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Abstract: Purpose: Although the Achilles tendon (AT) is the largest and strongest tendon, it remains
one of the most vulnerable tendons among elite and recreational runners. The present study aims to
explore the effects of 12-week gait retraining (GR) on the plantar flexion torque of the ankle and the
morphological and mechanical properties of the AT. Methods: Thirty-four healthy male recreational
runners (habitual rearfoot strikers) who never tried to run in minimal shoes were recruited, and the
intervention was completed (20 in the GR group vs. 14 in the control (CON) group). The participants
in the GR group were asked to run in minimal shoes (INOV-8 BARE-XF 210) provided by the
investigators with forefoot strike patterns during the progressive 12-week GR. Meanwhile, the
participants in the CON group were instructed to run in their own running shoes, which they were
familiar with, with original foot strike patterns and intensities. The morphological properties of the
AT, namely, length and cross-sectional area (CSA), were obtained by using an ultrasound device.
A dynamometer was utilized simultaneously to measure and calculate the plantar flexion torque of
the ankle, the rate of torque development, the peak force of the AT, and the stress and strain of the AT.
Results: After 12-week GR, the following results were obtained: (1) A significant time effect in the
peak ankle plantarflexion torque was observed (p = 0.005), showing a 27.5% increase in the GR group;
(2) A significant group effect in the CSA was observed (p = 0.027), specifically, the increase in CSA
was significantly larger in the GR group than the CON group; (3) A significant time effect in the peak
AT force was observed (p = 0.005), showing a 27.5% increase in the GR group. Conclusion: The effect
of 12 weeks of GR is an increase in AT CSA, plantar flexor muscle strength of the ankle, and peak AT
force during a maximal voluntary isometric contraction test. These changes in AT morphology and
function could be positive for tendon health and could prevent future AT injury.
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1. Introduction

Given increased attention on public health, daily life demands for exercise, and the health of
individuals, it has been reported that there were up to 45 million recreational runners in the United
States alone [1]. Furthermore, the population that is participating in running races has exhibited
an increase of 57.8% (from 5 million to 7.9 million participants) around the world [2]. Running has
many potential benefits, such as reducing the risk of cardiovascular diseases and promoting physical
and mental health [3]. However, studies have shown that up to 79% of long-distance runners are

Life 2020, 10, 159; doi:10.3390/life10090159 www.mdpi.com/journal/life

http://www.mdpi.com/journal/life
http://www.mdpi.com
https://orcid.org/0000-0002-7552-0452
http://www.mdpi.com/2075-1729/10/9/159?type=check_update&version=1
http://dx.doi.org/10.3390/life10090159
http://www.mdpi.com/journal/life


Life 2020, 10, 159 2 of 11

injured in a given year [4]; among injuries, Achilles tendinopathy is one of the main running-related
musculoskeletal injuries with a high incidence (9.1%–10.9%) [5].

The Achilles tendon (AT) is the largest tendon in the human body [6]. On the one hand, as
the largest elastic structure at the foot-shoe interface, the AT can transfer the force generated by the
contraction of the triceps surae to the foot; it can also store and release energy during walking and
running [7]. On the other hand, repetitive high and nonhomologous loads [8], insufficient recovery
time after overloading [9], and poor ankle muscle strength and flexibility have been reported to be
the risk factors of AT injuries [9]. The AT is sensitive to the mechanical environment, and either
excessive or insufficient loading is detrimental [8], although stimulating the AT in the optimal range
or within the “sweet spot” can promote the anabolic metabolism of collagen fibers to avoid the AT
degeneration or chronic injury [10]. Therefore, developing a feasible training program may help
improve the mechanical properties of the AT by enhancing the load-bearing capacity, and therefore
promote running performance and prevent AT injuries.

Foot strike patterns and gait retraining (GR) have attracted biomechanists, sports medicine
physicians, and physical therapists around the world. Running with a forefoot strike pattern (FFS)
can reduce the impact force and improve running economy [4,11–13]. Meanwhile, loading on the
AT likely increases because an increased plantar flexor force is required when individuals run with a
FFS [14,15]. The increased repetitive loads could be essential for the AT adaptation and homeostasis
among runners [3]. Ahn et al. [16] reported that habitual FFS runners activate their plantar flexor
muscles 11% earlier and 10% longer than that of habitual rearfoot strike (RFS) runners. Our preliminary
study also showed that the peak force of the AT during the stance phase significantly increases after the
12-week GR [9]. Thus, we further speculated that progressive GR could positively affect the mechanical
properties of the AT.

Therefore, this study aims to explore the changes in the plantar flexion torque of the ankle, the rate
of torque development, and the morphological characteristics and mechanical properties of the AT after
12-week GR. We hypothesized that plantar flexion torque, rate of torque development, cross-sectional
area (CSA), and peak force of the AT, stress, and strain would significantly increase in the GR group
after a 12-week GR intervention as compared with those in a control (CON) group.

2. Methods

2.1. Participants

Forty-two participants (age 23.7 ± 2.7 years, height 178.3 ± 2.5 cm, body mass 70.1 ± 4.6 kg) were
recruited and randomly divided into GR and CON groups. G*Power (Version 3.1.9.6, Kiel University,
Kiel, Germany) was used to calculate the sample size at a power of 0.80, an effect size of 0.25 (medium
effect of ANOVA), and a significance level of 0.05 [17]. The required minimal sample size of the prior
estimation of two-way repeated ANOVA was 34. The inclusion criteria of the participants were as
follows: (1) male recreational runners with habitual RFS who never tried to run in minimalist shoes
with FFS, (2) no musculoskeletal injuries of the lower extremity and no neuromuscular diseases in the
last 3 months, and (3) a weekly running distance of over 15 km. All the participants provided written
informed consent approved by the ethics committee of the University (no. 2017007).

Overall, 34 out of the 42 participants completed the 12-week GR intervention (Table 1). Specifically, one
participant who ran with an FFS technique before the training was excluded. During the intervention, one
participant quit because they were accidentally injured, i.e., acute ankle sprain. Four runners who were
absent from the training for more than one week were also excluded. The reason for their absence was that
they were out of contact or had other obligations. Two other participants were excluded because of the
mismatch between the training dairy and the cloud data from the app (training duration, frequency, foot
strike pattern, etc.) In addition, no participants reported pain in the AT during training.
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Table 1. Basic information of the participants.

Group Sample Size (n) Age (years) Height (cm) Weight (kg)

GR 20 31.3 ± 3.5 175.7 ± 2.6 70.9 ± 3.8
CON 14 26.6 ± 5.8 175.6± 2.3 72.7 ± 4.3

Note: GR, gait retraining and CON, control.

2.2. Instrumentations

An M7 Super ultrasonography system (Mindray, ShenZhen, China) with a linear array probe
was used to measure the CSA, length at rest, and elongation of the AT. A dynamometer (Con-Trex Mj,
Schnaittach, Germany) was utilized to determine the continuous plantar flexion torque during maximal
voluntary isometric contraction (MVIC). During the training sessions, INOV-8 BARE-XF 210 minimalist
shoes (average mass of 227 g, 3 mm total sole thickness, no midsole, and zero heel-to-toe drop, Figure 1)
were worn by the participants in the GR group. The inserted Podoon© pressure-sensitive intelligent
shoe pads (thickness of 3 mm) that were connected to an app were utilized to monitor the foot strike
pattern of the participants. RFS was defined as when the sensor at the heel was triggered two frames
early than the sensors at the metatarsophalangeal joint according to the instruction of Podoon©
pressure-sensitive intelligent shoe pads. Meanwhile, this shoe pad was also used to replace the original
insole of the minimal shoes (same thickness). Furthermore, no participant reported uncomfortable
feelings after wearing minimal shoes with changed insoles.
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Figure 1. INOV-8 BARE-XF 210 minimalist shoes.

2.3. Procedures

During warm-up, the participant wore uniform running shoes (NIKE AIR ZOOM PEGASUS 34)
and jogged on the treadmill with a self-selected foot strike pattern at 12 km/h, for 5 min. Meantime,
the intelligent shoe pads were used to determine the foot strike pattern. After that, the participants
were instructed to prostrate on a treatment table with their ankles in a neutral position (the shank
perpendicular to the foot) [9]. The AT length and the CSA at 10 cm above the calcaneus were determined
by a single investigator, who was also the same investigator (Figure 2A). Next, the participants were
asked to sit on the dynamometer with their ankle in the neutral position, knee fully extended, thigh
fixed, and hip against the back of the seat. They were instructed to perform a MVIC. Each test was
conducted for 5 s and repeated thrice [9]. During the MVIC, the plantar flexion torque was determined
simultaneously with the image of the AT elongation (the distance between the Achilles-soleus
myotendinous junction at rest and the same junction at the MVIC, Figure 2B,C). Then, the participants
were randomly divided into the GR and CON groups and trained depending on the protocol. After the
completion of a 12-week training intervention, the above tests were executed again.
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Figure 2. (A) Ultrasound image of the cross-sectional area; (B) Achilles-soleus myotendinous junction
at rest; (C) Achilles-soleus myotendinous junction at 100% maximum voluntary isometric contraction.
∆L, the change in the length of the proximal Achilles tendon during the maximum plantar flexion
isometric contraction.

2.4. GR Intervention

For the GR group, the participants were asked to wear minimalist shoes and ran outdoor with
the FFS at a moderate self-selected speed during training. The FFS referred to the initial metatarsal
ball of the forefoot contact followed by the contact of the rest of the foot [15]; in this running style,
the feet were placed below the hip during ground contact [18]. The training intervention lasted for
12 weeks, and the training sessions were executed three times per week. The training duration of each
training session was increased progressively. Specifically, the training duration of the initial week was
5 min per time. The training duration increased gradually from 5 min per time in 1st week to 48 min
per time in the 1st week. Subsequently, it increased by 2 min per time a week from the 8th week to
the 12th week, for each training session [19]. The total weekly running distance was consistent with
that of the previous training, and the training program only replaced a part of the total amount of
running distance. They had to complete the remaining running distance outside of training with their
own habitual shoes in old style. During the GR intervention, foot and ankle exercises (i.e., heel raises,
short foot exercise, and towel curl exercise) were encouraged to be conducted before each GR session
as a warm-up exercise to prevent injuries for participants in the GR group. The detailed training plan
and supervision methods can be found in our previous studies [18,19].

For the CON group, the participants were asked to run in their own running shoes with the
original foot strike patterns and intensities. To make the running volume comparable with the GR
group, the CON group only needed to keep their original running habits (foot strike pattern) and
running volume (running intensity and frequency).

2.5. Data Analysis

The plantar flexion torque of the ankle and the peak plantar flexion torque (Tmax) were directly
collected from the dynamometer, and then normalized to body weight (dividing by the body weight) [9].
The peak rate of the plantar flexion torque development (RTDmax, Figure 3) was obtained by calculating
the maximal slope of the plantar flexion torque-time curve, namely, the peak first derivative of the
plantar flexion torque [20].
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Figure 3. Peak plantar flexion torque-time curve and torque development rate. RTDmax, the peak
rate of toque development; T, the plantar flexion torque; Tmax, the peak plantar flexion torque; ∆T,
the change in the peak plantar flexion; and ∆t, the time interval.

The CSA image of the AT was calculated via the Image J software (Version 1.53, NIH, Bethesda,
MD, USA) (Figure 2A) [21]. The AT length at rest (LAT) was determined in terms of the distance
between the AT insertion and the Achilles-soleus myotendinous junction [9]. The elongation of AT
(∆L) was the change in the length of the Achilles-soleus myotendinous junction from at rest to MVIC,
which was measured in Image J (Figure 2B,C).

The maximum value was regarded as the peak force of the AT. The peak plantar flexion torque
was divided by the AT torque arm to calculate the force of the AT as:

FAT = Tmax/TAAT,

where FAT is the force of the AT which was normalized to body weight, and TAAT is the AT torque arm
(0.05 m), a default value described by Komi et al. [21,22].

The AT stress was calculated by dividing the peak force of AT by the AT CSA [9] as:

AT stress (σ) = FAT/CSA.

The AT strain was calculated by dividing the elongation of AT by the AT length at rest [23] as follows:

AT strain (ε) = ∆L/LAT.

2.6. Statistics

Shapiro–Wilk tests were used to examine the normality of the variables. If normal distribution was
not observed, a Scheirer–Ray–Hare test was performed. Otherwise, a two-way (time × group) repeated
measure ANOVA was executed in SPSS (IBM, version 21.0, Armonk, NY, USA) to analyze the effect of
12-week GR on the Tmax, RTDmax, AT CSA, LAT, ∆L, peak force of the AT, stress, and strain. When an
interaction between time and group was observed, a simple effect was applied as post hoc analysis.
All results were presented as mean ± standard deviation. The significance level was set at 0.05.

3. Results

3.1. Ankle Torque during MVIC

After the 12-week GR, no significant interaction effect between time and group was observed for
Tmax and RTDmax during the MVIC. However, there was a significant time effect for Tmax (p = 0.005),
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showing a 27.5% increase in the GR group and a 10.4% increase in the CON group, after the 12-week
intervention (Figure 4). There was no significant main effect of group or time was for RTDmax (Table 2).
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Figure 4. Effects of the 12-week gait retraining on the peak plantar flexion torque (Tmax) and the rate of
plantar flexion torque development (RTDmax). * indicates a significant difference before and after the
training (p < 0.05). GR, gait retraining and CON, control.

3.2. AT Morphology

After the 12-week GR, no significant interaction effect between time and group was observed
for all parameters, including CSA, LAT, and ∆L. However, a significant group effect in the CSA was
observed (p = 0.027). Specifically, the CSA was significantly larger in the GR group than in the CON
group (Figure 5), showing a 6.3% increase after the GR. There was no significant main effect of group
or time detected in LAT and ∆L (Table 2).
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after the training (p < 0.05) and # indicates a significant difference between the two groups (p < 0.05).
GR, gait retraining; CON, control; and BW, body weight.
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Table 2. Effects of 12-week gait retraining (GR) on the plantar flexion torque, Achilles tendon (AT) morphology, and AT mechanical properties.

Parameters
GR Group

Percent Change
CON Group

Percent Change
p Value

Pre-Training Post-Training Pre-Training Post-Training Main Effect for Time Main Effect for Group Interaction Effect

Tmax (Nm/kg) 1.6 ± 0.5 1.9 ± 0.7 * 27.5% 1.7 ± 0.4 1.9 ± 0.4 * 10.4% 0.005 0.843 0.356
RTDmax (Nm/s) 273.5 ± 79.7 309.4 ± 127.0 17.3% 241.0 ± 82.8 267.0 ± 79.1 17.5% 0.074 0.212 0.792

CSA (mm2) 61.9 ± 9.5 # 65.2 ± 9.4 # 6.3% 56.8 ± 7.1 57.3 ± 7.5 1.0% 0.081 0.027 0.216
LAT (mm) 77.4 ± 18.1 76.8 ± 18.3 −0.6% 76.9 ± 12.5 77.8 ± 12.2 0.9% 0.776 0.963 0.240
∆L (mm) 15.9 ± 6.5 18.9 ± 5.2 36.9% 16.4 ± 4.9 16.5 ± 4.7 8.1% 0.166 0.529 0.199

Peak FAT (BW) 3.3 ± 1.1 3.9 ± 1.3 * 27.5% 3.5 ± 0.8 3.8 ± 0.8 * 10.4% 0.005 0.843 0.356
AT stress (MPa) 38.6 ± 13.8 43.0 ± 13.5 20.4% 42.2 ± 11.2 43.9 ± 11.5 5.5% 0.069 0.493 0.191

AT strain (%) 21.9 ± 11.6 25.7 ± 8.7 37.5% 21.9 ± 7.7 21.8 ± 7.0 7.1% 0.234 0.493 0.191

Note: * indicates a significant difference between before and after the training (p < 0.05) and # indicates a significant difference between the two groups (p < 0.05). Tmax is the peak plantar
flexion torque, RTDmax is the peak rate of plantar flexion torque development, CSA is the cross-sectional area of AT, LAT is the length of AT at rest, ∆L is the elongation of AT, and FAT is the
force of AT.
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3.3. AT Mechanical Properties

There were no significant interaction effects observed between time and group in force of the AT,
stress, and strain after the 12-week GR. However, a significant time effect in the peak force of the AT
was observed (p = 0.005) (Figure 6), showing a 27.5% increase in the GR group and a 10.4% increase in
the CON group (Figure 5). There were no significant main effects for group or time observed in AT
stress and strain (Table 2).Life 2020, 10, x FOR PEER REVIEW 7 of 12 
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4. Discussion

The present study aims to explore the effects of 12-week GR on the plantar flexion torque of the
ankle and the morphological and mechanical properties of the AT. After 12-week GR, the force of the
AT and plantar flexion torque during an MVIC test increased significantly. In addition, the increase in
AT CSA in the GR group was larger than that in the CON. This study adds evidence to the idea that
changing gait from an RFS to an FFS can strengthen the AT. The implications for injury prevention
must be studied.

After the 12-week GR, the plantar flexion torque of the ankle and the peak force of the AT significantly
increased for the MVIC test. Specifically, a 27.5% increase was observed in the GR group, whereas a 10.4%
increase was found in the CON group. These results were similar to previous findings. For example,
Lieb et al. [24,25] reported that the plantar flexion torque and force of the AT during MVICs in habitual FFS
runners were significantly higher than those in habitual RFS runners. Meanwhile, Perl et al. [26] found that
the plantar flexor force significantly increased during running after a 6-month GR. Similarly, Joseph et al. [14]
observed a significant increase in AT force during the MVIC test and CSA after their participants ran in
minimalist shoes with an FFS pattern and an increased stride frequency. These findings can be explained by
the fact that a greater plantar flexion torque is required by the triceps surae muscles to prevent the collapse
of the lower extremities during running with FFS [4]. Although FAT was calculated from Tmax via a constant
factor of TAAT for all participants, the meaning of the Tmax and FAT was different. Tmax reflects the strength
of the plantar flexor, while FAT represent the magnitude of the mechanical stimulus loaded on the AT. It has
been reported that within a reasonable range, a high load can positively affect the mechanical properties of
the AT for adaptation [27]. Consequently, the adaptation was accelerated. Furthermore, weak triceps surae
muscle strength is one of the risk factors of AT injuries [28–30]. The increased plantar flexion torque found
in this study indicates increased plantar flexor strength and could decrease the risk of future AT injury.
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As one of the indicators for evaluating explosiveness, the rate of torque development is highly
and positively related to the performance of running and jumping [31]. Our finding showed that
the rate of torque development increased after the training (p = 0.074). The triceps surae muscles
experienced a high amount of force while FFS was being used [4], potentially increasing the rate of
torque development. For long-distance runners, the increased rate of torque development is conducive
to the explosiveness of the plantar flexor in the toe-off phase while running. Meanwhile, the AT is
the key structure that transmits the strength of the triceps surae. It has been suggested that the AT is
able to more efficiently deliver the greater force supplied from stronger triceps surae [32]. Therefore,
with the increased plantar flexion torque and rate of torque development, we conjecture the AT could
more efficiently transmit muscle strength to push off after the 12-week GR.

The AT CSA of runners is larger that of nonrunners [33]. This may be attributed to adaptive
hypertrophy, caused by increased collagen turnover induced by running [34]. In our study, the increase
in AT CSA in the GR group was larger than that in the CON group. It must be noted that the AT CSA
was already larger in the GR group before the 12-week training program started. This finding was
similar to the results of Histen et al. [21], who reported that the AT CSA was significantly greater in
runners who previously wore minimalist shoes (self-reported either FFS or a midfoot strike pattern)
than runners who previously wore traditional running shoes (self-reported RFS). These findings could
indicate that such repetitive increased loads on runners with FFS cause adaptive hypertrophy of the
AT [35]. In the present study, there was an increased trend in CSA, although it was not mainly affected
by time (p = 0.081), that is, a 6.3% increase in the CSA was found in the GR group, and only a 1% increase
was detected in the CON group. This result indicated that the CSA increased, but this increase was not
significant after the 12-week GR. The nonsignificant change could be attributed to training intensities.
In other words, with longer time and greater training intensities greater changes in CSA can be
achieved [9]. This inference was confirmed by a series of studies conducted by Arampatzis et al. [27,34]
who focused on the effects of isometric contraction training on the AT.

As an indicator of forces exerted on a unit area, AT stress did not change significantly after the
12-week GR; this finding was consistent with previous results [14]. The changes were not significant
mainly because the peak force of the AT increased significantly, whereas the CSA increased but
insignificantly. On the one hand, this finding indicated that a significant force on the AT could be
loaded with an increased CSA after the 12-week GR and under a given stress condition, that is,
the load-bearing capacity of the AT was enhanced. Similarly, no significant change was observed in the
AT strain. Since the AT stores or releases energy by lengthening or shortening to transmit the force [36],
the significant increase in the force of the AT and the nonsignificant changes in the strain indicates that
the AT could store more force without increasing the strain. On the other hand, previous studies have
demonstrated that excessive stress and strain are important risk factors of AT injury [25], which could
cause the degradation of the AT and the microrupture of the AT collagen fibers [37]. In the present
study, no significant changes were observed in AT stress and strain. This result suggests that the
12-week GR that we used did not lead to excessive stress and strain, as no AT injuries were encountered.

This study had several limitations. First, the GR group and the CON group were not the same at
the start of the study for the outcome CSA measurement. In future studies, this must be controlled.
Second, in this study, all participants had the same GR program. In future studies, which training
program promotes AT CSA and the mechanical properties of the AT most should be determined, as well
as which training program is too strenuous and causes injuries through the use of various training
interventions. Third, the participants in the present study were all males; as such, whether females
would show the same effects after a 12-week GR remains unclear. Lastly, the long-term retention effects
caused by retraining changes were not evaluated in this study.

5. Conclusions

In this study, a 12-week GR program led to a 27.5% increase in plantar flexion torque of the
ankle and the force of the AT during an MVIC test. The control group showed a 10.4% increase.
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In addition, the increase in CSA of the AT was larger in the intervention group than in the control
group. These results indicate that GR influences the force of the AT and CSA in a positive manner.
The implications for tendon health and AT injury prevention must now be studied.

Author Contributions: L.D. and X.Z., contributed equally. Conceptualization, W.F.; methodology, X.Z., Y.Y.,
and L.D.; formal analysis, X.Z. and L.D.; investigation, X.Z., and Y.Y.; resources, W.F.; data curation, X.Z. and
L.D.; writing—original draft preparation, L.D.; writing—review and editing, L.D., X.Z., S.X., and L.L.; project
administration, W.F.; funding acquisition, W.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (11772201); the
National Key Technology Research and Development Program of the Ministry of Science and Technology of
China (2019YFF0302100); the Talent Development Fund of Shanghai Municipal (2018107); the “Dawn” Program of
Shanghai Education Commission (19SG47), China; and the Scientific Research Program of Shanghai Administration
of Sports (20Q004).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses or interpretation of data; in the writing of the manuscript or in the decision to
publish the results.

References

1. Mucha, M.D.; Caldwell, W.; Schlueter, E.L.; Walters, C.; Hassen, A. Hip abductor strength and lower
extremity running related injury in distance runners: A systematic review. J. Sci. Med. Sport 2017, 20, 349–355.
[CrossRef]

2. The State of Running 2019. Available online: https://runrepeat.com/state-of-running (accessed on 15 June 2020).
3. Fries, J.F.; Singh, G.; Morfeld, D.; Hubert, H.B.; Lane, N.E.; Brown, B.W. Running and the Development of

Disability with Age. Ann. Intern. Med. 1994, 121, 502–509. [CrossRef]
4. Davis, I.S.; Rice, H.M.; Wearing, S.C. Why forefoot striking in minimal shoes might positively change the

course of running injuries. J. Sport Health Sci. 2017, 6, 154–161. [CrossRef]
5. Lopes, A.D.; Hespanhol Junior, L.C.; Yeung, S.S.; Costa, L.O. What are the main running-related

musculoskeletal injuries? A Systematic Review. Sports Med. 2012, 42, 891–905. [CrossRef]
6. Freedman, B.R.; Gordon, J.A.; Soslowsky, L.J. The Achilles tendon: Fundamental properties and mechanisms

governing healing. Muscles Ligaments Tendons J. 2014, 4, 245–255. [CrossRef]
7. Cigoja, S.; Asmussen, M.J.; Firminger, C.R.; Fletcher, J.R.; Edwards, W.B.; Nigg, B.M. The Effects of

increased midsole bending stiffness of sport shoes on muscle-tendon unit shortening and shortening velocity:
A randomised crossover trial in recreational male runners. Sports Med. Open 2020, 6, 1–11. [CrossRef]
[PubMed]

8. Pizzolato, C.; Lloyd, D.G.; Zheng, M.H.; Besier, T.F.; Shim, V.B.; Obst, S.J.; Newsham-West, R.; Saxby, D.J.;
Barrett, R.S. Finding the sweet spot via personalised Achilles tendon training: The future is within reach.
Br. J. Sports Med. 2019, 53, 11–12. [CrossRef] [PubMed]

9. Zhang, X.N.; Wang, J.Q.; Yang, Y.; Fu, W.J. Effects of barefoot running on achilles tendon mechanical
properties. China Sport Sci. 2019, 39, 63–70.

10. Pizzolato, C.; Lloyd, D.G.; Barrett, R.S.; Cook, J.L.; Zheng, M.H.; Besier, T.F.; Saxby, D.J. Bioinspired
technologies to connect musculoskeletal mechanobiology to the person for training and rehabilitation.
Front. Comput. Neurosci 2017, 11, 96. [CrossRef] [PubMed]

11. Santos-Concejero, J.; Tam, N.; Granados, C.; Irazusta, J.; Bidaurrazaga-Letona, I.; Zabala-Lili, J.; Gil, S.M.
Interaction effects of stride angle and strike pattern on running economy. Int. J. Sports Med. 2014, 35,
1118–1123. [CrossRef]

12. Futrell, E.E.; Gross, K.D.; Reisman, D.; Mullineaux, D.R.; Davis, I.S. Transition to forefoot strike reduces load
rates more effectively than altered cadence. J. Sport Health Sci. 2020, 9, 248–257. [CrossRef]

13. Latorre-Roman, P.A.; Garcia-Pinillos, F.; Soto-Hermoso, V.M.; Munoz-Jimenez, M. Effects of 12 weeks of
barefoot running on foot strike patterns, inversion-eversion and foot rotation in long-distance runners.
J. Sport Health Sci. 2019, 8, 579–584. [CrossRef]

14. Joseph, M.F.; Histen, K.; Arntsen, J.; L’Hereux, L.; Defeo, C.; Lockwood, D.; Scheer, T.; Denegar, C.R. Achilles
tendon adaptation during transition to a minimalist running style. J. Sport Rehabil. 2017, 26, 165–170.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jsams.2016.09.002
https://runrepeat.com/state-of-running
http://dx.doi.org/10.7326/0003-4819-121-7-199410010-00005
http://dx.doi.org/10.1016/j.jshs.2017.03.013
http://dx.doi.org/10.1007/BF03262301
http://dx.doi.org/10.32098/mltj.02.2014.27
http://dx.doi.org/10.1186/s40798-020-0241-9
http://www.ncbi.nlm.nih.gov/pubmed/32030489
http://dx.doi.org/10.1136/bjsports-2018-099020
http://www.ncbi.nlm.nih.gov/pubmed/30030281
http://dx.doi.org/10.3389/fncom.2017.00096
http://www.ncbi.nlm.nih.gov/pubmed/29093676
http://dx.doi.org/10.1055/s-0034-1372640
http://dx.doi.org/10.1016/j.jshs.2019.07.006
http://dx.doi.org/10.1016/j.jshs.2016.01.004
http://dx.doi.org/10.1123/jsr.2016-0007
http://www.ncbi.nlm.nih.gov/pubmed/27632879


Life 2020, 10, 159 11 of 11

15. Rice, H.; Patel, M. Manipulation of foot strike and footwear increases achilles tendon loading during running.
Am. J. Sports Med. 2017, 45, 2411–2417. [CrossRef] [PubMed]

16. Ahn, A.N.; Brayton, C.; Bhatia, T.; Martin, P. Muscle activity and kinematics of forefoot and rearfoot strike
runners. J. Sport Health Sci. 2014, 3, 102–112. [CrossRef]

17. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for
the social, behavioral, and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]

18. Wang, B.; Yang, Y.; Zhang, X.; Wang, J.; Deng, L.; Fu, W. Twelve-week gait retraining reduced patellofemoral
joint stress during running in male recreational runners. Biomed. Res. Int. 2020, 2020, 9723563. [CrossRef]
[PubMed]

19. Yang, Y.; Zhang, X.; Luo, Z.; Wang, X.; Ye, D.; Fu, W. Alterations in running biomechanics after 12 week gait
retraining with minimalist shoes. Int. J. Environ. Res. Public Health 2020, 17, 818. [CrossRef] [PubMed]

20. Stafilidis, S.; Sickinger, C. Anterior subject positioning affects the maximal exerted isometric plantar flexion
moment. PLoS ONE 2019, 14, e0219840. [CrossRef]

21. Histen, K.; Arntsen, J.; L’Hereux, L.; Heeren, J.; Wicki, B.; Saint, S.; Aerni, G.; Denegar, C.R.; Joseph, M.F.
Achilles tendon properties of minimalist and traditionally shod runners. J. Sport Rehabil. 2017, 26, 159–164.
[CrossRef]

22. Komi, P.V. Relevance of in vivo force measurements to human biomechanics. J. Biomech. 1990, 23, 23–25,
27–34. [CrossRef]

23. Joseph, M.F.; Lillie, K.R.; Bergeron, D.J.; Denegar, C.R. Measuring achilles tendon mechanical properties:
A reliable, noninvasive method. J. Strength Cond. Res. 2012, 26, 2017–2020. [CrossRef] [PubMed]

24. Liebl, D.; Willwacher, S.; Hamill, J.; Brüggemann, G.P. Ankle plantarflexion strength in rearfoot and forefoot
runners: A novel clusteranalytic approach. Hum. Mov. Sci. 2014, 35, 104–120. [CrossRef] [PubMed]

25. Lyght, M.; Nockerts, M.; Kernozek, T.W.; Ragan, R. Effects of foot strike and step frequency on achilles
tendon stress during running. J. Appl. Biomech. 2016, 32, 365–372. [CrossRef] [PubMed]

26. Perl, D.P.; Daoud, A.I.; Lieberman, D.E. Effects of footwear and strike type on running economy. Med. Sci.
Sports Exerc. 2012, 44, 1335–1343. [CrossRef] [PubMed]

27. Arampatzis, A.; Karamanidis, K.; Albracht, K. Adaptational responses of the human Achilles tendon by
modulation of the applied cyclic strain magnitude. J. Exp. Biol. 2007, 210, 2743–2753. [CrossRef] [PubMed]

28. Henriksen, M.; Aaboe, J.; Bliddal, H.; Langberg, H. Biomechanical characteristics of the eccentric Achilles
tendon exercise. J. Biomech. 2009, 42, 2702–2707. [CrossRef] [PubMed]

29. Daoud, A.I.; Geissler, G.J.; Wang, F.; Saretsky, J.; Daoud, Y.A.; Lieberman, D.E. Foot strike and injury rates in
endurance runners: A retrospective study. Med. Sci. Sports Exerc. 2012, 44, 1325–1334. [CrossRef]

30. Magnan, B.; Bondi, M.; Pierantoni, S.; Samaila, E. The pathogenesis of Achilles tendinopathy: A systematic
review. Foot Ankle Surg. 2014, 20, 154–159. [CrossRef]

31. Grindstaff, T.L.; Palimenio, M.R.; Franco, M.; Anderson, D.; Bagwell, J.J.; Katsavelis, D. Optimizing
between-session reliability for quadriceps peak torque and rate of torque development measures. J. Strength
Cond. Res. 2019, 33, 1840–1847. [CrossRef]

32. Muraoka, T.; Muramatsu, T.; Fukunaga, T.; Kanehisa, H. Elastic properties of human Achilles tendon are
correlated to muscle strength. J. Appl. Physiol. 2005, 99, 665–669. [CrossRef] [PubMed]

33. Maas, E.; Jonkers, I.; Peers, K.; Vanwanseele, B. Achilles tendon adaptation and Achilles tendinopathy in
running. OA Orthop. 2014, 2, 25.

34. Arampatzis, A.; Peper, A.; Bierbaum, S.; Albracht, K. Plasticity of human Achilles tendon mechanical and
morphological properties in response to cyclic strain. J. Biomech. 2010, 43, 3073–3079. [CrossRef] [PubMed]

35. Magnusson, S.P.; Kjaer, M. Region-specific differences in Achilles tendon cross-sectional area in runners and
non-runners. Eur. J. Appl. Physiol. 2003, 90, 549–553. [CrossRef] [PubMed]

36. Magnusson, S.P.; Narici, M.V.; Maganaris, C.N.; Kjaer, M. Human tendon behaviour and adaptation, in vivo.
J. Physiol. 2008, 586, 71–81. [CrossRef]

37. Thusen, A.H. Rearfoot Biomechanics in Achilles Tendon Function. Master’s Thesis, University of Salford,
Salford, Manchester, UK, 2015.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1177/0363546517704429
http://www.ncbi.nlm.nih.gov/pubmed/28460179
http://dx.doi.org/10.1016/j.jshs.2014.03.007
http://dx.doi.org/10.3758/BF03193146
http://www.ncbi.nlm.nih.gov/pubmed/17695343
http://dx.doi.org/10.1155/2020/9723563
http://www.ncbi.nlm.nih.gov/pubmed/32258162
http://dx.doi.org/10.3390/ijerph17030818
http://www.ncbi.nlm.nih.gov/pubmed/32012958
http://dx.doi.org/10.1371/journal.pone.0219840
http://dx.doi.org/10.1123/jsr.2016-0006
http://dx.doi.org/10.1016/0021-9290(90)90038-5
http://dx.doi.org/10.1519/JSC.0b013e31825bb47f
http://www.ncbi.nlm.nih.gov/pubmed/22561974
http://dx.doi.org/10.1016/j.humov.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24746605
http://dx.doi.org/10.1123/jab.2015-0183
http://www.ncbi.nlm.nih.gov/pubmed/26955843
http://dx.doi.org/10.1249/MSS.0b013e318247989e
http://www.ncbi.nlm.nih.gov/pubmed/22217565
http://dx.doi.org/10.1242/jeb.003814
http://www.ncbi.nlm.nih.gov/pubmed/17644689
http://dx.doi.org/10.1016/j.jbiomech.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19775693
http://dx.doi.org/10.1249/MSS.0b013e3182465115
http://dx.doi.org/10.1016/j.fas.2014.02.010
http://dx.doi.org/10.1519/JSC.0000000000002821
http://dx.doi.org/10.1152/japplphysiol.00624.2004
http://www.ncbi.nlm.nih.gov/pubmed/15790689
http://dx.doi.org/10.1016/j.jbiomech.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20863501
http://dx.doi.org/10.1007/s00421-003-0865-8
http://www.ncbi.nlm.nih.gov/pubmed/12905044
http://dx.doi.org/10.1113/jphysiol.2007.139105
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Participants 
	Instrumentations 
	Procedures 
	GR Intervention 
	Data Analysis 
	Statistics 

	Results 
	Ankle Torque during MVIC 
	AT Morphology 
	AT Mechanical Properties 

	Discussion 
	Conclusions 
	References

