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The adaptability of tendon to loading differs in men and women
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It is well established that women are more likely to sustain

certain connective tissue injuries than men during physical

activities (Jones et al. 1993; Bijur et al. 1997). For example,

the incidence of anterior cruciate ligament injuries in women

is reported to be up to six times that in men participating in

similar physical activities (Bjordal et al. 1997; Hewett et al.

2001). The annual cost for these injuries is large (Griffin

et al. 2000), and yet the underlying reasons for this gender-

specific difference in connective tissue injury remains an

enigma. Oestrogen receptor activity is modulated by estradi-

ol (Ciana et al. 2003), and in vitro studies show that estradi-

ol has an inhibiting effect upon collagen formation in

ligaments(Liu et al. 1997; Yu et al. 2001), which gives us

reason to believe that tendon tissue adaptation to mechan-

ical loading may differ between men and women. We inves-

tigated whether a gender difference existed with regards to

resting and exercise-induced collagen protein synthesis,

tissue mechanical properties and morphology of human

tendon, and to what extent this is influenced by circulating

levels of estradiol.
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Summary

The reason why women sustain more soft tissue injury than men during physical

activity is unknown. Connective tissue properties and extracellular matrix adaptabi-

lity in human tendon were investigated in models that addressed biochemical,

physiological and biomechanical aspects of tendon connective tissue in response to

mechanical loading. Habitual training resulted in a larger patellar tendon in men but

not in women. Following an acute bout of exercise, men had an elevated tendon

collagen synthesis rate and this effect was less pronounced or absent in women. More-

over, levels of circulating oestrogen affected the acute exercise-related increase in col-

lagen synthesis. Finally, the mechanical strength of isolated tendon collagen fascicles

in men surpassed that of women. Thus, compared to men, women have (i) an attenu-

ated tendon hypertrophy response to habitual training; (ii) a lower tendon collagen

synthesis rate following acute exercise; (iii) a rate of tendon collagen synthesis which

is further attenuated with elevated estradiol levels; and (iv) a lower mechanical

strength of their tendons. These data indicate that tendons in women have a lower

rate of new connective tissue formation, respond less to mechanical loading, and have

a lower mechanical strength, which may leave the tissue more susceptible to injury.
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Tendon size and physical training

If long-term exercise produces tendon hypertrophy it would

result in a lower stress on the tendon and thereby reduce the

injury risk. We, therefore, used magnetic resonance imaging

to determine the cross-sectional area (CSA) of the patellar

tendon in well-trained men and women (running approxi-

mately 50 km ⁄ week over the last 5 years). Untrained age

and gender matched individuals served as controls. Trained

men had significantly larger (P < 0.01) patellar tendon CSA

(Figure 1a) than untrained men, however, a similar differ-

ence could not be detected between trained and untrained

women. This suggests that the human patellar tendon in

men adapts to regular physical activity by hypertrophy while

similar exercise had no detectable impact on the tendon size

in women, consistent with gender-specific tendon

adaptation.

Tendon collagen synthesis and mechanical
loading

To further explore a possible gender-specific collagen

response to loading, we determined the rate of protein syn-

thesis of patellar tendon collagen, in vivo, at rest and 72 h

after one-legged kicking exercise by taking tendon biopsies

2 h after a flooding dose of unlabelled and labelled [15N]

proline (Miller et al. 2005). The labelling in target proteins

was determined by gas-chromatography mass-spectrometry

(GC-MS)(blood) and Gas Chromatography–Combustion–

Isotope Ratio Mass Spectrometry (GC-C-IRMS) (tendon).

Resting fractional synthesis rate of collagen was markedly

lower in women (Figure 1b) compared to the levels we have

previously measured in men (Miller et al. 2005). Men have

an elevated protein synthesis rate in response to exercise

(Miller et al. 2005), but here we show that women do not

respond to exercise with an elevated protein synthesis rate

(Figure 1b), (P < 0.001). Interestingly, there was a tendency

towards an elevated collagen synthesis in the women when

tested in the early follicular phase (rest 0.0023 ± 0.003% ⁄ h,

72 h 0.0037 ± 0.017% ⁄ h) of the menstrual cycle when the

level of estradiol is low (P = 0.09, n = 4). These data gave

further support to the notion that gender, and therefore hor-

monal milieu, may influence connective tissue adaptability

to physical activity.

Post-menopausal women have a greater Achilles tendon

CSA than young women, although they load their tendons

less, as indicated by their reduced muscle strength (Magnus-

son et al. 2003). This apparent contradiction may be related

to the reduced inhibiting effect of estradiol on collagen

synthesis. To more specifically study if circulating estradiol

levels influenced the human collagen synthesis response to

an acute boat of exercise, we measured a marker of collagen

synthesis in young women taking oral contraceptives (OC)

(n = 6) and those who did not (n = 6) (Figure 1c). A micro-

dialysis catheter was introduced in the peritendinous tissue

of the patellar tendon, in vivo, to sample the interstitial con-

centration of aminoterminal propeptide of type I procollaen

(PINP), which reflects collagen type I synthesis, at rest and

24 h after 1-h one-legged kicking exercise (67% of workload

maximum, Wmax) (Langberg et al. 1999). Non-users of OC

tested in the early follicular phase of the menstrual cycle

responded to the acute bout of exercise with an elevated col-

lagen synthesis (P < 0.05), whereas the OC-users that have

elevated circulating levels of estradiol did not demonstrate

any change in PINP levels (Figure 1c). These data extend the

notion that estradiol can influence collagen metabolism by

reducing the acute exercise induced response of collagen

synthesis.

Mechanical properties of human tendon

To explore if the observed gender-specific differences in

collagen synthesis and hypertrophy also meant that were

differences in tissue strength, we performed mechanical

testing of single isolated collagen fascicles obtained during

elective surgery (anterior cruciate ligament reconstruction)

from the anterior portion of the patellar tendon of young

men (n = 6) and women (n = 6). The collagen fascicles (ø

approximately 330 lm) were tested in a mechanical rig,

placed under a stereoscopic microscope equipped with a

digital camera that recorded elongation (Haraldsson et al.

2005) (Figure 1d). Collagen fascicles from men reached

greater ultimate stress than those from women (P < 0.05).

Strain did not differ, but the tangent modulus for fascicles

from men (1231 ± 188 MPa) exceeded that of women

(576 ± 86 MPa, P < 0.05)(Figure 1d). These results suggest

that in addition to gender-specific differences in tendon

collagen metabolism there are also differences in the

mechanical properties of the tendon fascicles. The extracel-

lular component responsible for the distinction in mechan-

ical properties remains unknown, but differences in

collagen fibril diameter within a human tendon can leave it

more susceptible to injury (Magnusson et al. 2002) and is

therefore a likely explanation.

Conclusion

In summary, connective tissue properties and extracellular

matrix adaptability were investigated in men and women.

Habitual training resulted in a larger patellar tendon in men,
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but not women. Following an acute bout of exercise, men

had an elevated tendon collagen synthesis rate compared to

women. Moreover, circulating oestrogen inhibited the acute

exercise-related increase in tendon collagen synthesis.

Finally, the mechanical strength of isolated collagen fascicles

from men surpassed that of women. Collectively, these data
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Figure 1 (a) The magnetic resonance imaging (MRI) determined patellar tendon cross-sectional area (CSA) for trained and untrained

men and women normalized to body mass. Trained men had a greater CSA than untrained men (P < 0.01), however, note that

trained women had a similar CSA compared to untrained women. An MRI of the patellar tendon (b). The fractional synthesis rate

(FSR) of patellar tendon collagen, in vivo, at rest and 72 h after one-legged kicking exercise from tendon biopsy tissue after a flood-

ing dose of unlabelled and labelled [15N] proline. Compared to the resting values for FSR of collagen in men (Miller et al. 2005),

women had a substantially lower resting FSR. Further, in contrast to men who have an elevated FSR in response to an acute bout of

exercise, women did not respond with an elevated FSR. (c) The interstitial concentration of aminoterminal propeptide of type I

procollaen (PINP), in vivo, at rest and 24 h after 1-h one-legged kicking exercise in young women taking oral contraceptives (OC)

and those who did not (non-OC). Non-OC responded to exercise with an elevated collagen synthesis (P < 0.05), while OC users did

have a similar synthesis elevation. (d) The stress–strain data from the mechanical test of a single human patellar tendon fascicle

indicating both the yield and the ultimate stress prior to complete tissue failure. The bar graph represents the average data form the

mechanical testing of single isolated collagen fascicles obtained from the anterior portion of the patellar tendon of young men and

women. Collagen fascicles from men reached greater peak stress than that from of women (P < 0.05), and the tangent modulus for

fascicles from men (1231 ± 188 MPa) exceeded that of women (576 ± 86 MPa, P < 0.05). The picture shows a single isolated human

fascicle in the mechanical testing device.
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show that women have a lower rate of new connective tissue

formation in tendon tissue, respond less to mechanical load-

ing, and have a lower mechanical strength, which may leave

the tissue more susceptible to injury.
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