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ABSTRACT

Hébert-Losier, K and Holmberg, HC. Dynamometric indicators

of fatigue from repeated maximal concentric isokinetic plantar

flexion contractions are independent of knee flexion angles and

age but differ for males and females. J Strength Cond Res 28

(3): 843–855, 2014—Sex and age are reported to influence

the maximal dynamometric performance of major muscle

groups, inclusive of ankle plantar flexors. Knee flexion (KF) also

impacts plantar flexion function from where stems use of 08 and

458 angles of KF for clinical assessment of gastrocnemius and

soleus, respectively. The influence of KF, sex, and age on dyna-

mometric indicators of plantar flexion fatigue was examined in

28 males and 28 females recruited in 2 different age groups

(older and younger than 40 years). Each subject performed 50

maximal concentric isokinetic plantar flexions at 60-degree

angle per$second with 08 and 458 angles of KF. Maximal vol-

untary isometric contractions were determined before and after

isokinetic trials and maximal, minimal, and normalized linear

slopes of peak power during testing. Main effects of and 2-

way interactions between KF, sex, age, and order of testing

were explored using mixed-effect models and stepwise regres-

sions. At angles of 08 and 458, the fatigue indicators in younger

and older individuals were similar and not influenced by testing

order. However, peak isokinetic power and isometric torque

declined to greater extents in males than females and, more-

over, KF exerted greater impacts on the absolute plantar flexion

performance and maximal-to-minimal reduction in isokinetic

power in males. Because KF wielded no pronounced effect

on fatigue indicators, this test may perhaps be used over time

with no major concern regarding the exact knee angle. Our

findings indicate that sex, rather than age, should be consid-

ered when interpreting dynamometric indicators of fatigue from

repeated maximal concentric isokinetic plantar flexions, for

example, when establishing normative values or comparing out-

comes.

KEY WORDS ankle, dynamometer, endurance, fatigability,

lower extremity, triceps surae muscle

INTRODUCTION

M
uscle endurance is an important aspect of
strength and conditioning, and for the preven-
tion of musculoskeletal injuries (14). Accord-
ingly, the ability of muscles to resist fatigue is

assessed in clinical and athletic contexts. Endurance of the
main ankle plantar flexors—the triceps surae muscles—is
essential for optimal performance and response to repeated
loading (e.g. walking, running, and jumping) (24). In clinical
environments, manual and dynamometric procedures are
frequently employed to evaluate and train muscle function,
using various knee flexion (KF) angles to assess the relative
contributions of the soleus and gastrocnemius muscles to
plantar flexion (29).

One of the most common manual endurance testing
procedures for ankle plantar flexion involves performing
a maximal number of unilateral heel raise cycles (25) at
different KF angles. However, this maximal number with
angles of 08, 308, and 458 of KF has recently been reported
to be similar by 2 separate research studies (22,23), with no
marked differences in the surface electromyography signals
from either the gastrocnemius or soleus muscles at angles of
08 and 458 of KF. Thus, the clinical utility and validity of
performing the heel-raise test at different KF angles must
be questioned and alternative procedures be sought.

Dynamometry provides more objective quantification
than manual muscle testing and is more sensitive to
alterations in performance (20). For several decades, isoki-
netic dynamometry has been used effectively in clinics and
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research for muscle assessment and rehabilitation. Evalua-
tion of the function of the triceps surae muscles after injury,
surgery, and neuropathy with this approach is documented
(1,2) and reported to indicate the frequency and severity of
muscle weakness more precisely than manual muscle testing
(2), which mistakenly classified the actual strength of the
plantar flexor muscles in 41% of patients with neuropathies.
However, it is not yet clear whether the KF angles recom-
mended in clinical environments for training and evaluation
of the soleus (458 angle) and gastrocnemius (08 angle)
muscles influence the dynamometric indicators of fatigue
caused by successive isokinetic plantar flexion contractions.

There are several reports on prolonged plantar flexion
isometric contractions at various degrees of KF, but only
a few on repeated isokinetic contractions. In comparing
performance of 50 isokinetic contractions at angles of 08, 458,
and 908 of KF, Signorile et al. (43) employed electromyo-
graphic measurements, which are often impossible or less
practical for clinicians to perform than dynamometric meas-
urements alone. Among other information, dynamometric
indicators of plantar flexion fatigue reveal reductions in mean
and/or peak torque, work and power that occur during or
immediately after an exhaustive task.

Recently, Harbo et al. (20) established normative data for
the dynamometric assessment of major muscle groups, inclu-
sive of the ankle plantar flexors that include predictors of
performance based on sex and age. In their study, males
were consistently stronger than females, and dynamometric
performance was inversely related to age. These recently
documented sex differences are in agreement with those
reported previously by the research teams of Trappe et al.
(44) and Danneskiold-Samsøe et al. (13), who found plantar
flexion torque to be 40–50% higher in males than females, as
expected from their relative statures and muscle masses (27).
In older individuals, Morse et al. (36) and Gajdosik et al. (18)
also observed reductions in peak isometric and isokinetic
plantar flexion performance that were associated with alter-
ations in the cross-sectional area and contractile properties
of muscles.

Although these studies provide insight on plantar flexion
dynamometric strength profiles, they provide no information
pertaining to the influence of KF, sex, and age on the
fatigability of the triceps surae muscles during dynamometric
assessment. One study by Larsson et al. (31) did examine the
performance of 100 maximal concentric isokinetic plantar
flexion contractions in 9 males and 43 females in their
mid-twenties. These authors reported a more pronounced
and rapid decline in plantar flexion output in males that
correlated with larger and higher proportion of type II
(fast-twitch) muscle fibers in the triceps surae. However,
because this study did not involve a balanced number of
males and females or individuals older than 30 years, it is
uncertain whether their findings can be applied to the gen-
eral population. Deriving data on plantar flexion fatigability
in a range of healthy adults would assist in further under-

standing typical triceps surae muscle function and clarify
which factors should be considered during assessment of
plantar flexion endurance using isokinetic dynamometry.

Accordingly, the present study was designed to charac-
terize the influence of KF angle, sex, and age on the
dynamometric indicators of plantar flexion fatigue from
repeated maximal concentric isokinetic contractions. In light
of the fact that overall triceps surae muscle activity tends to
fall with increasing KF angle (3) and the empirical findings
described above, our hypotheses were that a greater KF
angle, an older age, and the male sex would be associated
with outcomes indicating more pronounced plantar flexion
fatigue.

METHODS

Experimental Approach to the Problem

The influence of KF angle, sex, and age on the dynamomet-
ric indicators of plantar flexion fatigue was examined
employing a repeated-measures design that required each
subject to participate in 1 experimental session, that included
familiarization, at the Isokinetic Laboratory of the Swedish
Winter Sports Research Center. Each subject was tested at
angles of 08 and 458 of KF to investigate the effect of KF
angle. Although 908 angle of KF would have enhanced the
likelihood of detecting differences in plantar flexion perfor-
mance (5), 458 angle was chosen because it is routinely rec-
ommended for testing and training of the soleus muscle
(1,29) and, moreover, influences the function of the triceps
surae muscles and plantar flexion output in a manner that is
distinct from 08 angle (3,43). In addition, the recruitment
process targeted an equal number of males and females to
investigate to effect of sex on outcomes, dichotomized in
younger (20–40 years) and older (40–60 years) age groups
to explore the effect of age. The age of 40 years was selected
to dichotomize age considering that strength and muscle
mass peaks around 25 years of age remains relatively stable
until 35 or 40 years and then shows an accelerating decline
(42), with deteriorations in strength, balance, and endurance
noted at 40 years (16). In summary, the dependent variables
were the dynamometric indicators of plantar flexion fatigue
(explained below), and the dichotomized independent vari-
ables were the 2 KF angles (08 and 458), sexes (male and
female) and age groups (20–40 years and 40–60 years).
Because all testing was performed in a single session, fatigue
from the first test might have affected performance in the
second test despite planned rest periods, so the order of
testing (first and second) was also included as an indepen-
dent variable.

Subjects

The subjects in this study were volunteers from the local
community who were recruited using advertisements in
e-mail distribution lists, local newspapers, bulletin boards,
online forums, and word-of-mouth. After providing written
informed consent, 56 volunteers selected on the basis of sex
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and age completed this study. Half of the subjects were
males (mean 6 SD; age: 38.9 6 11.3 years; height: 181 6
7 cm; mass: 81.5 6 8.9 kg; body mass index: 24.9 6 2.3
kg$m22) and the other half were females (age: 40.8 6 11.3
years; height: 169 6 8 cm; mass: 68.2 6 8.1 kg; body mass
index: 23.8 6 2.7 kg$m22), with equal numbers of individu-
als between 20–40 and 40–60 years of age. The age of each
subject was determined from the exact date of birth and date
of testing, with no subject tested on their exact date of birth.

The inclusion criteria were good self-reported general
health with regular participation in recreational physical
activity and no current or recent (,3 months) musculoskel-
etal injuries, joint pathologies, or other medical conditions
that could limit performance of repeated maximal concentric
isokinetic plantar flexion contractions. The exclusion criteria
were previous experience with the isokinetic device for mus-
cle testing or training, participation in highly competitive or
elite-level sports and, in women, the possibility of pregnancy.
Unless they were competitive bodybuilders or weightlifters,
individuals who performed weight/resistance training were
not excluded, and no inclusion/exclusion criteria were for-
mulated on the basis of estrogen levels, menstrual cycles, and
hormone replacement therapies. The research protocol was
preapproved by the Regional Ethical Review Board (Umeå,
Sweden, 2012-99-32M) and adhered to the Declaration of
Helsinki, with appropriate informed consent obtained from
all subjects. All testing was completed within early spring of
the same year.

Procedures

In a single session at the muscle performance laboratory of our
university sports research facility, the subjects were familiarized
with the experimental protocol and then tested. To minimize
intertester variability, the same experienced investigator
conducted all testing. The IsoMed2000-dynamometer (D&R
Ferstl GmbH, Hemau, DE) used was calibrated by the manu-
facturer, and this calibration was verified in-house each day
before data collection. The Dunedin Footedness Inventory
involves kicking a ball, stamping out a simulated fire, picking
up a marble, and tracing a shape with the lower extremity (41)
and was used to determine foot dominance, revealing right
foot dominance in 50 of the subjects and left foot dominance
in the remaining 6. The short version of the International
Physical Activity Questionnaire (11) was also administered
and showed high, moderate, and low levels of physical activ-
ity in 24, 20, and 12 subjects, respectively. These levels were
distributed equally amongst males and females older than and
younger than 40 years (Kruskal-Wallis test, p = 0.873), allow-
ing for valid comparisons between age and sex with little bias
from physical activity levels.

To eliminate the potential influence of testing order and
fatigue, each subject was tested at angles of 08 and 458 of KF
in a block randomized order according to age and sex, with
half of the males and half of the females in each age group
beginning at 08 angle and the others at 458 angle of KF. This

randomization ensured that any effect of fatigue from the
first test on the second test would be the same for all depen-
dent variables.

Experimental Setup

Although placed in supine on the IsoMed2000-dynamometer,
the dominant foot of the subject was attached firmly to the
adapter using 3 Velcro straps: 1 on the distal aspect of the foot
and 2 on its proximal aspect immediately distal to the ankle
joint line (Figure 1A). The placement of the foot was adjusted
to align the axes of rotation of the ankle joint and dynamo-
meter, and 2 shoulder pads and a broad pelvic belt were used
to minimize extraneous movements. The subject was also
permitted to grasp the shoulder pads of the isokinetic device
to enhance upper-body stabilization (Figure 1B).

Subsequently, the knee was fixed at an angles of either
08 (knee straight with the femoral and tibial bones in align-
ment, Figure 1C) or 458 (knee bent, Figure 1D). The inves-
tigator confirmed proper positioning using an extendable
goniometer (Model01135, Lafayette Instrument, Loughbor-
ough, United Kingdom) following standard clinical guide-
lines and secured the knee angle with a thigh support.
Stabilization of the knee and ankle was adjusted to prevent
superior displacement and misalignment of the axes of rota-
tion of the ankle and dynamometer during maximal plantar
flexion efforts and verified before data collection.

Once the subject was positioned on the IsoMed2000-
dynamometer with angles of either 08 or 458 of KF, the range
of motion of the ankle was set for the isokinetic trials fol-
lowing a series of systematic steps (Figure 2). First, the ankle
was placed in a neutral position (i.e. with the fifth metatarsal
and fibula bones perpendicular to one another, as verified
with the goniometer, Figure 2A). The foot adapter was
thereafter moved passively to the end range of dorsi flexion
(Figure 2B). From this position, the dynamometer was
moved an angle of 58 in the opposite direction toward plan-
tar flexion to avoid strain from forceful muscle contraction in
an elongated position. This ankle position defined the start-
ing position of the concentric plantar flexion contractions
(Figure 2B).

Thereafter, the foot adapter was moved actively to the end
range of plantar flexion, stopping when the subject or
investigator judged that the force of plantar flexion was no
longer being effectively transferred to the foot adaptor. The
dynamometer was then moved passively at an angle of 58 in
the opposite direction toward dorsi flexion to ensure effec-
tive force transmission and defined the end position of the
concentric plantar flexion contractions (Figure 2C).

For the isokinetic trials, the IsoMed2000-dynamometer
was programmed to monitor 50 consecutive concentric
plantar flexion contractions at 60-degree angle per$second,
with passive return of the ankle to the starting position at 90-
degree angle per second. A total of 50 contractions were
selected because, in trials involving 100 such contractions,
torque has been reported to remain relatively stable after 50
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contractions (32). Utilizing the velocity of 60 degree per
second allowed comparison to prior isokinetic reports
(31,32); whereas setting the passive return at angle 90 degree
per second ensured a plantar flexion cycle of approximately
1 Hz (44). To optimize the isokinetic segment of the con-
centric plantar flexion contraction, rapid accelerations and
decelerations were utilized, and to minimize force oscilla-
tions, 50 N was required to initiate each contraction.

Experimental Protocol

After determining height, body mass, and foot dominance,
standard experimental procedures were followed (Figure 3),
stating with positioning each subject on the IsoMed2000-
dynamometer at either 08 or 458 angle of KF, and then setting
the range of ankle motion for the isokinetic trial. The mean6
SD range of ankle motion was 44 6 118 angle with the knee
straight and 48 6 118 angle with the knee bent, with paired

Figure 2. The procedure followed to set the range of ankle motion for the 50 concentric plantar flexion contractions performed in each isokinetic trial. The steps
presented in sequence from A to C represents a joint angle. A) First, the ankle was placed in a neutral position. B) Next, the starting angle was set by moving
the ankle first to a maximal dorsi flexion position (the white bar outlined in black dashes) and then 58 angle toward plantar flexion (the white bar outlined in solid
black). C) Finally, the end-range angle was set by moving the ankle first to maximal plantar flexion (the white bar outlined in black dashes) and then 58 angle
toward dorsi flexion (the white bar outlined in solid black).

Figure 1. Positioning of the participant on the IsoMed2000-dynamometer. Knee flexion (KF) represents a joint angle. A) The dominant foot was secured to
the adapter using 3 velcro straps. B) Shoulder pads, a pelvic belt, and side handlebars were used to minimize extraneous and upper-body motion. C) A support
was placed above the thigh to secure the KF at 08 angle. D) A support was placed below the thigh to secure the KF at 458 angle.
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t-testing indicating no significant differences between these 2
values (p = 0.078).

After setup on the dynamometer, the ankle was placed in
the neutral position, and the subject was asked to remain
as relaxed as possible during which time the integrated
IsoMed2000 Software (v.2008.1.2RV1) compensated for

gravity. Thereafter followed
familiarization with maximal
voluntary isometric contrac-
tion (MVIC) performance that
involved 5 sub-MVICs, with 3
subsequent 7-second MVICs
(separated by 2 minutes of rest)
to assess peak isometric torque.

During the subsequent
warm-up and more specific
familiarization, each subject
practiced initiating and com-
pleting concentric isokinetic
plantar flexion contractions at
an angle of 60 degree per sec-
ond throughout the permitted
range of motion, relaxing as the
dynamometer passively moved
the ankle back to the starting
position at an angle of 90
degree per$second. The isoki-
netic familiarization involved
performing 5 isolated submaxi-
mal, 3 isolated maximal, 5 suc-
cessive submaximal, and 3
successive maximal concentric
plantar flexion contractions.
The successive contractions were
performed at a rate of 1 Hz that
was indicated audibly to the sub-
ject by a computerized metro-
nome (TempoPerfect v.2.02,
NCH Software, Canberra,
Australia). Each subject was
then given a 10-minute rest
period to alleviate fatigue.

Before the actual isokinetic
testing, each subject performed
a single additional isolated 7-
second MVIC identical to the 3
that were performed previously
to ensure that the peak torque
remained within a 5% range (i.e.,
indicating no residual fatigue).
The rest period was prolonged
if the difference was greater than
5%. None of the subjects
expressed any residual fatigue
or soreness from the procedures

preceding each isokinetic trial. Immediately before the iso-
kinetic trial, each subject was reminded of the importance of
pushing as hard as possible throughout the entire range of
motion during each 1 of the 50 consecutive plantar flexion
contractions, relaxing afterwards to allow passive return of the
ankle to the starting position, and maintaining the 1 Hz pace.

Figure 3. Flow diagram illustrating the experimental procedure for each subject. *Concentric plantar flexion
contractions at 608$angle per second with passive dorsi flexion return at 908 angle per second through the set
ROM of the ankle. KF = knee flexion; MVIC = maximal voluntary isometric contraction; ROM = range of motion.
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The verbal introduction of “ready” and “3–2–1–PUSH” was
provided to the subject as cue to initiate the 50 maximal iso-
kinetic contractions.

Throughout the isokinetic trial, the investigator provided
strong and consistent verbal encouragement, and the
IsoMed2000 monitor displayed continuous visual feedback
to promote maximal effort. The halfway point of 25 com-
pleted contractions was indicated to the subject, and the final
10 contractions were counted down. After completion, each
subject rated the perceived exertion in their triceps surae
muscles on the 6–20 points Borg scale. One final 7-second
MVIC trial was then performed to assess the posttrial peak
isometric torque. This post-MVIC was initiated ;20 seconds
after the fatiguing task because the IsoMed2000-dynamometer
does not allow a shorter interval. Because such delays may
allow muscles to partially recover (45), the pre-to-post
changes in MVIC torques may have been smaller with another
dynamometer permitting shorter delays. Each subject then
rested for 1 hour before repeating the procedure with the knee
in the alternate position (Figure 3).

Data Processing

Angular position (8), velocity (degrees per$second), and torque
(N$m) data were transferred from the IsoMed2000 Software
through a wireless connection to a computer; downloaded in
the ASCII format; and processed with a fourth-order zero-lag
Butterworth filter and cutoff frequency of 10 Hz.

The peak isometric torque (N$m) during the MVIC per-
formed before and after the isokinetic trials at each of the
2 KF angles was determined and retained for analysis. The

maximal and minimal peak tor-
ques during the 50 concentric
isokinetic contractions were
converted to units of power
(torque 3 velocity, in watts
[W]) to provide a measure spe-
cific to the isokinetic mode of
testing and also subjected to
analysis. Then, the line pro-
vided by the linear regression
of the peak powers for all 50
isokinetic contractions was
extrapolated to the y-axis. The
normalized slope (%$rep-1) of
this line was used to define
the rate of decline in peak
power, with a more negative
slope indicating a more rapid
decrease in power.

In a separate study, the
reproducibility of the dynamo-
metric indicators of fatigue
associated with our protocol
was assessed in 34 males (age:
27.9 6 5.6 years) in good gen-

eral health tested on 2 separate days 1 week apart. In this
investigation, the pre-to-post change in peak isometric tor-
que was associated with the largest typical error of measure-
ment (coefficient of variation: 26%), with corresponding
values of 10–15% for measures relating to changes in peak
isokinetic power during testing. These values are similar to
others reporting the reproducibility of dynamometric indi-
cators of fatigue at the ankle joint (39).

Statistical Analyses

The mean 6 SD values of all variables were computed.
Mixed-effects models and stepwise regressions were applied
to assess the effects of KF (angles 08 and 458), sex (male and
female), age (20–40 years and 40–60 years), and all possible
2-way interactions on plantar flexion performance. The
model was also used to assess the main effect of (a) MVIC
time (pre and post) on isometric torque, (b) isokinetic con-
traction (maximal and minimal) on peak power, and (c)
order of testing (first and second) on isokinetic outcomes.
Note that all potential 2-way interactions between the latter
2 variables (i.e. time and contraction) and the other factors
(i.e. KF, sex and age) were also examined. Despite the meas-
ures taken to reduce order bias (e.g. block randomization
and rest periods), the effect of order of testing was also
considered because fatigue from the first test might have
influenced performance during the second test. The model
was based on a Gaussian (normal) distribution, clustered
within-subject measures (random effects), and exchangeable
correlation matrices. Because differences in the mass of male
and female subjects might have influenced the relationships

TABLE 1. Mean 6 SD and range (minimum-maximum) of the peak isometric
torque associated with the maximal voluntary isometric contractions performed
before (pre) and after (post) each isokinetic trial, in relationship to knee flexion
(08 and 458), sex (male and female), and age (younger and older).*

Variable

Peak isometric torque (N$m)

08 angle of KF 458 angle of KF

Male (n = 28)
Pre 222 6 54 (151–333) 272 6 73 (136–425)
Post 176 6 55 (102–315) 233 6 65 (120–355)

Female (n = 28)
Pre 154 6 36 (96–240) 176 6 54 (92–323)
Post 127 6 39 (55–197) 148 6 47 (61–248)

Younger (n = 28)
Pre 198 6 53 (106–332) 245 6 73 (123–425)
Post 150 6 48 (55–244) 191 6 62 (61–346)

Older (n = 28)
Pre 179 6 60 (96–333) 203 6 81 (92–379)
Post 153 6 59 (65–315) 102 6 355 (102–355)

*Younger = 20–40 y; older = 40–60 y; p# 0.001 for 08 angle vs. 458 angle of KF; P# 0.001 for
pre vs. post; p # 0.001 for male vs. female; P = 0.037 for younger vs. older age; KF = knee flexion.
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observed, when the effect of sex was significant, peak iso-
metric torque (N$m) and isokinetic power (W) values were
normalized to body mass and reanalyzed using the same
approach to confirm these relationships.

Nonsignificant effects were removed sequentially from the
original model using stepwise regression according to the
Bayesian information criterion (8). Nonsignificant 2-way
interactions were removed first, and the final model was
thus composed solely of effects that significantly influenced
the outcome. The coefficients from the final regression (ex-
pressed as b [SE]) were used to estimate or compare out-
comes obtained from testing under a known set of

conditions. Effects that were not relevant to a given outcome
were not considered during analysis, for example, the influ-
ence of isokinetic contraction (minimal, maximal) on the
normalized slope of the line illustrating peak power, because
all 50 contractions were used to compute this slope.

A value of p # 0.05 was considered to be statistically
significant. Tukey Contrasts were employed for multiple
comparisons of significant 2-way interactions, with Westfall
adjustments for computation of the 95% confidence intervals
[(CIs); lower, upper] and associated p-values (8). One-sided
post hoc power analyses were performed on the dynamo-
metric indicators of fatigue to determine whether our sample

Figure 4. A) Differences in the peak isometric torque during a maximal voluntary isometric contraction (MVIC) in relationship to knee flexion (KF) and/or sex
estimated employing a mixed-effects model. The reference value used for comparison is given in parentheses. The influence of KF between sexes is the change
in torque at angles 08 vs. 458 of KF in one sex compared with the other. Comparison (reference), comparison minus reference; B) Differences in the peak
isometric torque during an MVIC in relationship to the time at which the MVIC was performed and sex estimated employing a mixed-effects model. The reference
value used for comparison is given in parentheses. The influence of the time at which MVIC was performed between sexes is the change in torque from the pre-
to post-MVIC in one sex compared with the other. Comparison (reference), comparison minus reference; C) Differences in the peak isometric torque from an
MVIC in relationship to the time at which the MVIC was performed and age group estimated employing a mixed-effects model. The reference value used for
comparison is given in parentheses. The influence of the time at which the MVIC was performed between age groups is the change in torque from the pre to post
MVIC in one age group compared with the other. Comparison (reference), comparison minus reference; represents mean; represents 95% confidence
interval; represents no difference.
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size (n = 56) was large enough to detect a 20% change in
mean values. All data processing and analyses took the
repeated-measures design of this study into account and
were carried out using R version 2.15.2 (R Foundation for
Statistical Computing, Vienna, Austria) and Microsoft Excel
2010 (Microsoft Corp, Redmond, WA, USA).

RESULTS

Ratings of Perceived Exertion

None of the 2-way interactions significantly influenced the
ratings of perceived exertion, nor did sex or age alone (p $

0.4274). However, the ratings of perceived exertion at the 2
KF angles (18 6 1 [range: 15–20] at 08 and 17 6 2 [range:
12–20] at 458) differed significantly (bknee: 0.6 [0.2], p #

0.0001). A greater exertion was perceived after the second
than the first test (border: 0.8 [0.2], p # 0.0001).

Maximal Voluntary Isometric Contractions

The peak MVIC torque values are summarized in Table 1.
For all trials combined, the pre-to-post change in torque was
18 6 13 N$m, which gives an estimated power to detect
a 20% variation in this mean of 70%.

Stepwise regression eliminated the 2-way interaction
between KF and time at which the MVIC was performed
(p = 0.9031), indicating that the pre-to-post reductions in
MVIC torque were similar at the 2 KF angles. Likewise, the
interaction between the order of testing and time of the MVIC
was also removed, indicating that the decline in MVIC torque
was similar during the first and second sessions of testing.
On the other hand, the interactions between KF and sex

(p = 0.0030, Figure 4A), sex and
the time at which the MVIC was
performed (p = 0.0008, Figure
4B), and age and the time at
which the MVIC was performed
(p # 0.0001, Figure 4C) re-
mained significant.

Among others, between
condition comparisons re-
vealed that the difference in
peak torques at angles of
08 vs. 458 of KF was greater in
males than females (30 N$m
[10, 49], p = 0.0021), as was
the pre-to-post reductions in
torque (16 N$m [7, 25], p #

0.0001), even when normalized
to body weight. In contrast, the
decline in torque from pre-to-
post MVIC trials was similar
for the 2 age groups (2 N$m
[225, 29], p = 0.8351), as re-
flected in the overlapping
means and 95% CIs for the rel-
evant values (Figure 4C).

Considering the above interactions, the coefficients from
the final regressed model provide the following estimates for
the differences in peak torque values: 51 [3] N$m (3) lower
during the MVIC performed after isokinetic test compared
with before the isokinetic test (btime, p # 0.0001), 73 [13]
N$m lower in females than males (bsex, p # 0.0001), 36 [5]
N$m lower with the knee at 08 angle than 458 angle (bknee, p#
0.0001), 28 [13] N$m lower in older compared with younger
individuals (bage, p = 0.0375), and 12 [5] N$m lower in the
second test compared with the first test (border, p = 0.0166).

Isokinetic Trials

The maximal, minimal, and normalized slope of the peak
powers recorded during the isokinetic trials are documented
in Table 2. For all isokinetic trials combined; the mean reduc-
tion in power from maximal-to-minimal contractions was
75 6 34 W, whereas the reduction in power across the 50
contractions was 0.9 6 0.4%$per repetition. Post hoc analy-
ses revealed that study population was sufficiently large to
detect a 20% change in these means with powers of 97% and
96%, respectively.

Analysis of the normalized slopes revealed no significant
influence of any of the 2-way interactions (p $ 0.1174) or of
KF (p = 0.2371), sex (p = 0.5184), age (p = 0.5568), or order
of testing (p = 0.0916). Analysis of maximal and minimal
peak powers yielded results similar to those obtained from
analysis of pre-and post-MVIC torques. Stepwise regression
eliminated the 2-way interactions between KF and isokinetic
contraction (p = 0.3006), suggesting comparable differences
between the maximal and minimal isokinetic contractions at

TABLE 2. Mean 6 SD and range (minimum-maximum) of the peak isokinetic
power associated with the maximal (maximum) and minimal (minimum)
contractions of the isokinetic plantar-flexion trials in relationship to knee flexion
(08 and 458), sex (male and female) and age (younger and older).*

Variables

Peak isokinetic power (W)

08 angle of KF 458 angle of KF

Male (n = 28)
Maximum 145 6 34 (94–240) 164 6 41 (70–237)
Minimum 60 6 12 (24–81) 75 6 24 (42–137)

Female (n = 28)
Maximum 107 6 32 (57–188) 113 6 38 (58–195)
Minimum 51 6 16 (29–88) 51 6 13 (29–82)

Younger (n = 28)
Maximum 139 6 35 (84–240) 154 6 42 (58–236)
Minimum 60 6 14 (31–88) 64 6 20 (35–130)

Older (n = 28)
Maximum 112 6 35 (57–173) 123 6 47 (62–237)
Minimum 51 6 14 (24–76) 62 6 24 (28–137)

*Younger = 20–40 y; Older = 40–60 y; p # 0.001 for 08 angle vs. 458 angle KF; P #
0.001 for maximum vs. minimim; p = 0.005 for male vs. female; p , 0.001 for younger versus
older age; KF = knee flexion.
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angles 08 and 458 of KF. Similarly, the 2-way interaction
between the order of testing and the isokinetic contraction
(p = 0.4457) was removed, indicating a similar decline in
powers during the first and second sessions of testing. How-
ever, the 2-way interactions between KF and sex (p = 0.0052,
Figure 5A), sex and isokinetic contraction (p # 0.0001, Figure
5B), and age and isokinetic contraction (p # 0.0001, Figure
5C) were found to influence the peak power.

These interactions showed that the difference between
the peak power developed at angles 08 and 458 of KF was
greater in males than females (14 W [2, 27], p = 0.0039), as
was the difference between the maximal and minimal peak
powers of 1 trial (28 W [15, 41], p # 0.0001), even when

normalized to body weight. On the other hand, the latter
difference in power was similar for the 2 age groups (8 W
[210, 27], p = 0.2414).

Considering the above interactions, the coefficients from
the final regressed model provide the following estimates
for differences in peak power: 98 [4] W lower for
the minimal than maximal peak power during a trial
(bcontraction, p # 0.0001), 37 [7] W lower in females than
males (bsex, p # 0.0001), 28 [6] W lower in older than
younger individuals (bage, p # 0.0001), and 18 [4] W lower
at angles 08 than 458 of KF (bknee, p # 0.0001). The order of
testing had no significant effect on the peak power output
(p = 0.2368).

Figure 5. A) Differences in the peak isokinetic power during the maximal and minimal contractions of the 50 concentric plantar flexions of the isokinetic trials in
relationship to knee flexion (KF) and sex estimated employing a mixed-effects model. The reference value used for comparison is given in parentheses. The
influence of KF between sexes is the difference in power between the maximal and minimal contractions at angles 08 angle vs. 458 angle of KF in one sex
compared with the other. B) Differences in the peak isokinetic power during the maximal and minimal contractions of the 50 concentric plantar flexions of the
isokinetic trials in relationship to contraction and sex estimated employing a mixed-effects model. The reference value used for comparison is given in
parentheses. The influence of contraction between sexes is the difference in power between the maximal and minimal contractions in one sex compared with the
other. C) Differences in the peak isokinetic power during the maximal and minimal contractions of the 50 concentric plantar flexions of the isokinetic trials in
relationship to contraction and age group estimated employing a mixed-effects model. The reference value used for comparison is given in parentheses. The
influence of contraction between age groups is the difference in power between the maximal and minimal contractions in one age group compared with the
other. Comparison (reference), comparison minus reference; represents mean; represents 95% confidence interval; represents no difference.
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DISCUSSION

This investigation was designed to characterize the influence
of KF, sex, and age on dynamometric indicators of plantar
flexion fatigue from repetitive maximal concentric isokinetic
contractions, taking the order of testing into consideration as
well. The key finding was that, overall, the KF angle did not
significantly alter any of these dynamometric indicators of
fatigue (i.e. pre-to-post change in MVIC torque, maximal-to-
minimal difference in peak isokinetic powers, and normal-
ized slope line of peak isokinetic powers). This result
suggests that in endurance-based isokinetic testing, training
or rehabilitation of plantar flexion; the differences between
the angles 08 and 458 of KF may be too small to discern in
clinical settings or of sufficient magnitude to reflect specific
responses in the soleus and gastrocnemius muscles. This
latter statement does not take into account the differential
strains and activation patterns that occur with changes in
knee and ankle-joint angles (5) and reflects the fact that
kinematic and kinetic parameters are not always adequate
indicators of muscle function (12).

Nonetheless, this study identified certain differences that
are worth mentioning, such as that KF exerted a greater
impact on the plantar flexion performance of males than
females. Another observation here was that although
instantaneous measures of plantar flexion performance were
higher in younger than older individuals and in males than
females, only the male population differed in terms of fatigue
indicators. The males exhibited a more pronounced decline
in peak isometric and isokinetic contractions than the
females, highlighting the importance of taking sex, rather
than age, into account when employing and interpreting
outcomes from dynamometric assessment procedures sim-
ilar to those used here. For instance, when attempting to
establish whether the values associated with plantar flexion
fatigue for a specific individual are within the normal range,
it is more important to compare with normative values for
the same sex than for a similar age.

Our subjects experienced more pronounced exertion in
the triceps surae muscle when the isokinetic trials were
performed at angles of 08 compared with 458 of KF, despite
the fact that the peak isokinetic power was significantly
greater at the latter angle. It seems likely that the more
intense exertion perceived at the 08 angle reflects the supe-
rior muscle straining of the triceps surae muscles, particularly
the gastrocnemius, when the knee is straight (28). At the
same time, this small (1-point) difference in the rating of
perceived exertion might not be clinically relevant or suffi-
cient to justify inclusion of both 08 and 458 angles of KF in
isokinetic protocols involving multiple plantar flexion con-
tractions. This conclusion is supported by our findings of
similar dynamometric indicators of fatigue at both knee an-
gles. This lack of any major difference between the angles of
08 and 458 may be of significant interest to clinicians and
researchers who employ this type of testing, especially over

time, because there may be no major concern regarding the
exact knee angle of the person being examined.

Most earlier reports show lower absolute plantar flexion
strength with the knee bent than straight (3,5), which is in
contrast with our estimates of higher isometric torques
(51 [3] N$m) and isokinetic powers (18 [4] W) at angles
458 than 08 of KF. Our higher values are likely to stem from
the semi-seated position of the subjects at the 458 angle,
which seemed to promote coactivation of other leg exten-
sors (e.g. the quadriceps), despite the considerable efforts
taken to isolate the plantar flexors. Moreover, the position
might also have enhanced the inevitable ankle joint rotation
reported to occur during maximal plantar flexion efforts in
isokinetic dynamometers (4), notwithstanding the means to
restrain motion at the ankle. Carlsson et al. (10) also
observed higher isometric plantar flexion torques with the
knee bent (in sitting) than straight (in prone) that they attrib-
uted to plantar flexion being performed in a closed-chain
configuration when sitting. We chose to employ an angle
of 458 rather than 908 because of the higher relevance of
the former to daily plantar flexion function. For instance,
during the stance phase of running, knee angles of 408–458
are typical (37). Although in our experimental setup, 458
angle may have allowed the development of higher plantar
flexion forces, the opposite relationship might have been
noted at greater KF angles.

As expected from their relative statures and muscle masses
(27), absolute plantar flexion outputs were lower in females
than males. Our finding that the males were approximately
45% stronger than females agrees with the values of 40–50%
reported by Trappe et al. (44) and Danneskiold-Samsøe et al.
(13). In general, males are more often involved in strength
training activities than females (33), which can influence the
ability to activate muscles maximally and generate force (26).
However, this factor should have been minimal here because
the levels of physical activity were equal in our male and
female subjects. Furthermore, Behm and St-Pierre (7) found
that resistance-trained compared with -untrained subjects
tend to complete a greater number of (sustained isometric)
plantar flexion contractions before fatigue, with significantly
smaller decrements in MVIC immediately postfatigue. These
findings suggest that the stronger males in our current inves-
tigation should also demonstrate a greater resistance to
fatigue than the weaker females that, however, was not the
case.

In fact, our dynamometric indicators of fatigue indicate
that our female subjects demonstrated less pre-to-post
change in MVIC torque values than the males, reflecting
greater resistance to fatigue and more effective maintenance
of plantar flexion performance. These findings are consistent
with those of Larsson et al. (31), who subjected individuals in
their mid-twenties to an isokinetic plantar flexion protocol
similar to ours. Biopsies were also taken and the more
pronounced and rapid decline in the plantar flexion output
of the males were correlated with larger and a higher
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proportion of type II (fast-twitch) muscle fibers. Although
the specific mechanisms explaining why the females in our
study showed better plantar flexion endurance remain
unclear, proposed explanations include disparities in meta-
bolic pathways, activation strategies, muscle mass, perfusion,
and hormonal status (15).

With respect to hormonal status, although the findings are
mixed, available evidence suggests that estrogen-based treat-
ments exert an overall positive effect on muscle function (19)
and that the phase of the menstrual cycle influences the
endurance abilities of women (38). We did not control for
or obtain precise information concerning such parameters,
which is an inherent limitation, Although alterations in the
levels of female steroid hormones during the menstrual cycle
have been reported to exert no significant impact on the
mechanical properties of the medial gastrocnemius muscle
and Achilles tendon (30); in rodents, plantar flexion muscle
fatigue seems to be attenuated by progesterone in a manner
that is counteracted in presence of estradiol (40). Future
studies that control for and examine the effect of hormone
levels on plantar flexion fatigue in humans using an isokinetic
protocol similar to ours are needed to clarify the effect of
hormones on plantar flexion performance.

The 3 dynamometric indicators of fatigue that we
employed—i.e. the pre-to-post reduction in isometric torque,
the difference in power between the maximal and minimal
contractions of an isokinetic trial, and the rate of change in
peak power during isokinetic trials—were similar for the 2 age
groups, despite the fact that human muscles deteriorate in
several ways after 40 years of age. Meta-analyses of the effect
of aging on muscle function are consistent with our obser-
vations (6). Although some evidence suggests that older in-
dividuals exhibit greater plantar flexion endurance (34), the
latter has only been shown for sustained or intermittent iso-
metric contractions and has not yet been definitively estab-
lished for dynamic tasks or contractions (6).

In fact, certain evidence suggests that older individuals are
less resistant to fatigue than younger ones when performing
dynamic contractions at high velocities, but not when
contracting at moderate velocities or in static conditions (9).
Hence, differences between our age groups might have
emerged at higher velocities than the 60 degrees per second
employed here. Moreover, it is highly probable that the dif-
ference in age between our 2 groups was too small to reveal
age-related changes in ankle plantar flexion fatigability. How-
ever, when we reanalyzed our data omitting subjects between
35 and 45 years of age not to confound results—thereby com-
paring subjects between 20 to 35 years to subjects between 45
to 60 years—the findings were identical. Hence, it seems more
likely that our older subjects were simply not old enough to
detect differences. Applying the current isokinetic protocol to
older subjects might reveal greater plantar flexion fatigue with
age, as reported by McNeil and Rice (35) for dorsi flexion
when comparing young (22–33 years), old (60–69 years),
and very old (80–90 years) subjects.

Although the relative performance was similar, absolute
plantar flexion outputs were lower in the older age group. In
analogy to the discussion of sex differences in plantar flexion
function above, the reduction in absolute strength with age is
most likely multifactorial. With increasing age, plantar
flexion function declines as a consequence of alterations in
the cross-sectional areas (36), thickness (17), and contractile
tissue volume and distribution (21) of the triceps surae
muscles. Although differences in isokinetic plantar flexion
performance with age have been reported previously (18),
the current findings provide new insights under specific con-
ditions and emphasize that sex is an importance factor to
consider when assessing outcomes from repeated concentric
isokinetic plantar flexion contractions, e.g. when establishing
normative data or comparing individual results.

Another factor to consider when interpreting our current
findings is that the subjects were tested in a single experi-
mental session that included familiarization. Although test-
ing on 3 separate occasions (1 each for familiarization and
isokinetic testing at angles 08 and 458 of KF) might have been
ideal, we do not believe that this would have altered our
findings significantly. The order of testing exerted a signifi-
cant impact on the ratings of perceived exertions (i.e. greater
exertion was perceived after the second test) and on the
absolute MVIC torque values (i.e. both the pre and post
values were lower during the second test). However, the
pre-to-post change in MVIC torque was not influenced by
the order of testing, suggesting similar levels of plantar flex-
ion fatigue. Furthermore, the order of testing had no signif-
icant impact on the normalized slopes or difference between
the maximal and minimal peak power during isokinetic test-
ing, indicating this order was well controlled for by the ran-
domization and rest periods, with no marked effect of
accumulated fatigue on outcomes.

PRACTICAL APPLICATIONS

Although utilization of 08 and 458 of KF is recommended in
connection with a number of clinical procedures for assess-
ing gastrocnemius and soleus function, respectively, the
dynamometric indicators of fatigue from concentric plantar
flexion contractions performed here at 608 angle per second
were independent of these 2 KF angles. The lack of any
major difference between the angles of 08 and 458 may be
of significant interest to clinicians and researchers who use
this test, especially over time, because there may be no major
concern regarding the exact knee angle of the individual
being tested. Moreover, although instantaneous peak isomet-
ric torque and isokinetic power were lower in the subjects
older than 40 years and in female subjects, there were no
age-related differences in the dynamometric indicators of
fatigue or rate of change in plantar flexion performance.
On the other hand, the males in our study exhibited a more
pronounced reduction in peak isometric torque and isoki-
netic power than the females. Therefore, clinicians and sci-
entists are encouraged to consider sex, rather than age, when
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designing and interpreting results from isokinetic tests of
plantar flexion endurance, e.g. when determining normative
values and comparing these to pathological outcomes.
Future studies that examine the impact of hormone levels
and extreme age on the dynamometric indicators of plantar
flexion fatigue focused on here would help clarify the influ-
ence of KF angle, sex, and age on muscular fatigue.
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11. Craig, CL, Marshall, AL, Sjöström, M, Bauman, AE, Booth, ML,
Ainsworth, BE, Pratt, M, Ekelund, ULF, Yngve, A, Sallis, JF, and
Oja, P. International Physical activity questionnaire: 12-country
reliability and validity. Med Sci Sports Exerc 35: 1381–1395, 2003.

12. Cronin, NJ, Prilutsky, BI, Lichtwark, GA, and Maas, H. Does ankle
joint power reflect type of muscle action of soleus and
gastrocnemius during walking in cats and humans? J Biomech 46:
1383–1386, 2013.

13. Danneskiold-Samsøe, B, Bartels, EM, Bülow, PM, Lund, H,
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