0.006).

§
Significant relationship with PAQ-C score (p < 0.006).

‡
Significant relationship with growth rate (p < 0.006).
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Table 4

Relationship of each signficant factor on each AT property (p < 0.006). Percentages shown assume all other
factors are held constant. Non-significant p values are shown in parenthenses.

Sex Growth Rate
(GR)

Testing
Session PAQ-C

Female compared
to male

Change with
1 cm/6 mos
greater GR

6 mos compared
to 0 mos

Change with 1 unit
greater PAQ-C

score

Peak AT
stress (p = 0.36) −13.8% 6.7% 9.1%

Peak AT
strain (p = 0.18) (p = 0.34) (p = 0.09) (p = 0.10)

AT stiffness (p = 0.70) (p = 0.77) (p = 0.03) (p = 0.83)

AT Modulus (p = 0.66) (p = 0.61) (p = 0.01) (p = 0.98)

AT moment
arm −12.2% (p = 0.33) 5.7% (p = 0.17)

Peak PF
torque (p = 0.03) −11.0% (p = 0.06) (p = 0.28)

Peak FAT (p = 0.16) −11.3% (p = 0.51) (p = 0.04)

AT rest
length (p = 0.009) (p = 0.43) 1.6% −2.0%

AT CSA (p = 0.38) (p = 0.24) −5.7% (p = 0.10)
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