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Background: The use of allograft tendons has increased for primary and revision anterior cruciate ligament reconstruction, but
allograft supply is currently limited to a narrow range of tendons and donors up to the age of 65 years. Expanding the range of
donors and tendons could help offset an increasing clinical demand.

Purpose: To investigate the effects of donor age, sex, height, and specific tendon on the mechanical properties of a range of
human lower leg tendons.

Study Design: Descriptive laboratory study.

Methods: Nine tendons were retrieved from 39 fresh-frozen human cadaveric lower legs (35 donors [13 female, 22 male]; age, 49-
99 years; height, 57-85 inches [145-216 cm]) including: Achilles tendon, tibialis posterior and anterior, fibularis longus and brevis,
flexor and extensor hallucis longus, plantaris, and flexor digitorum longus. Tendons underwent tensile loading to failure measuring
cross-sectional area (CSA), maximum load, strain at failure, ultimate tensile strength, and elastic modulus. Results from 332 ten-
dons were analyzed using mixed-effects linear regression, accounting for donor age, sex, height, and weight.

Results: Mechanical properties were significantly different among tendons and were substantially greater than the effects of
donor characteristics. Significant effects of donor sex, age, and height were limited to specific tendons: Achilles tendon, tibialis
posterior, and tibialis anterior. All other tendons were unaffected. The Achilles tendon was most influenced by donor variables:
greater CSA in men (b = 15.45 mm2; Šidák adjusted P \ .0001), decreased maximum load with each year of increased age (b
= 217.20 N per year; adjusted P = .0253), and increased CSA (b = 1.92 mm2 per inch; adjusted P \ .0001) and maximum
load (b = 86.40 N per inch; adjusted P \ .0001) with each inch of increased height.

Conclusion: Mechanical properties vary significantly across different human tendons. The effects of donor age, sex, and height
are relatively small, are limited to specific tendons, and affect different tendons uniquely. The findings indicate that age negatively
affected only the Achilles tendon (maximum load) and challenge the exclusion of donors aged .65 years across all tendon grafts.

Clinical Relevance: The findings support including a broader range of tendons for use as allografts for anterior cruciate ligament
reconstruction and reviewing the current exclusion criterion of donors aged .65 years.
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Anterior cruciate ligament (ACL) tear is one of the most
common and debilitating knee injuries in sports. Recon-
structive surgery using a graft is widely accepted as the
best treatment strategy for younger or active patients
with higher functional demands or patients with chronic

knee instability.15,34 Rates of primary and revision ACL
reconstruction have respectively increased by 43% and
127% between the years 2000 and 2015.41

While tendon autografts (surgically retrieved from the
patient) are generally considered the standard for ACL
reconstruction, the use of tendon allografts (sourced from
human tissue donors) has increased for primary and revi-
sion surgery,19 with usage as high as 42.4% and 78.8%,
respectively.26 Tendon autografts have the advantage of
providing greater fixation strength, superior short-term
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mechanical properties, and good long-term results,8 but
they are limited by significant donor-site morbidity and
availability constraints when adequate tendons are
sourced in young patients33 and for use in multiligament
and revision surgery.3 Allografts provide a solution to over-
come these issues, although they are associated with
slower incorporation and the potential for disease trans-
mission.3 Although tendon allografts have been shown to
have a significantly higher rerupture rate in younger
highly active patients (age, \25 years), they provide com-
parable clinical outcomes with autografts in patients
aged �35 years,38 particularly when nonirradiated or non-
chemically treated grafts are used.19 The most common
tendons used as allografts for ACL reconstruction include
bone2patellar tendon–bone (BPTB), hamstring (semitendi-
nosus with or without gracilis tendon), tibialis anterior, tibia-
lis posterior, and Achilles tendon.10,11 Additional tendons
with use as autografts for a range of reconstructive applica-
tions, such as fibularis longus,18 flexor hallucis longus,28

plantaris,1,22,31 and flexor digitorum longus,16 may have
uses as allografts for specific cases of ACL injury. The final
decision on graft source and type needs to be personalized
and cater to the functional demands and age of the patient
(ie, withstand certain loads and be appropriately sized), but
it is also heavily influenced by surgeon preference.2

Up to 96.5% of surgeons surveyed believe that donor age
negatively affects the success of tendon allografts (22.5%,
small effect; 47.3%, moderate; 26.7%, strong), and many
report that they will not accept allografts from donors
aged .40 years.2 While no standards for donor age have
been set by the US Food and Drug Administration or the
American Association of Tissue Banks, leading tissue
banks accept donors up to the age of 65 years.27 Some
of the most important considerations for the selection of
any tendon graft are the initial tensile mechanical proper-
ties. The effect of donor age on tendon strength has
mixed reports, with some studies describing an inverse
relationship14,21,24,35,36 while others cite no effect of
aging.4-6,13,14,39,40 Importantly, most studies report on
only a single anatomic tendon, and collectively these studies
cover a narrow range of different tendons. Thus, our current
knowledge of the effects of age and other donor variables on
potential allograft tendon mechanical properties is often
extrapolated from trends observed in restricted cohorts,

generalized across different human tendons, and collated
from studies that use different testing parameters that
may not be directly comparable.

Knowledge of the variables that influence the mechani-
cal properties of tendons may assist surgeons and patients
to make informed decisions on graft selection and may
expand graft supplies to offset an increasing clinical
demand via the inclusion of a broader range of eligible
donors and different tendons. The present study aimed to
determine the effects of donor age, sex, height, and tendon
on the mechanical properties of a range of lower leg ten-
dons commonly used as grafts, either for ACL reconstruc-
tion or other applications. The outcomes of the study will
determine if different tendons are uniquely influenced by
donor variables.

METHODS

Tissue Acquisition

A total of 39 fresh-frozen adult human cadaveric lower legs
from 35 donors (13 female, 22 male) were sourced from 2
cohorts for inclusion in this study; 31 lower legs were sourced
from an older cohort: 27 donors (10 female, 17 male) with
a mean age of 81 years (range, 68-99 years) and a mean
height of 66.75 inches (range, 64-72 inches [163-183 cm]).
Four donors had paired limbs (2 female, 2 male), as opposed
to a single limb from the remaining 23 donors. Any tendons
damaged during retrieval were excluded from subsequent
testing. Eight additional lower leg pairs were sourced from
a younger cohort: 8 donors (3 female, 5 male) with a mean
age of 56 years (range, 49-65 years) and mean height of
68.40 inches (range, 57-85 inches [145-216 cm]). Tendons
were retrieved from one of the paired limbs. Any tendons
damaged during retrieval from the younger cohort were
replaced by the same tendon in the contralateral limb. Ethics
approval was granted by the Northern Sydney Local Health
District Human Research Ethics Committee.

Specimen Retrieval

Nine distinct tendons were retrieved from each donor limb:
Achilles tendon, tibialis posterior and anterior, fibularis
(peroneus) longus and brevis, flexor and extensor hallucis
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longus, plantaris, and flexor digitorum longus. These spe-
cific tendons were selected by their availability in tibial
plateau to toe-tip specimens. All tendons were retrieved
by two orthopaedic surgeons (N.H., P.H.) in the same
sequence to facilitate accurate identification, labeling,
and safe removal. Each tendon was identified and incised
at its distal insertion and then followed and released prox-
imally at its musculotendinous junction (full dissection
protocol in the Appendix Methods, available in the online
version of this article). After removal, tendons were wrap-
ped in saline-soaked gauze, sealed in double zipper-locked
plastic bags, and stored at 220�C.

Specimen Preparation

Tendons were thawed at room temperature for one hour.
Muscle, fat, and loose connective tissue were removed
using a scalpel and by wiping dry gauze distal to proximal
to avoid fiber separation. Visual inspection verified integ-
rity. The free tendon was marked using picrosirius red
dye at the midpoint and 25 mm proximal and distal to
the midpoint, identifying the desired 50-mm gauge length.
Cross-sectional area (CSA) was measured at the narrowest
region using a custom micrometer device as previously
published.9 Briefly, the tendon was placed under a glass
slide attached to a ratchet micrometer. The slide was low-
ered until the torque limit was reached, and the specimen
height was recorded from the micrometer. The specimen
was photographed through the glass slide. The width was
measured using ImageJ (Version 1.52k; National Insti-
tutes of Health). CSA was calculated by assuming a rectan-
gular cross section and multiplying the height and width.

Biomechanical Testing

Specimens were gripped in custom cryogenic clamps, cooled
using dry ice, and attached to a servohydraulic testing
machine (8874; Instron Corp). Specimens were first secured
in the top clamp (using the dye to align the desired gauge
length), before being lowered and fastened in the bottom
clamp, ensuring that the specimen was slack when the grips
were tightened. Specimens were loaded under uniaxial ten-
sion to failure at 2.5 mm/s (5% strain/s). Force was measured
at 100 Hz using a 25-kN load cell (Dynacell 2527-201; Ins-
tron); crosshead displacement was measured at 100 Hz
(8874; Instron); and mode of failure was determined visually
(midsubstance, edge of clamps, within clamps, or grip slip)
using the picrosirius dye lines. Only specimens that failed
within the gauge length (midsubstance to edge of clamps)
were included in the analysis of mechanical outcomes.

Maximum load at failure was defined as the maximum
measured force. The working gauge length was defined
as the distance between clamps when a force threshold of
10 N was reached. Displacement data were converted to
strain by dividing the change in displacement by the work-
ing gauge length. Force data were converted to stress by
dividing the force by the CSA. A custom MATLAB program
(Version 9.4; MathWorks) generated stress-strain curves
for each specimen to determine ultimate tensile strength

(UTS; stress at maximum measured force) and strain at
failure (strain at maximum measured force). Elastic modu-
lus was objectively calculated by fitting a fifth-order poly-
nomial to the stress-strain data between 0% strain and
strain at failure and determining the maximum gradient.
This was plotted back on the stress-strain data to visually
confirm that it was within what we would classify as the
‘‘linear’’ region.

Statistical Analysis

Results were analyzed using multivariate mixed-effects lin-
ear regression models. Two approaches were performed
assuming that the effects of donor variables were either
generalizable across different tendons by excluding interac-
tion terms or tendon specific via the inclusion of interaction
terms. The overall ‘‘generalized’’ model was used to evaluate
the main effects of age, sex, and tendon on each outcome
(CSA, maximum load, UTS, strain at failure, and elastic
modulus), correcting for donor height and weight. Multiple
comparisons between tendons were adjusted using the
Šidák correction. Height was a significant predictor for
most outcomes and therefore evaluated in the tendon-
specific models alongside age and sex. The tendon-specific
models were used to determine the effects of age, sex, and
height on each tendon via the inclusion of interaction terms
for sex and tendon, age and tendon, and height and tendon.
Weight remained a covariate in the models. Multiple com-
parisons of age, sex, and height were adjusted using the
Šidák correction. Regression models included random inter-
cept terms at the limb and donor levels to account for the
nonindependence of tendons retrieved from the same limb
and from paired limbs of the same donor, respectively.
Effects were considered significant where P- or Šidák
adjusted P-value \ .05. All statistical analyses were per-
formed using Stata/IC (Version 13.1; StataCorp).

RESULTS

The plantaris tendon was absent in 6 donors (4 female, 2
male). Thirteen tendons damaged during retrieval, prepara-
tion, or biomechanical testing were excluded from all analy-
ses. CSA data from 332 specimens were included in the
analysis. Sixteen tendons that slipped or failed within the
clamps during tensile testing were excluded from the anal-
ysis of mechanical outcomes. Of the 316 tendons, the rela-
tive distribution of failure locations by tendon type is
summarized in Appendix Table A1 (available online). Seven
tendons failed within the gauge region, but elongation also
occurred outside the gauge region at the first tooth within
the clamps; thus, these tendons were excluded from
strain-based analyses (strain at failure and elastic modu-
lus). Absolute values and final sample sizes for each tendon
and outcome are summarized in Appendix Table A2.

Effect of the Tendon

The specific tendon had the largest influence on tensile
properties (Figure 1; Appendix Table A3, available online).
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On average, the Achilles tendon had the largest CSA
(87.17 mm2) and maximum load (4206.57 N) and the sec-
ond highest strain at failure (23.41%) but had the lowest
UTS (50.47 MPa) and elastic modulus (311.14 MPa). Con-
versely, the plantaris tendon had the smallest CSA
(2.53 mm2), maximum load (271.70 N), and strain at fail-
ure (12.84%) but the greatest UTS (112.99 MPa) and elas-
tic modulus (1050.11 MPa). When controlling for age, sex,

height, and weight, most comparisons among specific ten-
dons were significantly different (Šidák adjusted P \
.05), revealing largely unique tendon properties across all
outcomes measured (Appendix Table A3). The few excep-
tions were no significant differences between flexor hallu-
cis longus and flexor digitorum longus tendons for any
outcome. Tibialis posterior and anterior tendons also
showed no significant differences in CSA, maximum load,

Figure 1. Effect of sex on individual lower leg tendon tensile properties. Data are presented as mean 6 SD. Statistically signif-
icant sex differences within specific tendons as determined from the mixed-effects regression models: ****P \ .0001 (Šidák
adjusted). AT, Achilles tendon; CSA, cross-sectional area; EHL, extensor hallucis longus; FB, fibularis brevis; FDL, flexor digitorum
longus; FHL, flexor hallucis longus; FL, fibularis longus; Plt, plantaris; TA, tibialis anterior; TP, tibialis posterior.
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and UTS, while differences were observed in strain at fail-
ure (b = 26.74%; adjusted P \ .0001) and elastic modulus
(b = 154.63 MPa; adjusted P \ .0001).

Effect of Sex

When the effect of sex was generalized across all tendons
(Appendix Table A3, available online), the only outcome
that differed significantly was CSA, being significantly
larger in men versus women (b = 2.95 mm2; P = .0125).
When tendon-specific effects were analyzed (Figure 1,
Table 1), significant sex differences were replicated only
in the Achilles tendon, with CSA significantly greater in
men versus women (b = 15.45 mm2; adjusted P \ .0001).
The effect of sex on CSA within the Achilles tendon was
~5-fold greater than the generalized effect, while there
were no sex differences in any of the other tendons. This
suggests that Achilles tendon measurements skewed the
observed generalized effect and, at the same time, the gen-
eralized effect masked the true magnitude of the unique
effect of sex on the Achilles tendon.

Effect of Age

When the effect of age was generalized across all tendons
(Appendix Table A3, available online), advancing age had
a significant but small negative effect on UTS (b = 20.19
MPa per year of increased age; P = .0072) and elastic mod-
ulus (b = 21.07 MPa per year; P = .0312). No changes in
CSA, maximum load, or strain at failure were observed.
However, when the tendon-specific effects of age were ana-
lyzed (Figure 2, Table 2), significant changes were limited to
a few tendons and outcomes, where advancing age signifi-
cantly decreased maximum load in the Achilles tendon (b
= 217.20 N per year; adjusted P = .0253), increased maxi-
mum load in the tibialis anterior (b = 16.68 N per year;
adjusted P = .0365), and increased strain at failure in the
tibialis posterior (b = 0.25% per year; adjusted P \ .0001).

Effect of Height

When the effect of height was generalized across all ten-
dons (Appendix Table A3, available online), increasing
height had a significant effect on 4 of 5 outcomes: CSA,
maximum load, strain at failure, and elastic modulus. Out-
comes that increased with increasing donor height
included CSA (b = 0.36 mm2 per inch of height; P =
.0010), maximum load (b = 23.84 N per inch; P = .0035),
and strain at failure (b = 0.13% per inch; P = .0115),
whereas elastic modulus decreased (b = –4.93 MPa per
inch; P = .0009). No changes in UTS were observed.
When the tendon-specific effects of donor height were ana-
lyzed (Figure 2, Table 3), outcomes and tendons were not
consistently affected. With increasing height, the Achilles
tendon significantly increased in CSA (b = 1.92 mm2 per
inch; adjusted P \ .0001) and maximum load (b = 86.40
N per inch; adjusted P \ .0001), while strain at failure sig-
nificantly increased in the tibialis posterior tendon (b =
0.50% per inch; adjusted P = .0070). As with the effect of
sex, the significant tendon-specific effect sizes were several
factors larger than the generalized effects, and while the
generalized analysis indicated a significant change in elas-
tic modulus with donor height, there was no significant
change within individual tendons.

DISCUSSION

The most important finding of this study was that the
effects of donor age, sex, and height are relatively small,
are limited to specific tendons, and affect these tendons dif-
ferently, as summarized in Table 4. The specific tendon,
rather than donor age, sex, or height, may represent the
more important consideration for graft selection. Further-
more, the effects of donor variables should not be general-
ized across all tendons, as demonstrated by the differences
in significant results when using a generalized versus
tendon-specific analytic approach. This is particularly

TABLE 1
Tendon-Specific Effects of Donor Sexa

CSA, mm2 Maximum Load, N UTS, MPa Strain at Failure, % Elastic Modulus, MPa

Variable b 95% CI P Value b 95% CI P Value b 95% CI P Value b 95% CI P Value b 95% CI P Value

Female Ref Ref Ref Ref Ref

Male

AT 15.45 7.48, 23.42 \.0001 307.93 –189.55, 805.41 .5589 –4.94 –20.56, 10.68 .9868 3.36 –0.55, 7.27 .1462 –91.67 –207.46, 24.12 .2296

TP 3.79 –4.08, 11.67 .8378 257.37 –264.66, 779.41 .8185 –4.70 –21.11, 11.71 .9934 1.75 –2.29, 5.8 .9063 –50.38 –170.12, 69.35 .9198

TA 1.63 –6.33, 9.59 .9995 –32.03 –537.95, 473.89 �.999 –5.69 –21.57, 10.19 .9697 –1.18 –5.03, 2.67 .9895 7.32 –106.71, 121.34 �.999

FL 2.32 –5.51, 10.14 .9917 –23.10 –510.9, 464.69 �.999 –13.04 –28.34, 2.25 .1536 0.52 –3.18, 4.21 �.999 –85.18 –194.59, 24.24 .2491

FB 0.88 –7.3, 9.06 �.999 21.65 –525.9, 569.2 �.999 –1.86 –19.12, 15.39 �.999 –0.82 –5, 3.35 .9996 28.27 –95.33, 151.86 .9988

FHL 1.58 –6.26, 9.42 .9996 94.81 –415.68, 605.3 .9998 –2.53 –18.57, 13.5 .9999 0.51 –3.37, 4.39 �.999 –3.34 –118.11, 111.44 �.999

EHL 0.05 –7.91, 8.01 �.999 58.19 –453.27, 569.64 �.999 4.18 –11.89, 20.25 .9968 –0.06 –4.02, 3.9 �.999 37.73 –79.42, 154.88 .9851

Plt –0.11 –9.33, 9.11 �.999 75.91 –494.15, 645.96 �.999 8.76 –9.22, 26.74 .8283 1.28 –3.07, 5.62 .9921 –14.17 –142.9, 114.56 �.999

FDL 0.93 –6.9, 8.75 �.999 30.16 –456.63, 516.95 �.999 –8.28 –23.54, 6.98 .7245 –1.35 –5.04, 2.34 .9652 4.43 –104.75, 113.6 �.999

aAdjusted results from the multilevel mixed-effects linear regression analysis using the Šidák correction. P values are Šidák adjusted with significance iden-

tified in bold (P \ .05). b, effect size; AT, Achilles tendon; CSA, cross-sectional area; EHL, extensor hallucis longus; FB, fibularis brevis; FDL, flexor digitorum

longus; FHL, flexor hallucis longus; FL, fibularis longus; Plt, plantaris; Ref, reference; TA, tibialis anterior; TP, tibialis posterior; UTS, ultimate tensile strength.
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Figure 2. Effects of donor age (A-E) or height (F-J) on individual lower leg tendon tensile properties. Data are presented as simple
linear regressions. Statistically significant effects of age and height within individual anatomic tendons as determined from the
mixed-effects regression models (all Šidák adjusted): *P \ .05. **P \ .01. ****P \ .0001. AT, Achilles tendon; CSA, cross-sec-
tional area; EHL, extensor hallucis longus; FB, fibularis brevis; FDL, flexor digitorum longus; FHL, flexor hallucis longus; FL, fibu-
laris longus; Plt, plantaris; TA, tibialis anterior; TP, tibialis posterior.
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true when effects are determined from data sets that
include or solely focus on individual tendons that have
notable changes with donor characteristics, such as the
Achilles tendon from the subset of tendons used in this
study. Finally, although sex and height are not used as
donor selection requirements, donor age .65 years is
a strict exclusion criterion.27 While the generalized effect
of aging was observed to decrease the UTS and elastic mod-
ulus, the effect sizes were small, and for perspective, donor
height was more influential. More importantly, analysis
within specific tendons revealed a negative effect of aging
only on the maximum load of the Achilles tendon. There-
fore, the findings have important implications for the cur-
rent maximum age of tissue donors accepted, suggesting
that age should be less emphasised as an overall exclusion
criterion but rather a factor to consider for specific tendons
(eg, Achilles tendon). Increasing the inclusion age for tis-
sue donors and the use of tendons that show small changes
with individual donor characteristics represent areas to
increase tendon allograft supply to meet a growing clinical
need.

Biomechanical properties represent one of the most
important considerations for graft selection. The specific
tendon has the largest effect on tensile properties, with
each exhibiting largely unique properties across all out-
comes measured. Because donor-site morbidity and func-
tional deficits created do not need to be considered when
using allografts, it is not surprising that the three tendons
exhibiting the largest CSA and maximum failure loads
(Achilles tendon, tibialis posterior, and tibialis anterior)
are those commonly used as allografts for ACL reconstruc-
tion.10 Interestingly, these preferred allograft candidates
with the highest failure loads possess a lower UTS and
elastic modulus and demonstrate the greatest variability
with sex, aging, and increasing height. Conversely the
plantaris tendon, utilized as an autograft for upper limb1

and ankle31 reconstructions, has the smallest CSA and
lowest maximum load at failure but possesses the greatest
UTS and elastic modulus. Tendons with a smaller CSA (eg,
hamstring semitendinosus and gracilis tendons at ~14 and
8 mm2, respectively)30 are widely used for ACL reconstruc-
tions via looped and bundled configurations to produce an

TABLE 2
Tendon-Specific Effects of Donor Agea

CSA, mm2 Maximum Load, N UTS, MPa Strain at Failure, % Elastic Modulus, MPa

Variable b 95% CI P Value b 95% CI P Value b 95% CI P Value b 95% CI P Value b 95% CI P Value

Age, y

AT 0.11 –0.15, 0.36 .9133 –17.20 –33.14, –1.26 .0253 –0.35 20.85, 0.15 .4025 0.01 20.12, 0.14 �.999 21.01 24.85, 2.84 .9966

TP 0.11 20.14, 0.37 .9063 8.96 –7.82, 25.75 .7418 0.02 –0.51, 0.55 �.999 0.25 0.12, 0.38 \.0001 –3.65 –7.49, 0.19 .0750

TA 0.22 –0.03, 0.48 .1326 16.68 0.6, 32.77 .0365 –0.08 –0.59, 0.42 .9999 0.11 –0.01, 0.23 .0971 –2.57 –6.18, 1.03 .3596

FL 0.03 –0.22, 0.28 �.999 1.98 –13.92, 17.87 �.999 –0.05 –0.55, 0.45 �.999 –0.02 –0.14, 0.1 �.999 –0.23 –3.79, 3.33 �.999

FB 0.12 –0.14, 0.37 .8734 1.79 –14.92, 18.5 �.999 –0.30 –0.82, 0.23 .6841 –0.06 –0.19, 0.07 .8703 0.40 –3.36, 4.16 �.999

FHL 0.05 –0.2, 0.31 .9994 0.81 –15.09, 16.72 �.999 –0.25 –0.75, 0.25 .7990 –0.02 –0.14, 0.11 �.999 –1.92 –5.48, 1.65 .7351

EHL 0.00 –0.25, 0.25 �.999 –4.63 –20.49, 11.24 .9926 –0.46 –0.96, 0.04 .0914 –0.07 –0.19, 0.06 .7390 –2.70 –6.32, 0.91 .2985

Plt –0.01 –0.27, 0.26 �.999 –1.50 –18.09, 15.09 �.999 –0.16 –0.68, 0.36 .9874 –0.02 –0.14, 0.11 �.999 0.00 –3.72, 3.72 �.999

FDL 0.03 –0.23, 0.28 �.999 1.56 –14.16, 17.28 �.999 –0.06 –0.55, 0.44 �.999 –0.07 –0.19, 0.05 .6903 2.16 –1.35, 5.68 .5675

aAdjusted results from the multilevel mixed-effects linear regression analysis using the Šidák correction. P values are Šidák adjusted with significance iden-

tified in bold (P \ .05). b, effect size; AT, Achilles tendon; CSA, cross-sectional area; EHL, extensor hallucis longus; FB, fibularis brevis; FDL, flexor digitorum

longus; FHL, flexor hallucis longus; FL, fibularis longus; Plt, plantaris; TA, tibialis anterior; TP, tibialis posterior; UTS, ultimate tensile strength.

TABLE 3
Tendon-Specific Effects of Donor Heighta

CSA, mm2 Maximum Load, N UTS, MPa Strain at Failure, % Elastic Modulus, MPa

Variable b 95% CI P Value b 95% CI P Value b 95% CI P Value b 95% CI P Value b 95% CI P Value

Height, in

AT 1.92 1.2, 2.64 \.0001 86.40 40.91, 131.89 \.0001 –0.05 –1.47, 1.37 �.999 0.35 0, 0.69 .0532 –4.49 –14.8, 5.82 .9029

TP –0.03 –0.74, 0.69 �.999 34.91 –19.09, 88.9 .4984 1.37 20.33, 3.08 .2064 0.50 0.09, 0.91 .0070 –0.75 –12.96, 11.45 �.999

TA 0.56 –0.15, 1.28 .2317 42.27 –10.22, 94.76 .2106 –0.36 –2.01, 1.29 .9992 0.17 –0.23, 0.57 .9160 –8.51 –20.44, 3.43 .3617

FL 0.31 –0.4, 1.02 .8998 31.83 –13.28, 76.94 .3759 0.13 –1.28, 1.54 �.999 0.14 –0.2, 0.48 .9296 –2.24 –12.31, 7.83 .9991

FB 0.16 –0.58, 0.89 .9993 7.89 –40.99, 56.77 .9999 –0.39 –1.92, 1.15 .9974 0.10 –0.27, 0.47 .9940 –7.85 –18.81, 3.11 .3558

FHL 0.16 –0.55, 0.88 .9988 17.56 –28.54, 63.67 .9554 –0.20 –1.64, 1.25 �.999 0.03 –0.32, 0.37 �.999 –3.42 –13.73, 6.89 .9818

EHL 0.04 –0.68, 0.75 �.999 0.49 –44.45, 45.42 �.999 –0.42 –1.82, 0.99 .9912 0.05 –0.3, 0.39 �.999 –8.29 –18.41, 1.83 .1928

Plt –0.01 –0.9, 0.88 �.999 –5.88 –61.19, 49.44 �.999 –0.82 –2.56, 0.93 .8568 –0.01 –0.43, 0.41 �.999 –5.54 –18.01, 6.93 .8917

FDL 0.07 –0.64, 0.79 �.999 7.14 –37.38, 51.67 .9999 0.06 –1.33, 1.45 �.999 0.03 –0.31, 0.36 �.999 –4.97 –14.91, 4.97 .8061

aAdjusted results from the multilevel mixed-effects linear regression analysis using the Šidák correction. P values are Šidák adjusted with significance iden-

tified in bold (P \ .05). b, effect size; AT, Achilles tendon; CSA, cross-sectional area; EHL, extensor hallucis longus; FB, fibularis brevis; FDL, flexor digitorum

longus; FHL, flexor hallucis longus; FL, fibularis longus; Plt, plantaris; TA, tibialis anterior; TP, tibialis posterior; UTS, ultimate tensile strength.
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appropriately sized load-bearing graft construct. Noyes
et al30 defined the maximum load of single-strand semite-
ndinosus and gracilis tendons as 1216 and 838 N respec-
tively. Thus, all tendons except the plantaris tendon in
the current study possess comparable or higher failure loads
as single strands (Appendix Table A2, available online).
This warrants further investigation to assess the potential
of expanding the range of allograft tendons used for ACL
reconstruction to include the fibularis longus and brevis,
flexor and extensor hallucis longus, and flexor digitorum
longus tendons. Despite the high material strength of the
plantaris tendon, its small CSA and maximum load make
it unlikely to be useful for intra-articular ACL reconstruc-
tion in isolation. However, Josipović et al22 examined con-
current reconstruction of the ACL and anterolateral
ligament to restore additional rotational stability using
semitendinosus and plantaris tendon autografts, respec-
tively. Because the anterolateral ligament is injured in
90% of patients with ACL ruptures and plantaris autografts
are reported for other reconstructive applications,1,31 scope
remains for future investigations into the expansion of
allografts available to include the plantaris tendon.

The generalized effect of sex was observed to influence
CSA when correcting for age, tendon, height, and weight.
Yet, when data with interaction terms for donor variables
and specific tendons were analyzed, significant sex differ-
ences were observed only in the Achilles tendon (see Figure
1). This suggests that the sex differences observed for the
CSA in the initial models were an oversimplification and
largely driven by the sex differences in the Achilles tendon.
These results caution against ignoring the interactions
present between donor variables and distinct tendons, par-
ticularly when the data set includes tendons with large
donor-specific differences, such as the Achilles. To confirm
the effect size that the study was powered to detect, we
performed a post hoc sensitivity power analysis using
G*Power (Version 3.1; HHU),12 computing an effect size
of 0.03 with the following parameters: a = .05, power =
0.80, total sample size = 332, number of tested predictors

= 3 (age, sex, height), and total number of predictors = 8
(age, sex, height, weight, tendon, age 3 tendon, sex 3

tendon, height 3 tendon). Interestingly, sex differences
have been indicated for human ACL,7 but consideration
of patient and donor sex for the selection of graft materials
is not commonly reported. Equivalent in vitro sex studies
on human tendons are relatively limited, and to our knowl-
edge, this study is one of the first to evaluate the tensile
failure mechanics of a broad range of tendons in a single
study. Thermann et al37 similarly found that Achilles ten-
dons from male patients had larger CSAs, but they also
cited a higher maximum failure load and UTS in male
patients, which was not observed in our study. Hashemi
et al17 stated that patellar tendon failure properties were
independent of sex, and Castile et al6 reported no overall
effect of sex on nonfailure mechanical properties (toe mod-
ulus, linear modulus, transition stress, transition strain)
on a range of tendons, ligaments, and capsules. However,
this latter report did not include any tendons investigated
in the present study. Divergence in study conclusions may
be associated with differences in donor cohorts and the tis-
sues investigated, as well as the tendon dissection, prepa-
ration, and mechanical testing methods employed.
Nevertheless, our findings are similar to human in
vivo20,23,25,42 and animal in vitro32 studies citing sex differ-
ences in Achilles tendon properties, notably a larger CSA
in males,20,23,25,32,42 while demonstrating an absence of
sex differences in a range of other tendons.

Interestingly, when the regression models did not
include donor height and weight as covariates, generalized
sex differences were found for all outcomes except for UTS
(ie, differences observed for CSA, maximum load, strain at
failure, elastic modulus; all P \ .05), with sex differences
again primarily affecting the Achilles tendon (differences
observed for CSA, maximum load, and strain at failure;
all P \ .05). Anthropometric measurements were a part
of the regression models to explore whether any sex differ-
ences identified were related to more physical versus
intrinsic biological differences. When body mass index

TABLE 4
Summary of Tendon-Specific Effects of Donor Sex, Age and Height on Human Tendon Mechanical Properties.
The Statistically Significant Effects of Donor Variables on Mechanical Properties are Identifiable by an Arrow

Indicating the Direction of the Effect of: Sex, Advancing Age and Increasing Height.a

Tendon Cross-Sectional Area Maximum Load Ultimate Tensile Strength Strain at Failure Elastic Modulus

Sex "Age "Height Sex "Age "Height Sex "Age "Height Sex "Age "Height Sex "Age "Height

AT " Males " # "
TP " "
TA "
FL
FB
FHL
EHL
Plt
FDL

aAT, Achilles tendon; EHL, extensor hallucis longus; FB, fibularis brevis; FDL, flexor digitorum longus; FHL, flexor hallucis longus; FL,
fibularis longus; Plt, plantaris; TA, tibialis anterior; TP, tibialis posterior.
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(BMI) was initially included as a covariate, it was not pre-
dictive of any outcome (all P . .05). However, when donor
height and weight were separate covariates, height became
a significant predictor for all outcomes where sex was pre-
viously significant (CSA, maximum load, strain at failure,
elastic modulus) (Appendix Table A3, available online),
and only CSA was significantly affected by height and
sex. This suggests that an aspect of the sex differences
that we initially observed in the absence of height and
weight covariates was driven by the differences in physical
size between men and women. Height has been evaluated
as a variable of interest only in an in vivo study of nonfai-
lure Achilles tendon properties.29 While BMI may repre-
sent an appropriate variable to control for participant
size in human in vivo studies, weight fluctuations during
end-of-life events may confound meaningful cadaveric
weight and BMI values. Therefore, there may be merit in
controlling for height and weight separately within in vitro
studies of human cadaveric tissues.

The generalized effects of aging were small but had sig-
nificant negative effects on tendon UTS and elastic modu-
lus. For perspective, the modeled effect size of age on UTS
(Appendix Table A3, available online) was equivalent to
a 9.5-MPa decrease in strength over the 50-year age range
(49-99 years). In contrast, differences in UTS among ana-
tomic tendons were up to 62.51 MPa, and donor height
was more influential than age for the majority of outcomes.
Importantly, when tendon-specific changes were evalu-
ated, the effect of age varied, and results were insignificant
for most tendons and outcomes (Figure 2). The few signif-
icant changes observed were in the three largest tendons
(Achilles tendon, tibialis posterior, and tibialis anterior),
and the only negative effect of aging was a decrease in
the maximum load of the Achilles tendon. This was equiv-
alent to a 17.20-N decrease per year of age (Table 2). In
comparison, a 1-inch increase in donor height was equiva-
lent to an 86.40-N increase in maximum load (Table 3).
Published results are mixed, with numerous studies
reporting no effect of age,4-6,13,14,39,40 and others finding
an inverse relationship,14,21,24,35,36 although most investi-
gated only the patellar tendon. Of the exceptions, Balsly
et al4 found no significant correlations between age and
strength or between age and elastic modulus in irradiated
BPTB, tibialis anterior, semitendinosus tendon, or fascia
lata. Similarly, Greaves et al14 indicated that age had no
significant effect on failure load, failure strain, UTS, or lin-
ear stiffness in nonirradiated single-strand tibialis ante-
rior and posterior tendons, although UTS did decrease
with age in nonirradiated double-stranded tendons. In con-
trast, Lewis and Shaw24 noted a moderate decrease in
Achilles tendon UTS with aging but an insignificant effect
on elastic modulus. Swank et al36 found very weak correla-
tions between aging and all mechanical properties tested
in tibialis posterior tendons (R2 = 0.012-0.063). They stated
that UTS slightly increased up to the ages of 40 to 49 years
then a slightly decreased with further aging. However, the
authors concluded that aging explained at most 6% of the
variation observed and was unlikely to be clinically rele-
vant. Despite conflicting results from generally restricted
cohorts, most surgeons believe that aging decreases tendon

strength and negatively affects graft performance,2 and
tissue banks will not accept tendons from donors .65
years.27 Our results highlight the small and tendon-
specific effect of aging on biomechanical properties, espe-
cially relative to other donor variables.

A strength of this study was the range of distinct ana-
tomic tendons tested from an extensive human cadaveric
cohort, allowing within-study comparisons under the
same testing conditions, including test operator. Given
the logistical and financial challenges of procuring human
cadaveric tissue, human tendon studies generally report on
a single or narrow range of specific tendons or small
cohorts. This is one of the largest biomechanical studies
on human tendon failure properties, consisting of 332 ten-
dons from donors of both sexes spanning an age of 49 to 99
years. This facilitated the investigation of tendon-specific
effects of donor variables across a range of tendons, identi-
fying that different tendons are influenced uniquely by
donor age, sex, and height. Furthermore, as far as we are
aware, no previous studies have revealed an effect of donor
height on human tendon tensile failure properties.

Nevertheless, limitations existed. Tendons were tested
as unmodified single strands. Autograft and allograft ten-
dons are generally modified to meet the surgical and bio-
mechanical requirements of an ACL graft. Grafts made
from larger CSA tendons, such as BPTB and Achilles ten-
don, are cut down to an appropriate width to fit within the
intra-articular space while still possessing a sufficient fail-
ure load. Medium-sized tendons, such as tibialis posterior
or anterior, are looped into double-stranded constructs,
and smaller hamstring tendons are bundled into multi-
stranded grafts. As noted by Greaves et al,14 graft-specific
configurations may alter the outcomes of mechanical test-
ing and associated conclusions regarding the effects of
age. Another possible limitation is the age range of donors
tested, with our youngest donors still considered to be the
upper age limit of tissue banks (�65 years). However, the
implication of not including younger donors is unclear.
Swank et al36 examined tibialis anterior tendons from
donors aged 15 to 79 years and found that strength started
to slowly decline from the age of 50 years, whereas Shelton
et al35 noted a decrease in failure load and failure stress in
BPTB from donors aged 15 to 30 versus 51 to 65 years.

Limitations also existed in some of our methodologies.
Strain was calculated from the change in crosshead dis-
placement, assuming a homogeneous strain field between
the grips. While we excluded specimens that were observed
to strain outside the gauge length from strain-based anal-
yses (strain at failure and elastic modulus), there was still
the limitation that using this method may under- or over-
estimate the strain in comparison with the generally more
accepted method of using an optically tracked strain.
Finally, elastic modulus is often reported as the gradient
of the so-called linear region of the stress-strain curve,
without specifying how this region is identified. In this
study, we used an automated and objective method to cal-
culate the elastic modulus, and we visually confirmed that
it was within what we would classify the linear region. To
calculate this maximum gradient, we considered using
a moving average over a range of data points or fitting
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a curve to the data and calculating the gradient. When
these 2 possible methods were compared for this data set,
they largely produced similar values with similar varian-
ces; however, the moving average method occasionally
determined the modulus outside of what we would have
classified as the linear region and produced slightly higher
variability.

CONCLUSION

The findings of this study support the inclusion of a broader
range of different tendons for use as allografts for ACL
reconstruction and warrant further investigation to evalu-
ate these new allograft candidates tested as graft con-
structs. Donor sex, age, and height had relatively small
effects on mechanical properties, but, most important,
they were limited to specific tendons (Achilles tendon, tibia-
lis posterior, tibialis anterior) and affected these tendons in
different ways, demonstrating that the effects of donor var-
iables should not be generalized. Finally, the effect of age
negatively affected only the maximum load of Achilles ten-
don. Together, these results challenge the clinical relevance
of using age as an exclusion criterion across all tendons and
in isolation to all other donor variables.
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