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Abstract
Background: The angle-dependent torque capacity of the subtalar pronators and supinators is important to maintain
dynamic ankle stabilisation. Based on the peak torques during maximum voluntary isometric pronation and supination
across the subtalar range of motion, the strength curves of younger and elderly males and females were investigated.
Methods: Maximum voluntary isometric subtalar pronator and supinator strength tests were administered to 30
younger and 30 elderly volunteers (each 15 male and 15 female subjects). Total active subtalar range of motion and
peak pronator and supinator torques were measured in five anatomical subtalar joint angles using a custom-built
apparatus with two force transducers. Furthermore, relative torques (normalised to the individual peak torque) and
pronator-to-supinator strength-ratios were also calculated.
Results: Pronator-to-supinator strength ratio, and peak pronator and supinator torques are affected by age and
by joint angle x age interactions. All supinator strength curves show a steadily descending characteristic from the
pronated to the supinated positions. The pronator strength curve had an inverted U-shaped characteristic, except
for younger women of whom 47 % exert highest peak values in the end-range pronation angle. Both relative
pronator and supinator strength are dependent on sex (P < 0.05). Relative pronator strength is also affected by
joint angle x sex (P < 0.0001) and joint angle x sex x age (P < 0.05) interactions. Beside age effects on all range of
motion parameters, pronation range of motion is influenced by a sex x age interaction (P < 0.05).
Conclusions: Age- and sex-related differences in both subtalar strength profile and range of motion have to be
considered when testing strength across subtalar range of motion. Younger females have higher pronator strength
capacity in the most pronated joint angle, which may be due in part to their greater subtalar joint range of motion
compared to the other groups. In the most supinated position both pronator and supinator strength capacity is
reduced in younger females compared to younger males.
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Background
The muscular capacity of the subtalar pronators and supinators of the foot plays a key role in the medio-lateral
stability of the ankle joint complex [1–3]. In the prevention
of recurrent ankle sprains, subtalar joint-specific pronator
strength training is recommended to counteract peroneal
muscle weakness [4, 5], to enhance pronator-to-supinator
strength-ratio [6, 7], and to regulate inappropriate foot
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positioning before ground contact [8]. Strengthening the
supinators increases the antipronator capacity of the
deep plantarflexors (tibialis posterior, flexor hallucis
longus and flexor digitorum longus) [2] which is potentially beneficial in the prevention of running-related
overuse injuries [9, 10].
It is well known that the human capability to exert
torque around a given joint varies throughout the range
of motion. This so-called ‘strength curve’ is explained,
firstly, by changes in the length of each muscle surrounding the joint, the length-tension relationship [11].
Secondly, the length of the lever arms varies when the

© 2015 Hagen et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Hagen et al. Journal of Foot and Ankle Research (2015) 8:64

joint position is changed. Due to anatomical differences,
the strength curve of each joint has its individual shape
[12]. Although isokinetic testing is often applied in
strength diagnostics, Hay [11] recommends repeated
maximum voluntary isometric contractions (MVIC) in
different joint angles for determining a strength curve.
Isokinetic measurements show remarkable variability at
the extreme ranges of the movement, because isokinetic
dynamometers do not provide a constant angular velocity across the full range of motion [13].
So far, there has been little research into the angledependent strength capacity of the pronators and supinators. As pronator and supinator muscle strength is
important to counteract inversion and eversion moments
[14], the isometric strength capacity should be assessed
across a wider range of subtalar motion. Due to the complex geometry of the subtalar joint with an oblique resultant movement axis [15], the strength curves of the
pronators and supinators of the foot are poorly understood. Although research has focused the peak torques
during isokinetic strength measurements, our recent study
is the only one which investigated maximum voluntary
isometric pronator and supinator strength across the active range of subtalar joint motion. In a sample of healthy
young males, the pronator strength curve showed an
inverted U-shaped characteristic, whereas the supinator
curve descends from pronated to supinated position [16].
Apart from the peak torques, the pronator-to-supinator
strength ratio (PSR) is clinically relevant because cocontraction of opposing muscles across a joint is important to maintain dynamic joint stability [17]. It is well
known that both active and passive properties of skeletal
muscle are influenced by age [18, 19] and sex [20–23]. It
is hypothesized that sex- and age-related differences in
muscle strength influence the pronator and supinator
strength curve characteristics and the PSR. Hence, the
purpose of the present study was to investigate the isometric angle-dependent pronator and supinator strength
capacity in younger and older males and females.

Methods
Participants

Maximum isometric strength tests of the pronators and
supinators of the dominant foot were administered to 30
younger and 30 elderly volunteers (each 15 male and 15
female) (Table 1). The younger participants were sports
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students of the local university, and the elderly were recruited by word-of-mouth recommendation and by postings at the local university. All volunteers completed a
screening health questionnaire before participation. All
participants reported no contraindications to resistive
exercise, no major neuromusculoskeletal dysfunction of
the lower extremities, and no orthopaedic, cardiac or
visual problems in the past two years. No medication
was being taken by the subjects that would have been
expected to affect physical performance. All elderly
people lived self-determined without extra-care. The navicular drop test was performed by an experienced clinician (DSB) to determine the characteristics of the
medial longitudinal foot arch. As increasing midfoot mobility might have confounded the outcome measures,
participants having greater than 10 mm of navicular
drop [24] were excluded from the study. This criterion
has previously been used to classify participants as having excessive pronation [25, 26]. Background information and informed written consent was collected prior
the first test session. The study was approved by the ethics committee of the local university hospital in accordance with the Helsinki Declaration.
Instrumentation

Subtalar strength testing was performed using a specific
foot apparatus mounted on a wooden base plate [16]
(Fig. 1). The movement axis was orientated corresponding to the subtalar joint axis deviating about 23° to medial and about 41° to dorsal from the longitudinal foot
axis [15]. A sport shoe (males: size US 10; females: size
US 7) was mounted onto the foot plate. The toe box of
the shoe’s upper was removed so that strength testing
was possible for subjects with variable foot lengths between 24.5 cm to 25.7 cm (i.e. shoe sizes US 6 to 8) for
females and between 26.5 cm to 29.5 cm (i.e. shoe sizes
US 8.5 to 11.5) for males. In neutral position (shank perpendicular to foot sole), the foot plate of the apparatus
was aligned in parallel to the floor and to the longitudinal axis of the foot. During testing, the forefoot was
additionally fixed with a belt. To eliminate the mechanical influence of gastrocnemius muscle, which would
have influenced the range of ankle and subtalar joint
motion as well as the resulting pronator and supinator
capacity, strength testing was performed in a seated position so that hip and knee joint were each positioned at

Table 1 Anthropometric data (mean ± SD)
Age (years)

Height (m)

Body mass (kg)

Body mass index (kg/m2)

Foot length (mm)

Navicular drop (mm)

Young women (15)

23.9 ± 2.1

1.71 ± 0.07

62.9 ± 7.9

21.4 ± 2.2

24.6 ± 0.9

49 ± 12

Young men (15)

26.3 ± 2.7

1.85 ± 0.07

84.2 ± 10.8

24.7 ± 2.7

27.7 ± 1.0

44 ± 12

Elderly women (15)

66.7 ± 6.1

1.63 ± 4.7

68.6 ± 12.4

27.0 ± 4.5

24.6 ± 1.1

40 ± 18

Elderly men (15)

61.5 ± 5.4

1.78 ± 8.0

85.3 ± 13.0

25.7 ± 4.9

26.8 ± 1.2

48 ± 16

Group (n)
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Fig. 1 Biomechanical setup for determination of the isometric angle-torque relationship of the subtalar pronators and supinators. a Neutral position;
b -24° pronated position; c 40° supinated position

approximately 90°. Associated motions of hip and knee
were prevented by straps which were placed around the
thigh (Fig. 1).
Two force transducers (Kistler 9321A, Winterthur,
Switzerland) were used to record the maximum resulting
voluntary isometric pronator and supinator torques. According to the assumption that the axis of the foot apparatus corresponds to the subtalar joint axis [15], strength
testing was administered in random order in five anatomical positions within the subtalar movement plane: 24° and
8° pronated position, 8°, 24° and 40° supinated position
(Fig. 1). The angles are related to neutral position with the
shank perpendicular to horizontal and the foot (2nd ray)
oriented in parallel to the thigh (Fig. 1a) so that the
frontal plane angle between the calcaneus and the tibia
was 0°. Degrees of pronation were negative, and degrees
of supination were positive. The correct placement of
the anatomical angle was controlled by using an electrogoniometer (Megatron MP 10, Germany) which was
aligned with the machine axis.
Strength testing

As isolated subtalar pronation and supination are quite
unfamiliar movements, the participants were instructed
in the setup approximately one week before the experiment started. After verbal explanation and a practical

demonstration, the participants performed a number of
practice strength tests with their dominant foot. Leg
dominance was determined as the leg which is preferred
for kicking a ball. On the experimental day subjects
underwent a 10-min warm up on a bicycle ergometer
and a number of submaximal repetitions for familiarisation. As described previously [27], all subjects performed
three valid maximum voluntary isometric pronation and
supination contractions in each subtalar joint angle. In
each trial the participants were instructed to perform a
ramp contraction and to hold MVIC for a minimum of
two seconds. Rapid contractions showing an initial spike
were excluded from the analysis and repeated. Strength
testing was supplemented by biofeedback procedure by
displaying the real time signal of the force sensor on a
monitor. All experimental applications were conducted
by the same testers (DSB, SS).
The maximum of each torque-time-curve was registered as peak pronator torque (PPT) and peak supinator
torque (PST), respectively. Before each MVIC trial, the
force sensor signal was reset to zero. Thereby, the effect
of gravity on the combined weight of the leg and the
movement arm of the foot apparatus as well as the pretension of the passive structures were eliminated. Thus,
it can be assumed that only the active torque-lengthrelationship of the pronators and supinators of the
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subtalar joint was determined. A two-minute rest was
provided between the trials to prevent fatigue [28]. Apart
from the PPT and PST normalized to body mass, the
relative strength curves were analysed. For this purpose
the PPT and PST data were normalized by setting a
value of 100 to the peak value of each subject’s torquelength-relationship and expressing the values obtained at
the other joint angles as a percentage of the peak value.
Furthermore, the PSR was calculated by dividing the
PPT to the PST for each joint angle.
Range of subtalar motion

Before strength testing, the active range of subtalar motion (ROM) was quantified using the procedure by
Hagen et al. [29]. The subjects performed three repeated
pronations and supinations to maximum end-range of
active motion. Maximum pronation and supination ROM
and the overall ROM (sum of pronation and supination
ROM) were determined.
Statistical analysis

The measurement parameters were averaged for each
subject before further statistical treatment. Unless otherwise stated, an alpha level of 0.05 was set for significance
for all statistical analyses. A three-way ANOVA with repeated measures comprising ‘joint angle’ and the independent factors ‘age’ and ‘sex’ was applied to identify
differences in angle-torque relationship and the relative
strength curves. According to the relative pronator and
supinator strength curves, post-hoc tests were conducted
with subsequent Bonferroni corrected significance to
0.0083. A chi-square test was used to determine if there
were significant differences among groups in the joint
angle at which the peak of the strength curve occurred. A
two-way ANOVA was performed to identify ROM differences between factors ‘age’ and ‘sex’.

Results
In Table 2 the differences in subtalar ROM are presented. The ANOVA reveals a significant age x sex interaction (P < 0.05; F(1,56) = 4.9; η2p = 0.08), indicating that
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younger females have greater pronation ROM compared
to the other three groups. Significant main effects of age
on supination (P < 0.05; F(1,56) = 5.8; η2p = 0.09), pronation
(P < 0.01; F(1,56) = 8.1; η2p = 0.13) and overall ROM (P <
0.01; F(1,56) = 10.5; η2p = 0.16) reveal reduced ROM in the
elderly groups.
In Fig. 2, the angle-dependent PSTs and PPTs (normalized to body mass) are illustrated. Across all groups the
PST curves show a steadily descending shape from the
pronated to the supinated joint angles (Fig. 2a). In contrast, the PPT curves have an ascending-descending
characteristic except for the younger females who do not
show increasing torque between −24° and −8° (Fig. 2b).
Both PPT and PST are affected by significant joint angle
x age interactions (PPT: P < 0.001; F(4,56) = 8.29; η2p =
0.13; PST: P < 0.0001; F(4,56) = 22.4; η2p = 0.29). Apart from
significant main effects of joint angle for PPT (P <
0.0001; F(4,56) = 75.55; η2p = 0.574) and PST (P < 0.0001;
F(4,56) = 371.8; η2p = 0.87), both PPT (P < 0.0001; F(1,56) =
38.55; η2p = 0.41) and PST (P < 0.0001; F(1,56) = 63.9; η2p =
0.53) are higher in younger compared to elderly people.
As indicated by the joint angle x age interactions, these
age-related differences in PST and PPT depend on the
subtalar joint angle. The ANOVA also reveals a significant main effect of sex (P < 0.01; F(1,56) = 12.5; η2p = 0.183)
on PST.
The relative supinator strength curves (Fig. 3a) show a
nearly congruent characteristic between −24° and −8°.
There is a trend to a joint angle x sex interaction (P =
0.05; F(4,56) = 2.4; η2p = 0.04) indicating a higher angledependent supinator strength capacity for males which
becomes obvious in joint angles 8° (+26 %) and 24°
(+50 %). Apart from a significant main effect of joint
angle (P < 0.0001; F(4,56) = 742.5; η2p = 0.93), the ANOVA
reveals a significant main effect of sex (P < 0.01; F(1,56) =
7.5; η2p = 0.12) on relative supinator strength. In joint
angle 8°, the post-hoc analyses reveal significant differences (P < 0.01) between the younger males and the
other three groups.
The pronator strength curve of the younger females
differs from the other groups (Fig. 3b). Both male groups

Table 2 Range of motion (mean ± SD)
Group (n)

Pronation ROM (°)

Supination ROM (°)

Overall ROM (°)

Young women (15)

47.5 ± 6.5

53.9 ± 6.6

101.4 ± 7.9

Young men (15)

41.9 ± 4.1

52.3 ± 8.2

94.2 ± 10.8

Elderly women (15)

40.3 ± 6.3

48.7 ± 5.8

89.0 ± 10.4

Elderly men (15)

41.0 ± 4.8

49.0 ± 6.8

90.0 ± 10.4

P-Values (2-way-ANOVA)

<0.01a

<0.05a

<0.01a

b

<0.05
a

significant main effect: age
b
significant interaction: age x sex
ROM range of motion
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Fig. 2 Peak supinator (a) and pronator torque (b) normalised to
body mass. Mean values are shown without error bars for clarity

and the elderly females display an inverted U-shaped pronator strength curve with increasing strength from −24°
to −8°. In the younger males and both female groups the
curve descends from −8° to 40°, while in elderly males a
plateau of peak pronator strength is present around the
neutral subtalar joint position between −8° and 8°. In contrast, relative peak pronator torque of young females is
nearly equal in −24° and −8° with 89 and 92 %, respectively. Interestingly, in joint angle −24° relative pronator
strength is 58 % higher in younger females compared to
younger males (P < 0.01). According to the differences in
the relative pronator strength, the ANOVA reveal significant joint angle x sex x age (p < 0.05; F(4,56) = 2.9; η2p =
0.05) and joint angle x sex (P < 0.0001; F(4,56) = 6.4; η2p =
0.10) interactions. Significant main effects of joint angle
(P < 0.0001; F(4,56) = 79.9; η2p = 0.59) and sex (P < 0.01;
F(1,56) = 10.6; η2p = 0.16) on relative pronator strength
were found. In joint angle 40°, significant differences become obvious between younger females and both younger
(P < 0.01) and elderly males (P < 0.01).
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Fig. 3 Relative supinator (a) and pronator torque (b) as a percentage
of peak torque throughout the range of subtalar motion. Mean values
are shown without error bars for clarity

In Fig. 4 it is shown how the aforementioned differences are reflected in the chi-square distribution, concerning the subtalar joint angle, at which the peak of the
individual pronator strength curve occurs. In younger
females, PPT is observed in equal numbers (47 % each)
in −24° and −8°. The most frequent PPT angle for elderly females is −8° (53 %), for both younger and elderly
males at 8° (47 %). The chi square test reveals a significant difference in frequency of PPT between the sexes
at 8°, indicating a shift to the supinated positions for
males: only 13 % of the females but 47 % of the males
have their PPT at 8°.
The isometric pronator-supinator strength-ratios (PSR,
Fig. 5) show an ascending characteristic. Generally, a
higher relative supinator strength capacity is found in
the pronated positions −24° and −8°, except in elderly
males whose PSR is nearly even in −8°. We found higher
pronator strength capacity in the supinated positions,
except in younger males who show a nearly equalized
pronator and supinator capacity in 8°. The ANOVA
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Fig. 4 Distribution of the joint angles at which individual subjects
attained their greatest peak pronator torque (PPT). EW, elderly women;
YW, younger women EM, elderly men; YM, younger men. Chi-square
test reveals significant age effect (P < 0.05) in angle 8°

reveals a significant joint angle x age interaction (P <
0.0001; F(4,56) = 5.3; η2p = 0.09), indicating a higher anglespecific PSR for the elderly groups. We found significant
main effects of joint angle (P < 0.0001; F(4,56) = 55.7; η2p =
0.5) and age (P < 0.01; F(1,56) = 10.1; η2p = 0.15) on PSR.
An additional table file shows the descriptive strength
data in more detail [see Additional file 1].

Discussion
The purpose of the present study was to analyse the isometric angle-dependent subtalar pronator and supinator
capacity in younger and elderly males and females. The
age- and sex-related differences in PST and PPT are in
agreement with previous studies whose findings also

Fig. 5 Isometric angle-dependent pronator-to-supinator torque ratio.
Mean values are shown without error bars for clarity
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revealed differences in muscle morphology between
males and females [20–23], and between younger and
elderly subjects [18, 19].
Consistent with our recent experiment [16], we find
descending supinator strength curves from a pronated
to supinated position across all investigated groups and
inverted U-shaped pronator strength curves in males
and elderly females. Significant strength x age interactions can be explained by both differences in muscle activation and muscle-tendon properties. Compared to
younger males, elderly males have shown lower muscle
volume combined with shorter muscle fibers [30, 31]
and reduced pennation angle [32]. These structural differences in muscle architecture are expected to change
the angle-torque relationship. In a model, Reeves et al.
[30] explained that longer muscle fascicles with a higher
number of sarcomeres would cause a greater shortening
of each sarcomere for the same whole muscle shortening
and, thus, would flatten the angle-torque relationship.
Furthermore, tendinous tissue properties have a marked
effect on muscle function [32], but the role of these
changes in lowered muscle function with aging is not
clear as there are inconsistent findings in the area of
aging and muscle-tendon complex properties. Aging also
reduces agonist activation [33] and increases antagonistic co-activation [34], which both may contribute to agerelated differences in the angle-torque relationship.
Significant strength x sex interactions in the strength
curves could be caused by sex-differences in the muscletendon properties which have been found previously
[35]. Data suggest that estrogen may contribute toward a
diminished collagen synthesis rate in females, resulting
in lower collagen content [36, 37] and reduced ligament
stiffness [36]. Significant joint angle x age x sex interactions of pronator strength are related to the strength difference between the younger females and the other
three groups in the most pronated position 24°. In this
joint angle, young females are able to exert a 41 %
higher PPT compared to males (Fig. 2a). Furthermore,
our findings reveal a higher pronation ROM and overall
subtalar ROM in younger females compared to all other
groups which is in agreement with previous research
[38, 39]. According to the age x sex interaction in pronation ROM, the large pronator muscle strength of younger females in end-ranged pronation may result from
reduced inhibitory tension of the passive joint structures
[21–23] which allows them to achieve higher PPTs. One
possible explanation for the age x sex interaction in
ROM is that estrogen level decreases postmenopausal
[36, 37], and given the average age of our older female
sample was 66.7 years, this would likely have influenced
their results.
An interesting and clinically relevant finding is the
lower pronator strength of younger females compared to
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younger and elderly males in the most supinated position 40°. As pronator strength is crucial to counteract
rapid inversion moments, lower pronator strength in
this joint angle would be disadvantageous. However, PSR
is not different between younger females and younger
males. We also found higher relative supinator strength
in the supinated angles 8°and 24° for younger males
compared to younger females. Both differences in relative subtalar pronator and supinator muscle strength in
the supinated positions suggest an angle-dependent lower
strength capacity for younger females in relation to their
peak torques. Considering the higher incidence rate of lateral ankle sprains in female athletes [40], strengthening
the subtalar pronators and supinators in the supinated positions would be beneficial.
To our knowledge, this is the first study documenting
the characteristic of the subtalar angle-dependent PSRcurves on the basis of MVIC testing. Previous isokinetic
studies analysed the dynamic PSR by dividing the peak
pronator torque, which was recorded in a maximum voluntary concentric contraction across the active range of
motion, by the peak supinator torque of the subsequent
antagonistic contraction [6, 41–46]. By using this procedure, PSR only reflects the ratio of the peak pronator
torque to the peak supinator torque neglecting the subtalar joint angle, where the peak torques occur. Consequently, it appears questionable whether this method
represents the real PSR. In our opinion, the weakness of
this approach could be an explanation for the inconsistent findings of isokinetic assessments of PSR in subjects
with chronic ankle instability. In unstable ankles, pronator torque is reported to reach 47 and 84 % of supinator
torque during concentric contractions at velocities of 30°/
s and 120°/s, respectively [46], while Baumhauer et al. [6]
and de Noronha & Borges [44] report on a nearly equalised PSR at 30°/s. In subjects with medial tibial stress
syndrome, PSR was found to be about 15 % higher at
30°/s as compared to non-injured controls [45]. In several studies with healthy subjects, pronator torque is reported to reach a value 90 % of supinator torque at 30°/
s [6, 42–45]. It was also found that, according to Hill’s
force-velocity-relationship, peak pronator and supinator
torques will be decreased if testing velocity is increased
[6, 43, 46]. Furthermore, this decrease in strength becomes obvious to a lesser extent for supination (−31 %)
than for pronation (−44 %) [43]. However, it has not been
discussed how this affects PSR. As our findings of isometric strength tests reveal an angle-dependent PSR curve
with an increasing shape from the pronated to the supinated joint angles, we recommend isometric measurements in several joint angles to be part of subtalar
strength assessment. Isometric subtalar strength testing
reflects the real muscular strength capacity when MVICs
are performed across the active range of motion [11].
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From a clinical point of view, PSR is likely an indicator
of muscular imbalance between the medial and lateral
stabilisers of the foot. Despite a significant main effect of
age and significant age x angle interaction, all groups
showed increasing PSR as the foot is moved into greater
supination angles. As mentioned, this angle-dependent
PSR characteristic, whereby relative pronator strength
capacity was higher in end-ranged supination and vice
versa, is likely to be advantageous in preventing lateral
ankle injuries. However, an appropriate amount of absolute muscle strength is indispensable to counteract external supinator and pronator moments during dynamic
movements. Therefore, PSR is a supplementary rather
than a single parameter for functional subtalar strength
diagnostics.

Limitations

The likelihood of sustaining an acute ankle injury
mainly depends on both foot positioning at ground
contact [47, 48] and dynamic joint stabilisation by cocontraction of the surrounding muscles [17]. As dynamic stabilisation is affected by muscle stiffness which
is described as the extent to which a muscle resists
mechanical stretch [49], one limitation of the present
study is that our MVIC testing procedure only reflects
the isometric active resulting torque-length-relationship of
the pronators and supinators. Further investigations are
needed to elucidate the stress–strain characteristics of the
passive elements in the subtalar joint movement plane.
A further limitation of the study is that our subtalar
testing device has the same axis position for all participants. It has to be mentioned here that variations in the
spatial orientation of the subtalar joint axis and other
foot axes were found both within the population and in
dynamic movements [50].

Conclusions
When testing the pronator and supinator muscle
strength across subtalar range of motion, age- and sexrelated differences in subtalar strength profile and
range of motion have to be considered as both affect
the strength curves and PSR. Younger females were
found to have higher pronator strength capacity in the
most pronated joint angle, which may bepartly due to
their greater subtalar joint range of motion when compared to younger males and elderly subjects. As pronator and supinator muscle strength is important for
dynamic joint stabilisation, for both feed-forward control and to counteract inversion and eversion moments,
the subtalar strength capacity and the PSR should be
assessed isometrically across a wider range of subtalar
motion for clinical purposes.

Hagen et al. Journal of Foot and Ankle Research (2015) 8:64

Additional file
Additional file 1: Summary of the strength results of all groups
(mean ± SD). (PDF 220 kb)
Abbreviations
MVIC: Maximum voluntary isometric contraction; ROM: Range of subtalar
motion; PPT: Peak pronator torque (= maximum resulting voluntary isometric
pronator torque); PST: Peak supinator torque (= maximum resulting voluntary
isometric supinator torque); PSR: Pronator-to-supinator-strength ratio.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
MH and ML conceived and designed the experiments. DSB, SS and MH
performed the experiments. MH, DSB and SS analysed the data. MH and ML
drafted the manuscript. All authors read and approved the final manuscript.
Acknowledgements
We thank all the subjects in the study. We are grateful to thank Heinrich
Peter Kutsch (University Duisburg Essen) for his technical support and to Jan
Schilling for his linguistic assistance in drafting this manuscript.
Author details
1
Biomechanics Laboratory, Department of Sport and Movement Sciences,
University of Duisburg-Essen, Gladbecker Str. 182, 45141 Essen, Germany.
2
Department of Orthopaedic Surgery, Ruhr-University Bochum, St.
Josef-Hospital, Gudrunstr. 56, 44791 Bochum, Germany.
Received: 3 February 2015 Accepted: 19 November 2015

References
1. Feltner ME, MacRae HS, MacRae PG, Turner NS, Hartman CA, Summers ML,
et al. Strength training effects on rearfoot motion in running. Med Sci
Sports Exerc. 1994;26:1021–7.
2. Hagen M, Lescher S, Gerhardt A, Felber S, Hennig EM. Deep plantarflexor
strength increase changes rearfoot motion in shod running. In: Ledoux WR,
Cavanagh PR, editors. Proceedings of the 2nd International Foot and Ankle
Biomechanics Congress (i-FAB): 16–18 Sep 2010. Seattle, USA: University of
Washington; 2010. p. 24.
3. Hagen M, Lescher S, Gerhardt A, Lahner M, Felber S, Hennig EM. Shank
muscle strength training changes foot behaviour during a sudden ankle
supination. PLoS One. 2015;10(6), e0130290.
4. Tropp H. Pronator muscle weakness in functional instability of the ankle
joint. Int J Sports Med. 1986;7:291–4.
5. Willems T, Witvrouw E, Verstuyft J, Vaes P, de Clercq D. Proprioception and
muscle strength in subjects with a history of ankle sprains and chronic
instability. J Athl Train. 2002;37:487–93.
6. Baumhauer JF, Alosa DM, Renström AF, Trevino S, Beynnon B. A prospective
study of ankle injury risk factors. Am J Sports Med. 1995;23:564–70.
7. Yildiz Y, Aydin T, Sekir U, Hazneci B, Komurcu M, Kalyon TA. Peak and end
range eccentric evertor/concentric invertor muscle strength ratios in
chronically unstable ankles: comparison with healthy individuals. J Sports Sci
Med. 2003;2:70–6.
8. Konradsen L. Factors contributing to chronic ankle instability: Kinesthesia
and joint position sense. J Athl Train. 2002;37:381–5.
9. Hintermann B, Nigg BM. Pronation in runners. implications for injuries.
Sports Med. 1998;26:169–76.
10. Gordon AM, Huxley AF, Julian FJ. The variation in isometric tension with
sarcomere length in vertebrate muscle fibres. J Physiol. 1966;184:170–92.
11. Hay JG. Mechanical basis of strength expression. In: Komi PV, editor.
Strength and power in sport. Oxford: Blackwell Scientific; 1992. p. 197–207.
12. Kulig K, Andrews JG, Hay JG. Human strength curves. Exerc Sport Sci Rev.
1984;12:417–66.
13. Osternig LR. Isokinetic dynamometry: implications for muscle testing and
rehabilitation. Exerc Sport Sci Rev. 1986;14:45–80.
14. Bruns J, Staerk H. Mechanical ankle stabilisation due to the use of orthotic
devices and peroneal muscle strength. Int J Sports Med. 1992;13:611–5.

Page 8 of 9

15. Isman R, Inman V. Anthropometric studies of the human foot and ankle.
Bull Prosthet Res. 1969;11:97–129.
16. Hagen M, Lemke M, Kutsch HP, Lahner M. Development of a functional
anatomical subtalar pronator and supinator strength training machine. Tech
Health Care. 2015;23:627–35.
17. Kaminski TW, Hartsell HD. Factors contributing to chronic ankle instability:
a strength perspective. J Athl Train. 2002;37:394–405.
18. Lexell J, Taylor CC, Sjöström M. What is the cause of the ageing atrophy?
Total number, size and proportion of different fiber types studied in whole
vastus lateralis muscle from 15- to 83-year-old men. J Neurol Sci. 1988;84:
275–94.
19. Neder JA, Nery LE, Silva AC, Andreoni S, Whipp BJ. Maximal aerobic power
and leg muscle mass and strength related to age in non-athlethic males
and females. Eur J Appl Physiol Occup Physiol. 1999;79:522–30.
20. Danneskiold-Samsøe B, Bartels EM, Bülow PM, Lund H, Stockmarr A, Holm
CC, et al. Isokinetic and isometric muscle strength in a healthy population
with special reference to age and gender. Acta Physiol. 2009;197 Suppl 673:
1–68.
21. Gajdosik RL, Vander Linden DW, Williams AK. Influence of age on concentric
isokinetic torque and passive extensibility variables of the calf muscles of
women. Eur J Appl Physiol Occup Physiol. 1996;74:279–86.
22. Gajdosik RL, Vander Linden DW, Williams AK. Concentric isokinetic torque
characteristics of the calf muscles of active women aged 20 to 84 years.
J Orthop Sports Phys Ther. 1999;29:181–90.
23. Gajdosik RL, Vander Linden DW, Williams AK. Influence of age on length
and passive elastic stiffness characteristics of the calf muscle-tendon unit of
women. Phys Ther. 1999;79:827–38.
24. Brody D. Techniques in the evaluation and treatment of the injured runner.
Orthop Clin North Am. 1982;13:541–58.
25. Menz H. Alternative techniques for the clinical assessment of foot
pronation. J Am Pod Med Assoc. 1998;88:119–29.
26. Mueller M, Host J, Norton B. Navicular drop as a composite measure of
excessive pronation. J Am Pod Med Assoc. 1993;83:198–202.
27. Hagen M, Lahner M, Winhuysen M, Maiwald C. Reliability of isometric
pronator and supinator strength testing. J Foot Ankle Res. 2015;8:15.
28. Sale DG. Testing strength and power. In: MacDougall JD, Wenger HA, Green
HJ, editors. Physiological testing of the high-performance athlete. 2nd ed.
Champaign: Ill: Human Kinetics Books; op; 1991. p. 21–106.
29. Hagen M, Lemke M, Paszota L, Lahner M. Reliability of two goniometric
methods for measuring active subtalar range of motion. Tech Health Care.
2015;23:323–31.
30. Reeves ND, Narici MV, Maganaris CN. In vivo human muscle structure and
function: adaptations to resistance training in old age. Exp Physiol. 2004;89:
675–89.
31. Stenroth L, Peltonen J, Cronin NJ, Sipilä S, Finni T. Age-related differences in
Achilles tendon properties and triceps surae muscle architecture in vivo.
J Appl Physiol. 2012;113:1537–44.
32. Narici MV, Maganaris CN. Plasticity of the muscle-tendon complex with
disuse and aging. Exerc Sport Sci Rev. 2007;35:126–34.
33. Yue GH, Ranganathan VK, Siemionow V, Liu JZ, Sahgal V. Older adults
exhibit a reduced ability to fully activate their biceps brachii muscle.
J Gerontol A Biol Sci Med Sci. 1999;54:M249–53.
34. Macaluso A, Nimmo MA, Foster JE, Cockburn M, McMillan NC, De Vito G.
Contractile muscle volume and agonist–antagonist coactivation account for
differences in torque between young and older women. Muscle Nerve.
2002;25:858–63.
35. Magnusson SP, Hansen M, Langberg H, Miller B, Haraldsson B, Westh EK,
et al. The adaptability of tendon to loading differs in men and women.
Int J Exp Pathol. 2007;88:237–40.
36. Hama H, Yamamuro T, Takeda T. Experimental studies on connective tissue
of the capsular ligament. Influences of aging and sex hormones. Acta
Orthop Scand. 1976;47:473–79.
37. Osakabe T, Hayashi M, Hasegawa K, Okuaki T, Ritty TM, Mecham RP, et al.
Age- and gender-related changes in ligament components. Ann Clin
Biochem. 2001;38:527–32.
38. Grimston SK, Nigg BM, Hanley DA, Engsberg JR. Differences in ankle joint
complex range of motion as a function of age. Foot Ankle. 1993;14:215–22.
39. Nigg BM, Fisher V, Allinger TL, Ronsky JR, Engsberg JR. Range of motion of
the foot as a function of age. Foot Ankle. 1992;13:336–43.
40. Doherty C, Delahunt E, Caulfield B, Hertel J, Ryan J, Bleakley C. The
incidence and prevalence of ankle sprain injury: a systematic review and

Hagen et al. Journal of Foot and Ankle Research (2015) 8:64

41.

42.

43.
44.

45.

46.

47.

48.
49.
50.

Page 9 of 9

meta-analysis of prospective epidemiological studies. Sports Med. 2014;44:
123–40.
Hartsell HD, Spaulding SJ. Eccentric/concentric ratios at selected velocities
for the invertor and evertor muscles of the chronically unstable ankle.
Br J Sports Med. 1999;33:255–8.
Lin W, Liu Y, Hsieh CC, Lee AJY. Ankle eversion to inversion strength ratio
and static balance control in the dominant and non-dominant limbs of
young adults. J Sci Med Sport. 2009;12:42–9.
Leslie M, Zachazewski JE, Browne P. Reliability of isokinetic torque values for
ankle-invertors and evertors. J Orthop Sports Phys Ther. 1990;11:612–6.
Amaral De Noronha M, Borges NG. Lateral ankle sprain: isokinetic test
reliability and comparison between invertors and evertors. Clin Biomech.
2004;19:868–71.
Yüksel O, Ozgürbüz C, Ergün M, Işlegen C, Taskiran E, Denerel N, et al.
Inversion/eversion strength dysbalance in patients with medial tibial stress
syndrome. J Sports Sci Med. 2011;10:737–42.
Wilkerson GB, Pinerola JJ, Caturano RW. Invertor vs. evertor peak torque and
power deficiencies associated with lateral ankle ligament injury. J Orthop
Sports Phys Ther. 1997;26:78–86.
Shapiro MS, Kabo JM, Mitchell PW, Loren G, Tsenter M. Ankle sprain
prophylaxis: an analysis of the stabilizing effects of braces and tape.
Am J Sports Med. 1994;22:78–82.
Wright IC, Neptune RR, van den Bogert AJ, Nigg BM. The influence of foot
positioning on ankle sprains. J Biomech. 2000;33:513–9.
Zinder SM, Granata KP, Shultz SJ, Gansneder BM. Ankle bracing and the
neuromuscular factors influencing joint stiffness. J Athl Train. 2009;44:363–9.
Kirby KA. Subtalar joint axis location and rotational equilibrium theory of
foot function. J Am Podiatr Med Assoc. 2001;91:465–87.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

