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Introduction
Running performance is determined by various factors, including 
biological, physiological, and biomechanical factors. Of those, es-
pecially running economy, which is defined as oxygen consump-
tion (VO2) during submaximal running, is a key component in de-
termining running performance of endurance runners [25]. Fur-
thermore, competitive performance has been suggested to be 
better predicted by running economy than VO2 maximum in high-
ly trained endurance runners [23]. The running economy is partial-
ly determined by biomechanical characteristics [25]. Superior run-
ning performance is achieved by large moments of the hip, knee, 
and ankle joints. Among these lower extremity joints, the role of 
the ankle plantar flexor moment as an energy source during run-
ning is relatively larger compared to other joint moments [22, 24], 
and the plantar flexor muscle strongly contributes to body support 
and propulsion during the contact phase [11, 24]. Thus, the prop-

erties of the plantar flexors may help achieve superior running per-
formance, potentially by enhancing running economy, in endur-
ance runners.

Range of motion (ROM) is a universal parameter for evaluating 
joint flexibility [2]. Previous studies have reported that running 
economy is related to the ROM of ankle joint dorsiflexion [7, 15], 
which indicates the flexibility of the ankle joint. In addition, previ-
ous studies have used passive stiffness, which is calculated from 
the slope of the liner portion of the torque-angle curve, as a flexi-
bility parameter [6, 9, 10, 13, 17]. This passive stiffness has been 
frequently used to evaluate the mechanical properties of the mus-
cle-tendon complex (MTC), even though this parameter includes 
the properties of other tissues, such as the skin, subcutaneous fat, 
fascia, ligament, joint capsule, and cartilage [16]. Kubo et al. [17] 
suggested that passive stiffness in the plantar flexors may reflect 
the properties of muscle tissue rather than tendon tissue. Recent-

Ueno Hiromasa et al. Potential Relationship between Passive … Int J Sports Med 2017; 00: 00–00

Potential Relationship between Passive Plantar Flexor Stiffness 
and Running Performance
  

Authors
Hiromasa Ueno, Tadashi Suga, Kenji Takao, Takahiro Tanaka, Jun Misaki, Yuto Miyake, Akinori Nagano,  
Tadao Isaka

Affiliations
Ritsumeikan University, Faculty of Sport and Health Science, 
Kusatsu, Shiga, Japan

Key words
Running economy, oxygen consumption, range of motion, 
muscle-tendon complex, ankle joint, tendon stiffness

accepted	  03.10.2017

Bibliography
DOI https://doi.org/10.1055/s-0043-121271
Published online: 29.12.2017 
Int J Sports Med 2017; 38: 204–209
© Georg Thieme Verlag KG Stuttgart · New York 
ISSN 0172-4622

Correspondence
Mr. Tadashi Suga,
Ritsumeikan University
Faculty of Sport and Health Science
1-1-1 Nojihigashi, Kusatsu
Shiga, Japan, 525 8577
Tel.:  + 81/77/561 3760, Fax:  + 81/77/561 3761 
t-suga@fc.ritsumei.ac.jp

AbSTr AcT

The present study aimed to determine the relationship be-
tween passive stiffness of the plantar flexors and running per-
formance in endurance runners. Forty-eight well-trained male 
endurance runners and 24 untrained male control subjects 
participated in this study. Plantar flexor stiffness during passive 
dorsiflexion was calculated from the slope of the linear portion 
of the torque-angle curve. Of the endurance runners included 
in the present study, running economy in 28 endurance runners 
was evaluated by measuring energy cost during three 4-min 
trials (14, 16, and 18 km/h) of submaximal treadmill running. 
Passive stiffness of the plantar flexors was significantly higher 
in endurance runners than in untrained subjects. Moreover, 
passive plantar flexor stiffness in endurance runners was sig-
nificantly correlated with a personal best 5000-m race time. 
Furthermore, passive plantar flexor stiffness in endurance run-
ners was significantly correlated with energy cost during sub-
maximal running at 16 km/h and 18 km/h, and a trend towards 
such significance was observed at 14 km/h. The present find-
ings suggest that stiffer plantar flexors may help achieve better 
running performance, with greater running economy, in endur-
ance runners. Therefore, in the clinical setting, passive stiffness 
of the plantar flexors may be a potential parameter for assess-
ing running performance.
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ly, previous studies demonstrated that passive plantar flexor stiff-
ness is correlated with muscle stiffness measured using shear wave 
elastography [6, 13]. These previous findings indicate that passive 
stiffness is better associated with the properties of muscle tissue 
than tendon tissue, and it is therefore suggested that passive stiff-
ness may be useful for evaluating muscular flexibility.

Several previous studies examined the association between 
plantar flexor tendon stiffness and running performance [1, 8, 18, 
21]. Arampatzis et al. [1] determined that greater plantar flexor 
tendon stiffness measured using ultrasonography is related to 
greater running economy. Moreover, Fletcher et al. [8] reported 
that, although stiffer plantar flexor tendon stiffness in women was 
correlated with greater running economy, no such significant cor-
relation was observed in men, suggesting that plantar flexor ten-
don stiffness is insufficient for determining running economy. Fur-
thermore, Kubo et al. [18, 21] reported that lower plantar flexor 
tendon stiffness was correlated with a faster personal best 5000-m 
race time, but running economy was not measured in this study. 
Thus, the relationship between plantar flexor tendon stiffness and 
running performance is unclear based on the findings in the previ-
ous studies [1, 7, 18, 21].

The previous method for the evaluation of tendon stiffness involv-
ing ultrasonography is often technically difficult, and this might be 
related to discrepancies among previous findings [1, 7, 18, 21]. In 
contrast, the evaluation of simple passive stiffness is relatively easy, 
suggesting that this method can be widely applied in the clinical set-
ting. If passive stiffness is related to running performance, its meas-
urement may be useful for assessing running performance and eval-
uating the effects of training and/or rehabilitation. In a previous 
study, Spurrs et al. [26] reported that improved running economy 
by 6 weeks of plyometric training corresponded with enhanced pas-
sive stiffness in plantar flexors. Thus, their findings propose that pas-
sive plantar flexor stiffness may be related to running performance, 
including running economy; however, this direct relationship re-
mains unknown. To determine the clinical efficacy of passive stiffness 
measurement of the plantar flexors, therefore, we first compared 
the passive plantar flexor stiffness between endurance runners and 
untrained subjects to gain a better understanding of the character-
istics of passive plantar flexor stiffness in endurance runners. There-
after, we compared the passive plantar flexor stiffness between the 
groups of faster and slower endurance runners based on their per-
sonal best 5000-m race time, and subsequently examined the rela-
tionship between passive plantar flexor stiffness and running perfor-
mance, including running economy, in endurance runners.

Methods

Participants
Forty-eight well-trained male endurance runners (age: 20 ± 1 years, 
height: 171 ± 6 cm, weight: 56 ± 5 kg) participated in this study. 
These endurance runners were involved in regular training and 
competition. Their best personal times in a 5000-m race ranged 
from 858 to 967 s (mean 906 ± 27 s). On the basis of a preliminary 
study, 24 untrained subjects (age, 21 ± 2 years; height, 171 ± 4 cm; 
weight, 57 ± 4 kg) matched to the endurance runners for body 
height and weight were selected as a control group. The untrained 

control subjects were recreationally active but did not participate 
in any physical training program. Following comparison of passive 
plantar flexor stiffness between endurance runners and untrained 
subjects, the endurance runners were further divided into faster 
and slower groups (n = 24 in each group) based on their personal 
best 5000-m race time in order to examine the effect of passive 
plantar flexor stiffness on running performance. The subjects were 
informed of the experimental procedures and provided written 
consent to participate in the study. All procedures were approved 
by the Ethics Committee of Ritsumeikan University (BKC-
IRB-2014-02) and met the ethical standards of the International 
Journal of Sports Medicine [12].

Passive	stiffness
Passive stiffness of the plantar flexors in the subjects was measured 
using a BIODEX dynamometer system (BIODEX system 3; BIODEX 
Medical, Shirley, NY, USA). The subjects were instructed to refrain 
from performing stretching exercises for at least 2 h before meas-
urement. The subjects were placed in the sitting position with full 
extension at the knee joint on a dynamometer, and the hip was se-
curely fixed by seat belts. The subject’s foot was tightly strapped 
to a footplate connected to the lever arm of a dynamometer. Dur-
ing the measurement, subjects were requested to maintain relax-
ation and not provide any voluntary resistance. To measure the pas-
sive stiffness, the baseline ankle joint was set at 20 ° dorsiflexion. 
Thereafter, passive dorsiflexion of the ankle joint was performed 
from 20 ° plantar flexion of the ankle joint with a slow constant ve-
locity of 2 °/s. During dorsiflexion, torque was continuously sam-
pled at 100 Hz and was used to calculate passive stiffness. Passive 
plantar flexor stiffness was calculated from the linear slope of the 
torque-angle curve between 10 ° and 20 ° dorsiflexion of the ankle 
joint. In a preliminary study, we measured passive stiffness of the 
plantar flexors on two separate days in 18 healthy men (age: 22 ± 1 
years, height: 174 ± 5 cm, weight: 65 ± 8 kg). The coefficient of var-
iation of two separate days was 8.0 ± 7.3 %. The intraclass correla-
tion coefficient of two separate days was 0.962.

Running	economy
Of the endurance runners included in the present study, 28 endur-
ance runners were able to participate on the testing day and under-
went measurement of running economy. Running economy was 
evaluated by calculating energy cost during three 4-min trials at sub-
maximal running speeds of 14, 16, and 18 km/h on a treadmill (Val-
iant ultra; Lode BV, Groningen, The Netherlands) in endurance run-
ners. A 4-min active rest at 6 km/h was incorporated between each 
4-min running trial. The breath-by-breath VO2 data were collected 
every 10 s throughout the treadmill testing using a gas analyzer (AE-
310 S; Minato Medical Science, Osaka, Japan). The mean VO2 value 
during the last 60 s of each 4-min running trial was converted to en-
ergy cost by using an energy equivalent of 20.1 J/ml of oxygen and 
dividing by submaximal speed (m/s) and body mass (kg) [4].

Statistical	analysis
All data are expressed as mean ± SD. Groups were compared using 
an unpaired t-test. The relationship between passive stiffness of 
the plantar flexors and running performance (i. e., the best person-
al 5000-m race time and energy cost during submaximal treadmill 
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running) in endurance runners was assessed using a Pearson’s prod-
uct moment correlation. The statistical significance level was  
defined at P < 0.05. All statistical analyses were conducted using 
IBM SPSS software (version 19.0; International Business Machines 
Corp, NY, USA).

Results
No significant difference was observed in body height and body 
weight between endurance runners and untrained subjects. In con-
trast, passive plantar flexor stiffness was significantly higher in en-
durance runners than in untrained subjects (P = 0.001; ▶Fig. 1).

After dividing the endurance runners into faster and slower 
groups, passive plantar flexor stiffness was significantly higher in 
the faster group than in the slower group (P < 0.01; ▶Fig. 2).More-
over, passive plantar flexor stiffness in endurance runners was sig-

nificantly correlated with the personal best 5000-m race time 
(r = –0.401, P < 0.01; ▶Fig. 3).

In the 28 endurance runners who participated in the measure-
ment of running economy, the personal best 5000-m race time was 
significantly correlated with energy cost during submaximal run-
ning at all three speeds (r = 0.720 for 14 km, r = 0.614 for 16 km, 
r = 0.519 for 18 km, P < 0.01 for all). Passive plantar flexor stiffness 
was significantly correlated with energy cost during submaximal 
running at 16 km/h and 18 km/h (r =  − 0.379 and  − 0.445, respec-
tively, P < 0.05 for both), and a trend towards such significance was 
observed at 14 km/h (r =  − 0.337, P = 0.079; ▶Fig. 4).

Discussion
The major finding in the present study was that greater passive stiff-
ness of the plantar flexors was related to better running perfor-
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mance, including greater running economy, in endurance runners. 
Several previous studies reported that lower flexibility of the plan-
tar flexors, as evaluated by the ROM, was related to greater sub-
maximal running economy [7, 15]. Thus, the present study further 
confirmed the importance of the flexibility of the plantar flexors in 
running performance by showing the relationship between passive 
plantar flexor stiffness and running performance in well-trained en-
durance runners.

Hunter et al. [15] previously reported that the ROM of dorsiflex-
ion was correlated with running economy in recreational endur-
ance runners. Moreover, Crait et al. [7] showed a significant rela-
tionship between the ROM of dorsiflexion and running economy in 
well-trained endurance runners. In these previous studies, the flex-

ibility of the plantar flexors was examined by determining the  
ROM; however, this parameter is generally considered as joint  
flexibility [2]. In contrast, in the present study, the flexibility of the 
plantar flexors was examined by determining passive stiffness, and 
this parameter has been previously employed for assessing MTC 
flexibility [6, 9, 10, 13, 17]. During running, muscle tissue in the 
plantar flexor MTC generates the large amount of force for isomet-
rically supporting and concentrically pushing throughout the con-
tact phase [11, 24]. Additionally, tendon tissue in the plantar flexor 
MTC stores and releases the elastic energy during this phase [3]. 
Thus, the plantar flexor MTC helps achieve superior running per-
formance, including running economy. The relationship between 
the flexibility of the plantar flexor MTC and running economy in en-
durance runners was previously unclear. Therefore, the present 
study is the first to suggest that the flexibility of the plantar flexor 
MTC may be an important determinant of running performance in 
endurance runners.

In the present study, the correlation coefficient between passive 
plantar flexor stiffness and energy cost of submaximal running 
speed was relatively higher at 18 km than at 14 km/h or 16 km/h, 
suggesting that a stiffer MTC of the plantar flexors may play a more 
important role in improving running economy at faster speeds than 
at slower speeds. Because of the increased running velocity, a re-
duced contact time is required [5, 27]. The reduced contact time 
is associated with enhancement of vertical ground reaction force 
during the stance phase [27], which is partially due to increased 
plantar flexor force [22, 24]. A stiffer plantar flexor MTC may be use-
ful to generate a larger force with a smaller angular change at the 
ankle joint during stance phase. Therefore, this property is benefi-
cial for reducing contact times and improving running economy 
when running at a high speed.

In the present study, we determined that passive stiffness of the 
plantar flexors was significantly higher in endurance runners than 
in untrained subjects. Hobara et al. [14] previously reported that 
ankle joint stiffness during hopping exercise was significantly high-
er in endurance runners than in untrained subjects. Ankle joint stiff-
ness during such a jump exercise has been shown to be related to 
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the properties of muscle tissue rather than tendon tissue [20]. 
Moreover, Kubo et al. [19] recently reported that passive plantar 
flexor muscle stiffness, but not tendon stiffness, is higher in endur-
ance runners than in untrained subjects. Furthermore, passive plan-
tar flexor stiffness measured in the present study may reflect the 
properties of muscle tissue rather than tendon tissue [6, 13, 17]. 
Therefore, in the present study, the difference in passive plantar 
flexor stiffness between endurance runners and untrained subjects 
may be explained by the muscle tissue that was stiffer in endurance 
runners than in untrained subjects. The present study also showed 
that passive stiffness of the plantar flexors was significantly higher 
in the faster group than in the slower group among endurance run-
ners, indicating that muscle tissue is stiffer in faster runners than 
in slower runners. Thus, the present findings suggest that stiff plan-
tar flexor muscles may be necessary to achieve better running per-
formance in endurance runners.

As a limitation of the present study, although we determined 
the relationship between passive stiffness of the plantar flexors and 
running performance in endurance runners, there were relatively 
low correlations between passive plantar flexor stiffness and run-
ning performance, including the personal best 5000-m race time 
and running economy, in endurance runners. Running performance 
is determined by various factors, including biological, physiologi-
cal, morphological, and biomechanical factors [25]. Thus, a higher 
stiffness of the plantar flexor MTC is only one of the factors that de-
termine running performance in endurance runners. In addition, 
we could not clarify the contribution of muscle and tendon tissues 
to passive stiffness of the plantar flexor MTC. Nevertheless, based 
on the aforementioned discussion, we believe that the stiffness of 
muscle tissue may play a more important role than that of tendon 
tissue in endurance runners. Another limitation is that the present 
study did not perform kinetic and kinematic analyses during run-
ning. This information may further clarify the importance of high-
er stiffness of the plantar flexor MTC in running performance among 
endurance runners. Therefore, further studies are needed to de-
termine the relationship between passive plantar flexor stiffness and 
kinetic and kinematic variables during running, such as ankle joint 
moment and stride frequency and length, in endurance runners.

Conclusion
The present study showed that passive stiffness of the plantar flex-
ors was associated with running performance, including running 
economy, in endurance runners. Thus, we suggest that stiffer plan-
tar flexors, especially muscle tissue, may help achieve better run-
ning performance in endurance runners. Furthermore, we propose 
that, in clinical settings, simple passive stiffness of the plantar flex-
ors may be a potential parameter for assessing running perfor-
mance and evaluating the effects of training and/or rehabilitation.
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