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Abstract

tions in the lower body.

Background: Previous research indicates the high relevance of optimal joint angles for individual isometric strength
assessment. The objective was to compare lower limb peak isometric muscle strength abilities at the strongest joint
angles with those of dynamic contractions in healthy young adults.

Methods: Eighteen young male adults performed maximum concentric, isometric, and eccentric contractions of
the ankle, knee, and hip flexors and extensors, and hip adductors and abductors in a randomized sequence on an
isokinetic dynamometer (ISOMED 2000). Angular velocity was set at 60°/s. The peak of concentric contraction torque
curves was used to define optimal joint angles best suited to generate maximum torque during isometric contrac-
tions. Maximum voluntary contraction torque of all contraction conditions was adjusted for limb weight and analyzed
via a generalized linear mixed gamma regression model (GLMM).

Results: The gamma GLMM revealed strongly significant effects for all three categorical covariates (contraction types,
muscle group, and test order) (p < 2 x 10710). Eccentric contraction increases the muscle torque (Bx = 0.147) com-
pared to concentric contraction, and isometric contraction even more (B¢ = 0.258). A moderate individual-specific
variation was found (random effects standard deviation o, = 0.093).

Conclusion: The results support the importance of optimal joint angles for isometric maximum strength assessment.
When such conditions are given, isometric contractions can produce higher muscle torques than eccentric contrac-
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Background

Muscular strength is the production of force against
external resistance. It is therefore one of the most criti-
cal elements of human movement and a necessity to
independently perform various tasks of daily living.
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Accordingly, strength assessments are regularly per-
formed for clinical, rehabilitative, or sporting perfor-
mance purposes [1-4], and a wide range of procedures
exist for its assessment in different contexts [5-8]. Per-
formance on these strength assessments is generally
influenced by a range of testing parameters, including
contraction speed, joint angle, testing apparatus, and
the number of repetitions, and therefore comparability
between studies and their various assessment methods is
often limited [8-12].

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13102-022-00401-9&domain=pdf

Stotz et al. BMC Sports Science, Medicine and Rehabilitation

One particularly influential aspect known to medi-
ate not only the acute production of muscular torque,
but also gains in muscular strength via training pro-
grams, is the type of muscle contraction [9, 13]. It is
widely accepted that the highest torques are generated
during eccentric muscle contractions, with previous
studies demonstrating that isokinetic eccentric contrac-
tions produce torques 22-60% higher than concentric
contractions [12, 14]. Isometric contractions typically
demonstrate lower peak torques than eccentric contrac-
tions, but higher peak torques than concentric contrac-
tions [15-17]. However, the production of isometric peak
torque is mediated by the length of the muscle, and the
highest torque is produced at the muscle length where
there is largest overlap between actin and myosin fila-
ments [18, 19]. Consequently, isometric torque is highly
variable based on muscle length, and joint angle must be
carefully considered when testing for isometric strength
[11, 20-23]. Accordingly, a closer proximity to the opti-
mal joint angle for maximal expression of isometric
torque may explain why some studies report no differ-
ence in maximal torque production between eccentric
and isometric contractions of the knee extensors [24]
and plantar flexors [25]. Other explanations such as the
lack of familiarization of the participants with eccentric
contractions inducing a deficit of muscle activation [26]
(compared with isometric contractions) that is not found
in trained individuals [24] might also be responsible for
the lack of difference between eccentric and isometric
peak torque.

Indeed, previous studies comparing torque between
contraction types have been limited by the use of arbi-
trarily selected and pre-determined joint positions [17,
27-29], which potentially limits the peak torque reached
during these contractions [30-32]. This leads to meth-
odological constraints since the magnitude of peak joint
torques is only reasonable to compare when the optimal
joint torque angle is applied during isometric contrac-
tions [11, 23]. Although some recommendations for an
optimal joint angle for maximum torque are available
[33-37], deviations through individuals anthropometry
exist, and therefore optimal joint angles unique to each
individual should be obtained beforehand in order to
produce a true maximal isometric torque measurement
[15]. However, this has not been included in previous
studies comparing torque differences between contrac-
tion types.

The aim of this study was therefore to compare maxi-
mum voluntary contraction performance during iso-
metric contractions at individually-determined optimal
joint angles with those of dynamic contractions across
the main lower extremity joint actions. Novel insights
about contraction type-dependent muscle torque could
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improve current knowledge about mechanisms of
strength production.

Methods

Participants

Eighteen healthy males were recruited among the uni-
versity’s student population via word of mouth for vol-
untary study participation (age 24.8+£1.9 years, height
181.6+7.2 c¢cm, mass 81.2+8.5 kg). Participants were
excluded from the study if they had an injury history
in either the lower limb or torso within the previous
six-month period. To ensure subjects would perform
strength tests in a recovered state, they were instructed
to not engage in strenuous physical activities within the
two days before participation in the study. Participants
signed written informed consent, and ethical approval
was been obtained by the local Ethical Commission (pro-
tocol number: FSV 20/002) and all methods were per-
formed in accordance with the relevant guidelines and
regulations.

Study design

Each participant attended a single session where the
complete test was performed by an investigator with
experience in isokinetic strength assessment.

To minimize the risk of bias through fatigue or warm-
up effects, a counterbalanced crossover design was used
where participants were randomly assigned to one of
three groups. Group 1 started with concentric followed
by isometric and eccentric muscle contractions, Group
2 also started with concentric contraction followed by
eccentric and isometric muscle performance, and Group
3 started with the eccentric followed by concentric and
ending with isometric muscle contractions.

Assessment

Body height and weight were measured for each par-
ticipant at the beginning. The dominant limb was deter-
mined by asking participants for their leg preference to
kick a ball [38], and used for strength testing. Muscle
strength for all three contraction types was measured
with the Isomed 2000 system (Isomed 2000®, D&R Ferstl
GmbH, Hemau, Germany).

The individual optimal joint angle for isometric assess-
ment [23] of each muscle group was determined by
using the peak of the torque curve during a maximum
concentric contraction trial. In a preliminary test, joint
angles derived from concentric tests produced higher
peak strength values in subsequent isometric contrac-
tions than those derived from eccentric contractions.
Therefore, we elected to use concentric contraction
curves to define optimal isometric joint angles. To elimi-
nate the influence of limb weights on muscle torques, the
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weight of the lifted respective extremity or part of it was
annulled by the dynamometer [29].

After ensuring a full range of motion of the tested
joint participants underwent a familiarisation and
warm-up procedure lasting about five minutes. Dur-
ing the familiarization phase, participants tested the full
range of motion of the single joint movement. This was
especially important to be able to smoothly transition
between flexion and extension. Also, subjects got famil-
iar with the graphical feedback curves of the dynamom-
eter. Afterwards, they kept warming up by practicing
the movement with increasing but submaximal effort.
Before testing subjects rested for 90 s after the warmup.
While the order of contraction types was randomized,
strength assessment was performed in a fixed order: (1)
ankle plantarflexion and dorsiflexion, (2) knee exten-
sion and knee flexion, (3) hip extension and hip flexion,
(4) hip abduction and hip adduction. Each muscle group
and each contraction type were measured across two tri-
als, with 90 s rest between each. The assessments were
performed with an angular velocity of 60° per second.
Isometric muscle contractions were performed with a
duration of 3 s. The higher peak torque reached across
two trials was used for analysis.

Ankle plantarflexion and dorsiflexion

This assessment was performed in a seated position.
Firstly, the subject’s foot was placed on the platform of
the adapter that is designed for strength assessment of
ankle plantarflexion and dorsiflexion. The length of the
adapter was adjusted to the subject’s lower leg length.
Next, the pivot point of the ankle joint (malleolus later-
alis) and the dynamometer were synchronized to each
other. After that, the seat position was adjusted to the
femur length and anthropometrics of the pelvis so that
the knee joint bent at 90° while the foot was still posi-
tioned on the adapter. With this arrangement, the hip of
the tested side was flexed at around 45° while the other
side was at 90°. An additional support pole was set on the
back of the tested leg to prevent the subject from pushing
via leg extension on to foot platform and therefore influ-
ence plantarflexion strength results. Lastly, to prevent
evasion movements the subject’s foot, ankle, and femur
were fixed with straps, the pelvis was strapped with a
belt, shoulders were restrained with shoulder pads. The
tested range of motion ranged from —20° of dorsiflex-
ion to 35° of plantar flexion. The 0° position for the ankle
joint was defined as a neutral position where the joint is
neither plantar nor dorsiflexed.

Knee extension and knee flexion
This test was also performed seated. At first, the seat and
adapter length were adjusted to the femur and shank
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length, respectively. To transfer the strength of the thigh
muscles to the pad, the adapter was fixed to the distal
part of the shank slightly above the malleoli. Next, the
pivot point of the knee joint (center of the knee joint) and
the device were synchronized to each other. The backrest
and seat were slightly inclined so that the hip angle was
around 90°. The initial angle of the knee was 90°. Lastly,
to prevent evasion movements the subject’s femur was
fixed with straps, the pelvis was strapped with a belt,
shoulders were restrained with shoulder pads.

The tested range of motion ranged from 5° to 90° of
knee flexion.

Hip abduction and hip adduction

The assessment of hip abduction and hip adduction
strength was performed in a laying position with hips and
knee joints being in a neutral position at 0°. Participants
laid on the right side to test the left hip muscles and vice
versa. The pivot point of the frontal plane of the hip joint
(femoral head) and the device was synchronized to each
other and was adjusted for pelvis height. The adapter
length of the testing device was adjusted to the femur
length and was attached to the distal part of the femur.
The lower hip and leg (not tested side) were slightly bent
and the leg was fixed to the bench at the femur so that the
leg and body were grounded and an elevation of the body
(in case the participant was strong enough) was hin-
dered. Additionally, a belt was attached around the pelvis
to further prevent evasion movement. The tested range
of motion ranged from 0° to 60° of hip abduction.

Hip extension and hip flexion

This strength evaluation was performed with the sub-
ject laying on the back with hips and knee joints being
in a neutral position at 0°. The pivot point of the sagittal
plane of the hip joint (trochanter major) and the device
was synchronized to each other. The adapter length of
the testing device was adjusted to the femur length and
was attached to the distal part of the femur. A belt was
attached to the pelvis to avoid its elevation during hip
extension. Furthermore, the shoulders were restrained
with pads to prevent the participant from sliding off
the bench and to provide opposition to express torque
against the adapter. The non-testing leg was passively lay-
ing on the bench was not allowed to facilitate the move-
ment of the tested leg. The tested range of motion ranged
from 10° to 100° of hip flexion.

Statistical analysis

Statistical analyses were performed with JASP (JASP
Team 2020, version 0.12.2) and R (R Core Team, 2020;
version 4.0.3). Descriptive data are reported as mean and
standard deviation. Regression analyses via a (Gaussian)
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linear mixed model and a gamma generalized linear
mixed model (GLMM) with log-link were performed
via the R package lme4 [39] to investigate the effects of
different contraction and flexion types as well as of the
group assignment on maximum muscle torque. Indi-
vidual-specific heterogeneity was accounted for by the
inclusion of corresponding random intercepts. The mod-
els were compared via the Akaike information criterion
(AIC; [40]) and by the investigation of residual plots, and
the gamma GLMM turned out to be clearly superior with
respect to both aspects.

Results

Figure 1 presents maximum muscles torque and standard
deviation for each muscle group and contraction type.
Mean and standard deviations of individually determined
optimal joint angles used for isometric assessments are
shown in Table 1.

The gamma GLMM revealed strongly significant effects
for all three categorical covariates (p < 2 x 10719), see
Table 2, where concentric contraction, plantar flexion
and test order group 1 where chosen as reference catego-
ries for the categorical covariates. Due to the used para-
metrization of the gamma density in combination with
the log-link, precise interpretation of the effect sizes is
difficult, but positive effects increase the muscle torque,
while negative effects decrease it. For example, excentric
contraction increases the muscle torque (Bk = 0.147)
compared to concentric contraction, and isometric con-
traction even more (,ék = 0.258). Accordingly, all mus-
cles groups (/ék € [0.191; 1.045]) besides dorsi flexion
(,ék = —0.882) produced higher torques. Lastly, results

(2022) 14:13

Page 4 of 8

show that subjects with the test order 1 were stronger
compared to individuals in test orders 2 (8, = —0.212)
and 3 (B = —0.207). A moderate individual-specific
variation was found (random effects standard deviation
op = 0.093) (Table 1).

Discussion

This is the first study to directly compare peak torque
between maximal voluntary concentric, eccentric and
individualized isometric contractions of multiple joints.
Our findings indicate that when individualized joint
angles are applied, isometric contractions produced
larger torques than eccentric in reference to concentric
contractions. Further, concentric contractions always
produced less torque than isometric contractions, and
typically less than eccentric contractions.

The higher isometric peak torque compared to eccen-
tric peak torque contradicts the current understanding
of the hierarchy of contraction types for maximum vol-
untary torque production. This understanding is based
on numerous studies showing the outstanding role of
eccentric contractions compared to concentric and iso-
metric contractions [15-17, 42, 43]. Differences between
the results of our study and the existing literature may be
driven by the methodological approach, primarily our use
of individualized and optimized isometric joint angles as
opposed to an arbitrarily determined joint angle that is
shared between all participants [17, 27-29].

Indeed, the joint angles used closely resemble those
used in other isometric strength assessment studies that
were not designed to compare torque during different
contraction types, including for hip flexion and extension
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Table 1 Mean and standard deviation of maximum torque
angles during maximum concentric contractions (PF=plantar
flexion, KF =knee flexion, HAb =hip abduction, HF =Hip flexion,
zero-degree-position is defined as neutral upright standing
according to [41])

Muscle groups Angle at peak MVC

Ankle plantarflexors 7°+4° PF and 90° KF
Ankle dorsiflexors 20°+4° PF and 90° KF
Knee flexors 37°£14° KF and 90° HF
Knee extensors 65°+ 5° KF and 90° HF
Hip abductors 13°+5°HAb

Hip adductors 25°+12°HAb

Hip flexors 25°+£6°HF

Hip extensors 75°+11°HF

Table 2 Results of a gamma GLMM include individual-

specific random intercepts; the global intercept represents the
reference level of the three categorical predictors (i.e, concentric
contraction, plantar flexion, test order 1), p value ***<0.001

Estimate  Std.error  tValue Pr(>|z])

(Intercept) 4.722 0.009 527.67 <2 x 10716 *
Eccentric 0.147 0.008 1750 <2 x 10716
contraction

Isometric 0.258 0.009 29.34 <2 x 10716 *x
contraction

Dorsi flexion ~ —0.882 0.009 —94.52 <2 x 10716
Knee flexion 0.191 0.009 20.64 <2 x 10716 ***
Knee extension  0.778 0.030 2560 <2 x 10716
Hip abduction  0.235 0.009 26.90 <2x 10716
Hip adduction  0.297 0.009 31.97 <2 x 10716 *
Hip flexion 0495 0.009 54.58 <2x 10716
Hip extension  1.045 0.009 121.89 <2 x 10716 **
Test order 2 —0212 0.009 —2357 <2x 10716
Test order 3 —0.207 0.009 —2293 <2 x 10716

[44], hip adduction and abduction [36], and knee flexion
and extension [30, 33, 37]. By individually optimizing the
joint angle to the point where the torque was highest, we
maximized the torque-length relationship of the muscle
by theoretically locating the point with the most filament
overlap [18, 19, 45]. This may help to explain why we saw
higher isometric torques than other studies because they
used different joint angles and therefore different mus-
cle lengths which did not maximize this torque-length
relationship. However, the sliding filament theory was
described at the microlevel of a sarcomere, and therefore
applying the principles to a whole muscle is a complex
process [45]. Factors such as transmission efficiency [46],
muscle architecture [47] including geometric arrange-
ment of muscle fibers [48] and configuration of the lever
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system of the joint [49] influence contractile properties of
the muscle, each of which may uniquely influence the iso-
metric torque an individual can produce at a given angle
[37].

Additional underlying physiological mechanisms
beyond the overlap of filaments may also explain why
the joint angle-optimized isometric contractions demon-
strated higher torques than other contraction types. For
example, twitch interpolation studies indicate that during
maximal anisometric contractions, voluntary activation
of the quadriceps femoris is significantly lower than dur-
ing maximal isometric contractions of the same muscle
[50]. This may be explained by neuromuscular inhibi-
tion levels unique to anisometric contractions, at both a
spinal and cortical level [51]. Further, antagonist muscle
co-activation is known to be specific to the joint being
tested and potentially specific to the mode of contrac-
tion [52], which may explain differential effects between
different muscle groups and actions in the current study.
Finally, muscle activation during isometric contraction
fluctuates according to joint angles not just for the ago-
nist muscle [30] but synergist muscles too [53, 54], and so
individually adjusting the angle of assessment may have
facilitated greater synergist muscle contributions, driving
the achievement of higher peak torques. Another plau-
sible explanation for our findings is that without a true
familiarization period, the methods of testing may have
underestimated maximal eccentric torque. Due to the
commonly reported difficulties in achieving full activa-
tion of a muscle by voluntary command during eccen-
tric contractions [55], it is possible that deficits in motor
control may have influenced maximal eccentric torque
magnitude.

Besides the novel findings that lower body muscles
produced higher isometric than eccentric torques, we
found that concentric contractions produced the lowest
peak torque values, which is supported by a considerable
volume of existing literature for hip extension [12], hip
abduction [28], knee extension, and flexion [17, 27, 29,
50, 56, 57], ankle plantarflexion [17, 25] and ankle dorsi-
flexion [17, 58-60].

Beyond the use of individualized isometric joint angle,
other elements of experimental design potentially influ-
enced divergent results between studies. This includes
the use of an isokinetic angular velocity of 60°/s while
[28] used 13°/s and [15] used 36°/s. In our study, only
young male participants were included while [17, 27],
also included female participants, and [29] measured
female subjects exclusively. We adjusted all measure-
ments for limb weight while all but two other studies [28,
29] did not. Lastly, it should be noted that early reports
simply compared absolute torque values between con-
traction modes, therefore using insufficient analysis to
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draw reasonable statistical conclusions regarding the
hierarchy of contraction modes [17, 28].

Limitations

The current study has some limitations that must be con-
sidered alongside the results. Because we used a GLMM
with dummy encoding for the three categorical predic-
tors, all their effect sizes (p < 2 x 1071%) are directed
towards the chosen reference categories (concentric con-
traction, plantar flexion and test order group 1). Hence,
we can only interpret the effect of one covariate when the
other two remain constant. This complicates the compar-
ison between contraction types within one muscle group
(comparison of more than one covariates). A particular
example is that dorsiflexion eccentric torque was higher
than isometric and eccentric torque but this information
is not detectable in the model. Moreover, as a gamma
GLMM with log-link clearly outperformed a Gaussian
linear mixed model, this also complicates the precise
interpretation of the regression coefficient estimates.
Only one angular velocity of 60°/s was used for the com-
parison of maximum torque between contractions types.
Previous studies have indicated that maximum isokinetic
torque generally gets lower with higher angle velocities
[23, 29], and also that this force—velocity relationship
may be contraction-type dependent [61, 62]. It has to be
noted additionally, that previous research has shown that
the highest torque angle shifts with increasing angular
velocity [63]. In this study, we used the optimum torque
angle for isometric measurement derived from the torque
curves from the concentric contractions. Although we
found the highest torque angle for every participant, an
even better torque angle might exist with the assessment
of concentric torque with a velocity below 60°/s. Still, this
approach is novel and previous works measured isomet-
ric torques through an array of angles while potentially
not always finding the optimal one. Another limitation of
this study is the absence of a true familiarization period
of the participants with eccentric contractions. This
might trigger a repeated-bout effect and allow for a lim-
ited so-called descending command inhibition [64]. Also,
no measure of voluntary activation such as electromyo-
graphy and voluntary activation via twitch interpolation
techniques was provided to judge possible activation
deficit during eccentric contractions. An alternative to
a separated familiarization session could have been the
usage of isometric pre-tension contraction before the
onset of each eccentric contraction to maximize volun-
tary activation [26]. Lastly, our study was performed with
young healthy males, and therefore the results may not
be generally transferable to other populations like seniors
or patients with specific pathological conditions.
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Future studies are therefore encouraged to examine
maximum torque of the three contraction types in other
populations [65], examine strength relationships in both
genders and also test other upper-body muscle groups.
With the loss of strength being one of the most impor-
tant factors for functional decline in the elderly [66],
new insight about contraction-specific torque could help
developing intervention programs for the prevention of
falls and sarcopenia.

Conclusion

Maximum torques of the lower body differ significantly
between contraction types, and this may be specific to the
joint action, muscle groups used and the context of the
testing. While further studies including more mechanistic
insight are encouraged, our current findings suggest that
at individually adjusted joint angles, maximum isomet-
ric torque can exceed eccentric and concentric torque in
lower extremity joint actions. We, therefore, recommend
that individually-optimized joint angles should be obtained
prior to comparing maximum torques between isomet-
ric and dynamic contractions. Further, isometric strength
assessments before and after training should maintain
identical joint angle between tests due to the significant
influence on the torque generated by a muscle group. Com-
bined, our findings emphasise the need for a suitably con-
trolled testing environment, and add to existing knowledge
about mechanisms of strength production which may be
useful not only for the assessment of muscular strength, but
also the development of contraction type-specific interven-
tion programs in a range of populations and contexts.

Acknowledgements
The authors thank the subjects for their time and effort.

Authors’ contributions

AS planned and designed the study. EM performed data collection. AS wrote
the first draft of the manuscript. AG and AS performed statistical analysis and
data interpretation. AZ and JM revised and edited the manuscript. All authors
critically reviewed and discussed the contents. All authors read and approved
the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate

Participants signed written informed consent, and ethical approval was been
obtained by the Ethical Commission of the Friedrich Schiller University Jena
(Protocol No.: FSV 20/002).

Consent for publication
Not applicable.



Stotz et al. BMC Sports Science, Medicine and Rehabilitation

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Human Movement Science and Exercise Physiology, Institute
of Sport Science, Friedrich Schiller University Jena, Seidelstral3e 20, 07749 Jena,
Germany. “Department of Statistics, TU Dortmund University, Vogelpothsweg
87,44227 Dortmund, Germany.

Received: 29 April 2021 Accepted: 10 January 2022
Published online: 21 January 2022

References

1.

Forrester SE, Yeadon MR, King MA, Pain MTG. Comparing different
approaches for determining joint torque parameters from isovelocity
dynamometer measurements. J Biomech. 2011;44:955-61. https://doi.
0rg/10.1016/jjbiomech.2010.11.024.

Ebert JR, Edwards P, Yi L, Joss B, Ackland T, Carey-Smith R, et al. Strength
and functional symmetry is associated with post-operative rehabilitation
in patients following anterior cruciate ligament reconstruction. Knee Surg
Sports Traumatol Arthrosc. 2018;26:2353-61. https://doi.org/10.1007/
s00167-017-4712-6.

Gillen ZM, Shoemaker ME, McKay BD, Bohannon NA, Gibson SM, Cramer
JT. Leg extension strength, explosive strength, muscle activation, and
growth as predictors of vertical jump performance in youth athletes. J Sci
Sport Exercise. 2020. https://doi.org/10.1007/542978-020-00067-0.

Wang L, Yin L, ZhaoY, SuY, Sun W, Chen S, et al. Muscle density, but not
size, correlates well with muscle strength and physical performance. J Am
Med Dir Assoc. 2020. https://doi.org/10.1016/jjamda.2020.06.052.
Shefner JM. Strength testing in motor neuron diseases. Neurotherapeu-
tics. 2017;14:154-60. https://doi.org/10.1007/513311-016-0472-0.

Stark T, Walker B, Phillips JK, Fejer R, Beck R. Hand-held dynamometry
correlation with the gold standard isokinetic dynamometry: a systematic
review. PM R. 2011;3:472-9. https://doi.org/10.1016/j.pmrj.2010.10.025.
Brady CJ, Harrison AJ, Comyns TM. A review of the reliability of biome-
chanical variables produced during the isometric mid-thigh pull and
isometric squat and the reporting of normative data. Sports Biomech.
2020;19:1-25. https://doi.org/10.1080/14763141.2018.1452968.
Fouasson-Chailloux A, Menu P, Mesland O, Dauty M. Strength assess-
ment after proximal hamstring rupture: A critical review and analysis. Clin
Biomech (Bristol, Avon). 2020;72:44-51. https://doi.org/10.1016/j.clinb
jomech.2019.11.016.

Tillin NA, Pain MTG, Folland JP. Contraction speed and type influences
rapid utilisation of available muscle force: neural and contractile mecha-
nisms. J Exp Biol. 2018. https://doi.org/10.1242/jeb.193367.

Kannus P, Beynnon B. Peak torque occurrence in the range of motion
during isokinetic extension and flexion of the knee. Int J Sports Med.
1993;14:422-6. https://doi.org/10.1055/5-2007-1021203.

. Thompson BJ, Whitson M, Sobolewski EJ, Stock MS. The Influence of age,

joint angle, and muscle group on strength production characteristics at
the knee joint. J Gerontol A Biol Sci Med Sci. 2018;73:603-7. https://doi.
org/10.1093/gerona/glx156.

Hollander DB, Kraemer RR, Kilpatrick MW, Ramadan ZG, Reeves GV,
Francois M, et al. Maximal eccentric and concentric strength discrepan-
cies between young men and women for dynamic resistance exercise. J
Strength Cond Res. 2007;21:34-40. https://doi.org/10.1519/R-18725.1.
Baroni BM, Stocchero CMA, do Espirito Santo RC, Ritzel CH, Vaz MA.

The effect of contraction type on muscle strength, work and fatigue in
maximal isokinetic exercise. IES. 2011;19:215-20. https://doi.org/10.3233/
IES-2011-0421.

Hortobagyi T, Katch FI. Eccentric and concentric torque-velocity relation-
ships during arm flexion and extension. Influence of strength level. Eur

J Appl Physiol Occup Physiol. 1990;60:395-401. https://doi.org/10.1007/
BF00713506.

Knapik JJ, Wright JE, Mawdsley RH, Braun J. Isometric, isotonic, and isoki-
netic torque variations in four muscle groups through a range of joint
motion. Phys Ther. 1983;63:938-47. https://doi.org/10.1093/ptj/63.6.938.

(2022) 14:13

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 7 of 8

. Griffin JW. Differences in elbow flexion torque measured concentrically,

eccentrically, and isometrically. Phys Ther. 1987,67:1205-8. https://doi.
0rg/10.1093/ptj/67.8.1205.

. Horstmann T, Maschmann J, Mayer F, Heitkamp HC, Handel M, Dickhuth

HH. The influence of age on isokinetic torque of the upper and lower leg
musculature in sedentary men. Int J Sports Med. 1999;20:362—7. https://
doi.org/10.1055/5-2007-971145.

. Huxley H, Hanson J. Changes in the cross-striations of muscle during

contraction and stretch and their structural interpretation. Nature.
1954;173:973-6. https://doi.org/10.1038/173973a0.

. Herzog W, ter Keurs HE. A method for the determination of the force-

length relation of selected in-vivo human skeletal muscles. Pflugers Arch.
1988;411:637-41. https://doi.org/10.1007/BF00580859.

Perrine JJ, Edgerton VR. Muscle force-velocity and power-velocity rela-
tionships under isokinetic loading. Med Sci Sports. 1978;10:159-66.
Wickiewicz TL, Roy RR, Powell PL, Perrine JJ, Edgerton VR. Muscle archi-
tecture and force-velocity relationships in humans. J Appl Physiol Respir
Environ Exerc Physiol. 1984;57:435-43. https://doi.org/10.1152/jappl.1984.
57.2435.

Yamauchi J, Koyama K. Relation between the ankle joint angle and

the maximum isometric force of the toe flexor muscles. J Biomech.
2019;85:1-5. https://doi.org/10.1016/j jbiomech.2018.12.010.

Anderson DE, Madigan ML, Nussbaum MA. Maximum voluntary joint
torque as a function of joint angle and angular velocity: model develop-
ment and application to the lower limb. J Biomech. 2007,40:3105-13.
https://doi.org/10.1016/j joiomech.2007.03.022.

Amiridis IG, Martin A, Morlon B, Martin L, Cometti G, Pousson M, van Hoe-
cke J. Co-activation and tension-regulating phenomena during isokinetic
knee extension in sedentary and highly skilled humans. Eur J Appl Physiol
Occup Physiol. 1996,73:149-56. https://doi.org/10.1007/BF00262824.
Pinniger GJ, Steele JR, Thorstensson A, Cresswell AG. Tension regulation
during lengthening and shortening actions of the human soleus muscle.
Eur J Appl Physiol. 2000;81:375-83. https://doi.org/10.1007/5004210050
057.

Hahn D. Stretching the limits of maximal voluntary eccentric force
production in vivo. J Sport Health Sci. 2018;7:275-81. https://doi.org/10.
1016/jshs.2018.05.003.

Colliander EB, Tesch PA. Bilateral eccentric and concentric torque of
quadriceps and hamstring muscles in females and males. Eur J Appl
Physiol Occup Physiol. 1989;59:227-32. https://doi.org/10.1007/BF023
86192.

Olson VL, Smidt GL, Johnston RC. The maximum torque generated by
the eccentric, isometric, and concentric contractions of the hip abductor
muscles. Phys Ther. 1972,52:149-58. https://doi.org/10.1093/ptj/52.2.149.
Westing SH, Seger JY. Eccentric and concentric torque-velocity character-
istics, torque output comparisons, and gravity effect torque corrections
for the quadriceps and hamstring muscles in females. Int J Sports Med.
1989;10:175-80. https://doi.org/10.1055/5-2007-1024896.

Becker R, Awiszus F. Physiological alterations of maximal voluntary
quadriceps activation by changes of knee joint angle. Muscle Nerve.
2001;24:667-72. https://doi.org/10.1002/mus.1053.

Hahn D. Lower extremity extension force and electromyography proper-
ties as a function of knee angle and their relation to joint torques: impli-
cations for strength diagnostics. J Strength Cond Res. 2011,25:1622-31.
https://doi.org/10.1519/JSC.0b013e3181ddfce3.

Pietrosimone BG, Hammill RR, Saliba EN, Hertel J, Ingersoll CD. Joint angle
and contraction mode influence quadriceps motor neuron pool excit-
ability. Am J Phys Med Rehabil. 2008;87:100-8. https://doi.org/10.1097/
PHM.0b013e31815882¢0.

Sosnoff JJ, Voudrie SJ, Ebersole KT. The effect of knee joint angle on
torque control. J Mot Behav. 2010;42:5-10. https://doi.org/10.1080/00222
890903269237.

Pincivero DM, Salfetnikov Y, Campy RM, Coelho AJ. Angle- and gender-
specific quadriceps femoris muscle recruitment and knee extensor
torque. J Biomech. 2004;37:1689-97. https://doi.org/10.1016/j jbiomech.
2004.02.005.

Gravel D, Richards CL, Filion M. Angle dependency in strength measure-
ments of the ankle plantar flexors. Eur J Appl Physiol Occup Physiol.
1990;61:182-7. https://doi.org/10.1007/BF00357596.

Welsh P, Howitt S, Howarth SJ. The influence of hip joint angle on

the ratio between adduction and abduction torque in experienced,


https://doi.org/10.1016/j.jbiomech.2010.11.024
https://doi.org/10.1016/j.jbiomech.2010.11.024
https://doi.org/10.1007/s00167-017-4712-6
https://doi.org/10.1007/s00167-017-4712-6
https://doi.org/10.1007/s42978-020-00067-0
https://doi.org/10.1016/j.jamda.2020.06.052
https://doi.org/10.1007/s13311-016-0472-0
https://doi.org/10.1016/j.pmrj.2010.10.025
https://doi.org/10.1080/14763141.2018.1452968
https://doi.org/10.1016/j.clinbiomech.2019.11.016
https://doi.org/10.1016/j.clinbiomech.2019.11.016
https://doi.org/10.1242/jeb.193367
https://doi.org/10.1055/s-2007-1021203
https://doi.org/10.1093/gerona/glx156
https://doi.org/10.1093/gerona/glx156
https://doi.org/10.1519/R-18725.1
https://doi.org/10.3233/IES-2011-0421
https://doi.org/10.3233/IES-2011-0421
https://doi.org/10.1007/BF00713506
https://doi.org/10.1007/BF00713506
https://doi.org/10.1093/ptj/63.6.938
https://doi.org/10.1093/ptj/67.8.1205
https://doi.org/10.1093/ptj/67.8.1205
https://doi.org/10.1055/s-2007-971145
https://doi.org/10.1055/s-2007-971145
https://doi.org/10.1038/173973a0
https://doi.org/10.1007/BF00580859
https://doi.org/10.1152/jappl.1984.57.2.435
https://doi.org/10.1152/jappl.1984.57.2.435
https://doi.org/10.1016/j.jbiomech.2018.12.010
https://doi.org/10.1016/j.jbiomech.2007.03.022
https://doi.org/10.1007/BF00262824
https://doi.org/10.1007/s004210050057
https://doi.org/10.1007/s004210050057
https://doi.org/10.1016/j.jshs.2018.05.003
https://doi.org/10.1016/j.jshs.2018.05.003
https://doi.org/10.1007/BF02386192
https://doi.org/10.1007/BF02386192
https://doi.org/10.1093/ptj/52.2.149
https://doi.org/10.1055/s-2007-1024896
https://doi.org/10.1002/mus.1053
https://doi.org/10.1519/JSC.0b013e3181ddfce3
https://doi.org/10.1097/PHM.0b013e31815882e0
https://doi.org/10.1097/PHM.0b013e31815882e0
https://doi.org/10.1080/00222890903269237
https://doi.org/10.1080/00222890903269237
https://doi.org/10.1016/j.jbiomech.2004.02.005
https://doi.org/10.1016/j.jbiomech.2004.02.005
https://doi.org/10.1007/BF00357596

Stotz et al. BMC Sports Science, Medicine and Rehabilitation

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

recreational male ice hockey players. Intl J Sports Phys Ther. 2020;15:22—
33. https://doi.org/10.26603/ijspt20200022.

Garcia SC, Dueweke JJ, Mendias CL. Optimal joint positions for manual
isometric muscle testing. J Sport Rehabil. 2016. https://doi.org/10.1123/
jsr.2015-0118.

van Melick N, Meddeler BM, Hoogeboom TJ, Nijhuis-van der Sanden
MWG, van Cingel REH. How to determine leg dominance: the agreement
between self-reported and observed performance in healthy adults. PLoS
ONE. 2017;12:€0189876. https://doi.org/10.1371/journal.pone.0189876.
Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models
using Ime4. J Stat Soft. 2015. https://doi.org/10.18637/jss.v067.i01.

Akaike H. Information theory and an extension of the maximum likeli-
hood principle. In 2nd international symposium on information theory,
edited by BN ..; 1973. pp. 267-81.

Ryf C, Weymann A. The neutral zero method—a principle of measur-

ing joint function. Injury. 1995;26:1-11. https://doi.org/10.1016/0020-
1383(95)90116-7.

Kellis E, Baltzopoulos V. Muscle activation differences between eccentric
and concentric isokinetic exercise. Med Sci Sports Exerc. 1998;30:1616—
23. https://doi.org/10.1097/00005768-199811000-00010.

Reeves ND, Maganaris CN, Longo S, Narici MV. Differential adaptations to
eccentric versus conventional resistance training in older humans. Exp
Physiol. 2009,94:825-33. https://doi.org/10.1113/expphysiol.2009.046599.
Bertoli J, Diefenthaeler F, Lusa Cadore E, Monteiro de Moura B, La Rocha
Freitas CD. The relation between force production at different hip angles
and functional capacity in older women. J Bodyw Mov Ther. 2019;23:489—
93. https://doi.org/10.1016/j.jomt.2018.05.007.

Moo EK, Leonard TR, Herzog W. The sarcomere force-length relationship
in an intact muscle-tendon unit. 2020. J Exp Biol. https://doi.org/10.1242/
jeb.215020.

Peyré-Tartaruga LA, Coertjens M. Locomotion as a powerful model to
study integrative physiology: efficiency, economy, and power relation-
ship. Front Physiol. 2018;9:1789. https://doi.org/10.3389/fphys.2018.
01789.

Lovering RM, Shah SB, Pratt SJP, Gong W, Chen Y. Architecture of healthy
and dystrophic muscles detected by optical coherence tomography.
Muscle Nerve. 2013;47:588-90. https://doi.org/10.1002/mus.23711.
Blemker SS, Pinsky PM, Delp SL. A 3D model of muscle reveals the causes
of nonuniform strains in the biceps brachii. J Biomech. 2005;38:657-65.
https://doi.org/10.1016/j jbiomech.2004.04.009.

Kulig K, Andrews JG, Hay JG. Human strength curves. Exerc Sport Sci Rev.
1984;12:417-66.

Babault N, Pousson M, Ballay Y, van Hoecke J. Activation of human quadri-
ceps femoris during isometric, concentric, and eccentric contractions. J Appl
Physiol. 2001;91:2628-34. https://doi.org/10.1152/jappl.2001.91.6.2628.
Duchateau J, Enoka RM. Neural control of lengthening contractions. J Exp
Biol. 2016;219:197-204. https://doi.org/10.1242/jeb.123158.

Frey-Law LA, Avin KG. Muscle coactivation: a generalized or localized
motor control strategy? Muscle Nerve. 2013;48:578-85. https://doi.org/
10.1002/mus.23801.

Hasan Z, Enoka RM. Isometric torque-angle relationship and movement-
related activity of human elbow flexors: implications for the equilibrium-
point hypothesis. Exp Brain Res. 1985;59:441-50.

Howard JD, Hoit JD, Enoka RM, Hasan Z. Relative activation of two human
elbow flexors under isometric conditions: a cautionary note concerning
flexor equivalence. Exp Brain Res. 1986;62:199-202. https://doi.org/10.
1007/BF00237416.

Duchateau J, Baudry S. Insights into the neural control of eccentric con-
tractions. J Appl Physiol. 2014;116:1418-25. https://doi.org/10.1152/jappl
physiol.00002.2013.

Beltman JGM, Sargeant AJ, van Mechelen W, de Haan A. Voluntary activa-
tion level and muscle fiber recruitment of human quadriceps during
lengthening contractions. J Appl Physiol. 2004,97:619-26. https://doi.org/
10.1152/japplphysiol.01202.2003.

Seger JY, Thorstensson A. Electrically evoked eccentric and concentric
torque-velocity relationships in human knee extensor muscles. Acta Physiol
Scand. 2000;169:63-9. https://doi.org/10.1046/}.1365-201x.2000.00694.x.
Klass M, Baudry S, Duchateau J. Voluntary activation during maximal
contraction with advancing age: a brief review. Eur J Appl Physiol.
2007;100:543-51. https://doi.org/10.1007/500421-006-0205-X.

(2022) 14:13

Page 8 of 8

59. Pasquet B, Carpentier A, Duchateau J, Hainaut K. Muscle fatigue during
concentric and eccentric contractions. Muscle Nerve. 2000;23:1727-35.
https://doi.org/10.1002/1097-4598(200011)23:11%3c1727:aid-mus9%
3e3.0.co;2-y.

60. Reeves ND, Narici MV. Behavior of human muscle fascicles during short-
ening and lengthening contractions in vivo. J Appl Physiol. 2003;95:1090-
6. https://doi.org/10.1152/japplphysiol.01046.2002.

61. Hill AV.The heat of shortening and the dynamic constants of muscle.
Proc R Soc Lond B. 1938;126:136-95. https://doi.org/10.1098/rspb.1938.
0050.

62. Douglas J, Pearson S, Ross A, McGuigan M. Eccentric exercise: physiologi-
cal characteristics and acute responses. Sports Med. 2017,47:663-75.
https://doi.org/10.1007/540279-016-0624-8.

63. Hahn D, Herzog W, Schwirtz A. Interdependence of torque, joint angle,
angular velocity and muscle action during human multi-joint leg exten-
sion. Eur J Appl Physiol. 2014;114:1691-702. https://doi.org/10.1007/
500421-014-2899-5.

64. Hyldahl RD, Chen TC, Nosaka K. Mechanisms and mediators of the
skeletal muscle repeated bout effect. Exerc Sport Sci Rev. 2017;45:24-33.
https://doi.org/10.1249/JES.0000000000000095.

65. Zech A, Witte K, Pfeifer K. Reliability and performance-dependent vari-
ations of muscle function variables during isometric knee extension. J
Electromyogr Kinesiol. 2008;18:262-9. https://doi.org/10.1016/j jelekin.
2006.08.013.

66. Buckinx F, Croisier JL, Reginster JY, Petermans J, Goffart E, Bruyére O. Rela-
tionship between isometric strength of six lower limb muscle groups and
motor skills among nursing home residents. J Frailty Aging. 2015;4:184-7.
https://doi.org/10.14283/jfa.2015.70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.26603/ijspt20200022
https://doi.org/10.1123/jsr.2015-0118
https://doi.org/10.1123/jsr.2015-0118
https://doi.org/10.1371/journal.pone.0189876
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/0020-1383(95)90116-7
https://doi.org/10.1016/0020-1383(95)90116-7
https://doi.org/10.1097/00005768-199811000-00010
https://doi.org/10.1113/expphysiol.2009.046599
https://doi.org/10.1016/j.jbmt.2018.05.007
https://doi.org/10.1242/jeb.215020
https://doi.org/10.1242/jeb.215020
https://doi.org/10.3389/fphys.2018.01789
https://doi.org/10.3389/fphys.2018.01789
https://doi.org/10.1002/mus.23711
https://doi.org/10.1016/j.jbiomech.2004.04.009
https://doi.org/10.1152/jappl.2001.91.6.2628
https://doi.org/10.1242/jeb.123158
https://doi.org/10.1002/mus.23801
https://doi.org/10.1002/mus.23801
https://doi.org/10.1007/BF00237416
https://doi.org/10.1007/BF00237416
https://doi.org/10.1152/japplphysiol.00002.2013
https://doi.org/10.1152/japplphysiol.00002.2013
https://doi.org/10.1152/japplphysiol.01202.2003
https://doi.org/10.1152/japplphysiol.01202.2003
https://doi.org/10.1046/j.1365-201x.2000.00694.x
https://doi.org/10.1007/s00421-006-0205-x
https://doi.org/10.1002/1097-4598(200011)23:11%3c1727::aid-mus9%3e3.0.co;2-y
https://doi.org/10.1002/1097-4598(200011)23:11%3c1727::aid-mus9%3e3.0.co;2-y
https://doi.org/10.1152/japplphysiol.01046.2002
https://doi.org/10.1098/rspb.1938.0050
https://doi.org/10.1098/rspb.1938.0050
https://doi.org/10.1007/s40279-016-0624-8
https://doi.org/10.1007/s00421-014-2899-5
https://doi.org/10.1007/s00421-014-2899-5
https://doi.org/10.1249/JES.0000000000000095
https://doi.org/10.1016/j.jelekin.2006.08.013
https://doi.org/10.1016/j.jelekin.2006.08.013
https://doi.org/10.14283/jfa.2015.70

	Maximum isometric torque at individually-adjusted joint angles exceeds eccentric and concentric torque in lower extremity joint actions
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Participants
	Study design
	Assessment
	Ankle plantarflexion and dorsiflexion
	Knee extension and knee flexion
	Hip abduction and hip adduction
	Hip extension and hip flexion

	Statistical analysis

	Results
	Discussion
	Limitations
	Conclusion
	Acknowledgements
	References


