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ABSTRACT

The presence of fatigue has been shown to modify running biomechanics. Overall in
terms of gender, women are at lower risk than men for sustaining running-related

injuries, although it depends on the factors taken into account. One possible reason for
these differences in the injury rate and location might be the dissimilar running patterns
between men and women. The purpose of this study was to determine the effect of
fatigue and gender on the kinematic and ground reaction forces (GRF) parameters in
recreational runners. Fifty-seven participants (28 males and 29 females) had kinematic
and GRF variables measured while running at speed of 3.3 m s™! before and after a

fatigue test protocol. The fatigue protocol included (1) a running Course-Navette test,
(2) running up and down a flight of stairs for 5 min, and (3) performance of alternating
jumps on a step (five sets of 1 minute each with 30 resting seconds between the sets).
Fatigue decreased dorsiflexion (14.24 & 4.98° in pre-fatigue and 12.65 =+ 6.21° in fatigue
condition, p < 0.05) at foot strike phase in females, and plantar flexion (—19.23 + 4.12°
in pre-fatigue and —18.26 £ 5.31° in fatigue condition, p < 0.05) at toe-off phase in
males. These changes led to a decreased loading rate (88.14 & 25.82 BW/s in pre-fatigue
and 83.97 £ 18.83 BW/s in fatigue condition, p < 0.05) and the impact peak in females
(1.95 £ 0.31 BW in pre-fatigue and 1.90 £ 0.31 BW in fatigue condition, p < 0.05),

and higher peak propulsive forces in males (—0.26 = 0.04 BW in pre-fatigue and —0.27
=+ 0.05 BW in fatigue condition, p < 0.05) in the fatigue condition. It seems that better
responses to impact under a fatigue condition are observed among women. Further

studies should confirm whether these changes represent a strategy to optimize shock
attenuation, prevent running injuries and improve running economy.

Subjects Kinesiology, Public Health, Science and Medical Education
Keywords Biomechanics, Injury risk, Running economy, Running performance

INTRODUCTION

Despite of the health benefits provided by running, overuse injuries are a matter of concern,
especially in less experienced runners. Injury rates range between 18.2 and 92.4% among
runners (Saragiotto et al., 2014). Overall, women are at lower risk than men for sustaining
running-related injuries, although it depends on the factors taken into account (Worp et
al., 2015). For instance, males have a higher prevalence for certain injuries, such as patellar
tendinopathy or adductor strain, while females suffer patellar femoral pain syndrome and
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sacroiliac injuries at a higher rate (Watson ¢ DiMartino, 1987; Taunton et al., 2002). One
possible reason for the differences in the injury rate and location might be the different
running patterns employed by men and women. Some authors have noted that females
exhibited greater peak hip internal rotation and adduction during walking and running
compared with males (Chumanov, Wall-Scheffler ¢ Heiderscheit, 2008). Besides, while
Chao et al. (1983) found higher values of impact peak force in males than in females during
walking, Keller et al. (1996) reported no gender-related differences in ground reaction force
(GRF) variables during walking and running.

The presence of fatigue has been shown to modify running biomechanics (Derrick,
Dereu & McLean, 2002). However, whether the management of fatigue is appropriate,
and the workload and rest time are optimal, fatigue could generate positive adaptations
that would be beneficial for the athlete (Fry & Kraemer, 1997; Kreher ¢» Schwartz, 2012).
The sense of effort is associated with neural or neuromuscular fatigue (Noakes, 2004) and
the changes in perceived exertion that result from multiple afferent signals may allow
exercise performance to be precisely regulated such that a task can be completed within
the biomechanical and metabolic limits of the body (Hampson et al., 2001). Some authors
have indicated that although the movement pattern is altered with muscular fatigue,
the goal of the task is preserved (Gates ¢ Dingwell, 2008). With respect to the kinematic
parameters, previous studies have shown that knee and ankle joint angles at foot strike phase
are important factors for joint stability, while joint kinematics at toe-off are important
determinants of running performance (Gazendam ¢ Hof, 2007). However, a significant
controversy exists about the fatigue effects on the biomechanics of running. While Nicol,
Komi & Marconnet (1991) did not find any changes after a marathon, Clansey et al. (2012),
Derrick, Dereu ¢ McLean (2002) and Dutto et al. (1997) noted that the knee and ankle were
more flexed in the contact phase when runners were fatigued. Flexing the knee and ankle
may shift the shock-attenuating responsibilities away from passive biological tissue toward
active muscular contraction (Edwards, Derrick ¢» Hamill, 2012). Hence, the study of lower
limb kinematics in the stance phase is of interest because of its direct relationship with
other biomechanical parameters, i.e., ground reaction forces (GRF) and impact shock.
Moreover, such a study would improve the existing knowledge about the injury risk and
the enhancement of running performance.

Other authors have revealed that vertical ground reaction force (VGRF) values reduced
with fatigue (Nicol, Komi & Marconnet, 1991; Christina, White ¢ Gilchrist, 2001; Gerlach et
al., 2005; Morin, Samozino ¢ Millet, 2011), while others have concluded higher values when
runners were fatigued (Dickinson, Cook & Leinhardt, 1985; Christina, White ¢ Gilchrist,
2001). All these scientific articles have analysed different biomechanical parameters in
males (Dickinson, Cook & Leinhardt, 1985; Morin, Samozino ¢ Millet, 2011; Clansey et al.,
2012) and females (Christina, White ¢ Gilchrist, 2001; Gerlach et al., 2005), and have usually
reported the same conclusions for both populations. Just one publication (Dutto ef al.,
1997) compared 12 males and 13 females, though these were elite rather than recreational
or competitive runners.

Therefore, the purpose of this study was to determine the effect of fatigue and gender on
kinematic and GRF parameters in recreational runners. We hypothesized that males would
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Table 1 Physical characteristics of the participants (recreational runners) for the data analysis.

Age (years) Body mass (kg) Height (m) BMI (kg/m?)
Male (n=28) 34+ 10 72.6 £6.8 1.76 £+ 0.06 2354+ 1.9
Female (n=29) 32+8 59.3 + 8.1 1.66 £ 0.04 21.6 2.4
Total (n=>57) 33+£9 65.8 £ 10.0 1.71 £ 0.07 225423

Notes.
BMI, body mass index; Ranges of BMI: Underweight = 16 to 18.5; Normal = 18.5 to 25; Overweight = 25 to 30; Obese = 30
to 35.

exhibit higher knee flexion in the foot strike phase while no significant differences would
exist in the ankle flexion angle. Moreover, it was also hypothesized that females would
modify their knee and ankle angles in a higher flexion when fatigued in all the running
phases analysed. Furthermore, it was speculated that similar values would be found in the
GRF normalized to body weight in both females and males with and without fatigue, while
the loading rate and first impact peak would be reduced in the presence of fatigue, whereas
the maximum value of the VGRF would not suffer any change at constant running speed.
Finally, with regard to the antero-posterior GRF, it was proposed that the braking force in
the foot strike phase would increase and the propulsive force would be reduced.

MATERIALS & METHODS

Participants

Fifty-seven recreational and heel strike runners (28 males and 27 females) were recruited
for this investigation. The physical characteristics of the participants in this study are
presented in Table 1. The inclusion criteria of the sample required that the participants
were 18 to 55 years old, running as main physical activity practice performed two to three
days a week with a weekly volumne of 20 to 40 km. Participants were excluded if they
had any cardiovascular disease or anatomic alterations that could influence their running
pattern. They were injury-free six months prior to testing. In addition, they refrained from
eating for at least two hours before testing and did not perform vigorous exercise in the 24 h
prior to the test. All participants gave their written informed consent prior to participation
in the study.

Procedures

Kinematic and GRF variables were measured under two conditions: before and after a
fatigue protocol. For data collection purposes, subjects ran in the laboratory on a 15 m long
runway equipped with a flush-to-the-floor mounted force plate (Dinascan/IBV, Valencia,
Spain) with a sampling frequency of 1,000 Hz. The force plate was synchronized to a 3D
motion capture analysis system (Kinescan/IBV, Valencia, Spain) with 10 cameras operating
at a sampling frequency of 250 Hz.

A successful trial was considered when the runner contacted the force platform with
the entire right foot and the running speed was 3.3 m s™! (+5%). The running speed
was monitored by two sets of photocells positioned on either side of the force plate and
connected to a chronometer. Five successful trials were recorded for each subject and
condition.
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Figure 1 Representative ground reaction forces (vertical and antero-posterior components) from the
stance phase of one running stride. Force was normalized to body weight (BW). (1) Impact peak force;
(2) active peak force; (3) loading rate; (4) peak braking force; (5) peak propulsive force. Dotted line for
vertical force and continuous line for antero-posterior force.

Full-size & DOI: 10.7717/peer;j.4489/fig-1

All participants wore the same neutral running shoes (Kelme Gravity MC, Kelme, Spain)
of appropriate size. The fatigue protocol consisted three consecutive tasks: (1) a running
Course-Navette test (Léger et al., 1988), (2) running up and down a flight of stairs for
5 min, and (3) alternative jumps on a step (five sets of 1 min each with 30 resting seconds
between the sets). Between each task, the rest time was about 1 min. The subjects were
familiarized with the fatigue protocol because they had been previously in the laboratory
for another research project that performed the same fatigue protocol. The protocol was
performed once by each subject and concluded when the participants reached 90% of their
theoretical maximal heart rate (Tanaka, Monahan ¢ Seals, 2001) and when a score of 18
was indicated by the participants on the visual Borg Scale RPE 6-20 (Borg, 1982). The scale
was presented to the runners every three minutes. The study protocol adhered to the tenets
of the Declaration of Helsinki and ethical approval was given by the local university Ethics
Committee with the number 229.

Data analysis

All data were processed and extracted using a custom program written in Matlab (MATLAB,
The Mathworks, Inc, Natick, MA, USA). From the vertical component of GRF, the impact
peak force, the loading rate and the active peak force were determined. The loading rate
was the rate of change of force between 20 and 80% from the moment of foot strike
and the impact peak force. The braking and propulsive forces were obtained from the
antero-posterior component. Force data were normalized to body weight (Fig. 1).

The knee and ankle joint angles were determined by a biomechanical model according
to the International Society of Biomechanics’ indications (Wu et al., 2002). All curves were
smoothed using a B-splines base (Medina et al., 2013) and time scales were linearly adjusted
in order to express the evolution of the movement as a percentage of the stance phase. From
each curve, the angle value was determined at three phases: foot strike (FS), full contact
(FC) of the foot with the ground and just before toe-off (TO). The FS was determined
when the VGRF was >10 N (Wright et al., 2013), the FC when the maximum dorsiflexion
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Table2 Gender and fatigue effects on the kinematic and GRF parameters (males n = 28; females n = 29; total sample n = 57 recreational run-

ners).
Pre-fatigue Fatigue
Males Females 95% CI Males Females 95% CI
GRF (BW)
Impact peak force 1.91 & 0.31 1.95 4 0.31¢ —0.12 t0 0.03 1.88 & 0.32 1.90 & 0.31¢ —0.09 to 0.06
Active peak force 2.59 % 0.22° 2.47 £0.19° 0.06 t0 0.16 2.61 £0.20 2.46 £0.19° 0.11 t0 0.19
Loading rate (BW/s) 75.02 & 17.48° 88.14 £25.82¢  —18.29t0 —7.94  74.26 & 19.90" 83.97 £ 18.83"¢  —14.24t0 —5.16
Peak braking force 0.36 + 0.09 0.38 £ 0.08 —0.03 t0 0.01 0.36 £ 0.09 0.38 £ 0.07 —0.03 to —0.003
Peak propulsive force ~ —0.26 & 0.04"¢ —0.28 + 0.04° 0.004 to 0.02 —0.27 £ 0.05° —0.28 £ 0.04 —0.01 to —0.02
KINEMATICS
Knee angles (°)
FS 7.37 £5.18" 12.96 £ 5.71° —7.17 to —4.00 7.42 £ 4.57° 13.11 £ 5.97° —7.22to —4.14
TO —12.04 + 6.33° —13.97 £+ 4.70° —3.56 to —0.29 —11.52 £ 5.59" —14.56 + 6.49" —4.79 to —1.28
FC 36.89 + 6.38° 41.48 + 4.54° —6.20 to —2.98 36.57 £ 5.29" 41.39 £5.53" —6.38 to —3.26
Ankle angles (°)
FS 9.97 & 4.93° 14.24 + 4.98"¢ —5.77 to —2.78 10.39 + 4.26" 12.65 & 6.21%¢ —3.87 to —0.63
TO —19.23 £4.12°  —13.96 4 3.28° —6.36 to —4.17 —18.26 £5.31"¢  —13.57 & 4.60" —6.14 to —3.23
FC 19.71 £ 3.19° 23.07 £ 3.20° —4.26 to —2.45 20.15 # 3.80" 22.67 £ 4.46" —3.69 to —1.35
Notes.

GRF, Ground Reaction Forces; BW, Body Weight; FS, Foot Strike; TO, Toe-Off; FC, Full Contact.
*Significant differences between males and females in the pre-fatigue condition.
bSignificant differences between males and females in the fatigue condition.
“Significant differences between the pre-fatigue and fatigue conditions in males.
dSignificant differences between the pre-fatigue and fatigue conditions in females.
The statistical significance was defined as p < 0.05.

angle was reached, and the TO when the GRF were <10 N. Full knee extension was defined
as an angle of 0°, corresponding to the reference anatomic position.

Statistical analysis

Mean, standard deviation (SD) and 95% confidence intervals were calculated for all
variables. The Shapiro—Wilk test was performed on all measured variables to determine
their distribution. A two-way mixed model ANOVA (with gender and fatigue condition as
factors) was used. All statistical analyses were conducted using SPSS Statistics v.20 (IBM,
Chicago, IL, USA). The statistical significance was defined as p < 0.05.

RESULTS

Gender and fatigue effects were observed in the GRF and kinematic data (Table 2).
Regarding the gender effect on kinematics, all variables analysed were significantly different
for males and females in both the pre-fatigue and fatigue conditions. Higher dorsiflexion
and knee angles in both pre-fatigue and fatigue conditions were observed in females
compared with males, except for a lower plantar flexion in the TO phase for males. From
GREF analysis, females exhibited a significantly higher loading rate but a lower active peak
force for the GRF in both the pre-fatigue and fatigue conditions when compared with
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males. However, the impact peak force and the loading rate were significantly reduced in
the group of females (analysed independently) when they were in a fatigued state.

With respect to the fatigue condition, the peak propulsive force in females was higher
in the pre-fatigue condition compared with males, while only in males a fatigue effect
was observed for this parameter, being higher in the fatigue condition. From kinematic
analysis, fatigue only affected the FS ankle angle in females, being less flexed in the fatigue
condition. Moreover, in the TO phase, the ankle was less extended in males in the fatigue
condition. The knee angle was not affected by neither gender nor fatigue effects.

DISCUSSION

The aim of this study was to determine the effect of fatigue and gender on kinematic and
GRF parameters in recreational runners. The main results of the present work are that the
loading rate and the impact peak of the VGRF were lower in the group of females when
they were fatigued, and the maximum propulsive force was higher in the group of males
in the fatigue condition. When comparing females and males, the loading rate was higher
in females in both conditions. Furthermore, regarding kinematics, the dorsiflexion angle
at the FS phase in females was significantly reduced in the fatigue condition, and the ankle
angle at TO phase showed less plantar flexion in males also in the fatigue condition.

The nature of running involves a storage restitution of elastic energy within the musculo-
tendinous structures of the lower limbs during the stretch-shortening cycle. The runner’s
legs alternately store and release elastic energy, which has been proposed as a spring-mass
model (Blickhan, 1989; Geyer, Seyfarth ¢ Blickhan, 2005), although other models have been
proposed more recently to estimate leg stiffness (Colerman et al., 2012). Accordingly, the
knee joint plays a critical role in the body’s ability to absorb shock and force dissipation
during ground contact (Zhang, Bates & Dufek, 2000; Hargrave et al., 2003). Lower knee
flexion during landing may lead to a reduced time for shock attenuation, which has been
associated with knee joint injuries (Hargrave et al., 2003; Jeffrey ¢ Aspden, 2006; Coventry
et al., 2006), and a weaker knee joint power (Devita ¢ Skelly, 1992). Moreover, a very
recent study reported that kinematic changes of the knee may be interpreted as shifting
the stress applied to the cartilage and menisci (Slater et al., 2018). In the present study, no
changes were found in the knee angle when runners were fatigued. On this basis, it could
be understood that the knee flexion angle does not depend on the fatigue protocol, but on
the running speed. Some studies reported this state, indicating that the leg spring stiffness
is influenced mostly by changes in stiffness at the knee joint at higher speeds (Arampatzis,
Briiggemann & Metzler, 1999; Schache et al., 2011).

On the other hand, it has been proposed that fatigue could result in a reduction of the
protection capacity of the fatigued muscles (Mizrahi et al., 2000). In this sense, although
our results did not show a shift of the knee angle with fatigue, females experimented a
modification in ankle angle (lower dorsiflexion). This shift led to a lower loading rate
and the impact peak of the VGRF in females. It could be understood as a shift in the
biomechanical pattern in females in order to optimize shock attenuation, prevent running
injuries or improve running economy (RE) when they were fatigued. Nevertheless, this
hypothesis should be contrasted in further studies.
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The ankle joint also has an important role in shock absorption when the foot touches the
ground. A small modification in the ankle dorsiflexion could directly affect GRF (Devita
& Skelly, 1992; Kovdcs et al., 1999; Self & Paine, 2001). Gerritsen, Van den Bogert ¢ Nigg
(1995) showed that a higher ankle dorsiflexion resulted in an increase in the first peak force
and the loading rate. Other authors have indicated that a runner’s ankle joint experiences
a lower dorsiflexion when fatigued (Dutto et al., 1997). In this respect, we found that the
ankle dorsal flexion was reduced in females than in males after the fatigue protocol. This
is in agreement with the findings by Kellis, Zafeiridis ¢» Amiridis (2011) and Christina,
White ¢ Gilchrist (2001) who found that the ankle dorsal flexion at FS was 3.2° lower
when running after a fatigue protocol for the dorsiflexors. In our study, this fact led to a
decrease in the first peak force and the loading rate in females. This association was not
observed in males. In contrast, fatigued males exhibited lower plantar flexion in the TO
phase and a higher peak propulsive force. Regarding the TO phase, the ankle angle has
also been investigated in the literature due to its association with the RE. Moore, Jones
¢ Dixon (2012) found that the plantarflexion in the TO phase was lower and the peak
propulsive force was higher after a 10-week running training program at the same time as
the RE was improved. Similar changes in the plantarflexion were detected in runners with
better RE (Williams ¢ Cavanagh, 1987; Moore, Jones & Dixon, 2014). Although oxygen
consumption was not measured in this study, male runners might modify their running
pattern seeking a better RE when in a fatigued state. With respect to gender, many authors
recruited males and females for their studies finding the same conclusions for both groups.
However, several differences exist in their biomechanical and muscle activation patterns.
Our findings showed higher knee and ankle flexion angles in females in all running phases
analysed. The results of the study by Gehring, Melnyk ¢ Gollhofer (2009) are in agreement
with our outcomes, giving higher maximum knee angles in females. In contrast, Malinzak
et al. (2001) noted a reduction of 8° in knee flexion in females compared with males.
Previous studies found greater peak hip internal rotation (2.4 &£ 3.3° in males versus 6.2 £+
4.3° in females) and adduction (8.1 & 2.2° in males versus 11.0 & 3.0° in females), as well as
gluteus maximus activity in females (Chumanov, Wall-Scheffler ¢~ Heiderscheit, 2008). To
the best of our knowledge, only one study evaluated the fatigue effect in the GRF in females
(Gerlach et al., 2005) and found a decreased first impact peak and loading rates during
fatigue. The present work provided the same result in this regard. However, it is important
to consider that our fatigue protocol involves running but it was not a specific running
protocol. A fatigue protocol that involves running may results in different outcomes due to
inherent patterns of muscle activation as well as energy depletion. From a practical point of
view, our results suggest that care should be taken into account for gender when analyzing
groups of male and females recreational runners.

CONCLUSIONS

In summary, gender and fatigue effects were observed for GRF and kinematics. Runners
adapt their running pattern with fatigue, resulting in decreased dorsiflexion in the FS phase
in females and less plantarflexed ankle in the TO phase in males. These changes led to
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decreased loading rates and first impact peak in females and higher peak propulsive forces
in males. Further studies should confirm whether these changes represent a strategy to
optimize shock attenuation, prevent running injuries and improve RE.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This research was funded by the Seventh European Framework Programme (FP7-SME-
2011-1) under grant agreement 285800 (RUNSAFER). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Seventh European Framework Programme: FP7-SME-2011-1.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Bruno Bazuelo-Ruiz conceived and designed the experiments, performed the
experiments, analyzed the data, contributed reagents/materials/analysis tools, prepared
figures and/or tables, authored or reviewed drafts of the paper, approved the final draft.

e Juan V. Durd-Gil analyzed the data, contributed reagents/materials/analysis tools,
authored or reviewed drafts of the paper, approved the final draft.

e Nicolds Palomares conceived and designed the experiments, authored or reviewed drafts
of the paper, approved the final draft.

e Enrique Medina conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, authored or reviewed
drafts of the paper, approved the final draft.

e Salvador Llana-Belloch prepared figures and/or tables, authored or reviewed drafts of
the paper, approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The study protocol adhered to the tenets of the Declaration of Helsinki and ethical
approval was given by the Polytechnic University of Valencia Ethics Committee
(number 229).

Data Availability
The following information was supplied regarding data availability:
The raw data are provided in the Supplemental Files.

Bazuelo-Ruiz et al. (2018), PeerJ, DOI 10.7717/peer|.4489 8/12


https://peerj.com
http://dx.doi.org/10.7717/peerj.4489#supplemental-information
http://dx.doi.org/10.7717/peerj.4489

Peer

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.4489#supplemental-information.

REFERENCES

Arampatzis A, Briiggemann G-P, Metzler V. 1999. The effect of speed on leg stiffness
and joint kinetics in human running. Journal of Biomechanics 32:1349-1353
DOI10.1016/S0021-9290(99)00133-5.

Blickhan R. 1989. The spring-mass model for running and hopping. Journal of Biome-
chanics 22:1217-1227 DOI 10.1016/0021-9290(89)90224-8.

Borg GA. 1982. Psychophysical bases of perceived exertion. Medicine and Science in Sports
and Exercise 14:377-381.

Chao EY, Laughman RK, Schneider E, Stauffer RN. 1983. Normative data of knee joint
motion and ground reaction forces in adult level walking. Journal of Biomechanics
16:219-233 DOI 10.1016/0021-9290(83)90129-X.

Christina KA, White SC, Gilchrist LA. 2001. Effect of localized muscle fatigue on vertical
ground reaction forces and ankle joint motion during running. Human Movement
Science 20:257-276 DOI 10.1016/50167-9457(01)00048-3.

Chumanov ES, Wall-Scheffler C, Heiderscheit BC. 2008. Gender differences in walking
and running on level and inclined surfaces. Clinical Biomechanics 23:1260-1268
DOI 10.1016/j.clinbiomech.2008.07.011.

Clansey AC, Hanlon M, Wallace ES, Lake M]J. 2012. Effects of fatigue on running
mechanics associated with tibial stress fracture risk. Medicine and Science in Sports
and Exercise 44:1917-1923 DOI 10.1249/MSS.0b013e318259480d.

Coleman DR, Cannavan D, Horne S, Blazevich AJ. 2012. Leg stiffness in human
running: comparison of estimates derived from previously published models
to direct kinematic—kinetic measures. Journal of Biomechanics 45:1987-1991
DOI 10.1016/j.jbiomech.2012.05.010.

Coventry E, O’Connor KM, Hart BA, Earl JE, Ebersole KT. 2006. The effect of lower ex-
tremity fatigue on shock attenuation during single-leg landing. Clinical Biomechanics
21:1090-1097 DOI 10.1016/j.clinbiomech.2006.07.004.

Derrick TR, Dereu D, McLean SP. 2002. Impacts and kinematic adjustments during
an exhaustive run. Medicine and Science in Sports and Exercise 34:998—1002
DOI 10.1097/00005768-200206000-00015.

Devita P, Skelly WA. 1992. Effect of landing stiffness on joint kinetics and energetics in
the lower extremity. Medicine and Science in Sports and Exercise 24:108—115.

Dickinson JA, Cook SD, Leinhardt TM. 1985. The measurement of shock waves
following heel strike while running. Journal of Biomechanics 18:415-422
DOI 10.1016/0021-9290(85)90276-3.

Dutto DJ, Levy M, Lee KK, Sidthalaw S, Smith GA. 1997. Effect of fatigue and gender on
running mechanics [Abstract 82]. Medicine ¢ Science in Sports & Exercise 29.

Bazuelo-Ruiz et al. (2018), PeerJ, DOI 10.7717/peer|.4489 9/12


https://peerj.com
http://dx.doi.org/10.7717/peerj.4489#supplemental-information
http://dx.doi.org/10.7717/peerj.4489#supplemental-information
http://dx.doi.org/10.1016/S0021-9290(99)00133-5
http://dx.doi.org/10.1016/0021-9290(89)90224-8
http://dx.doi.org/10.1016/0021-9290(83)90129-X
http://dx.doi.org/10.1016/S0167-9457(01)00048-3
http://dx.doi.org/10.1016/j.clinbiomech.2008.07.011
http://dx.doi.org/10.1249/MSS.0b013e318259480d
http://dx.doi.org/10.1016/j.jbiomech.2012.05.010
http://dx.doi.org/10.1016/j.clinbiomech.2006.07.004
http://dx.doi.org/10.1097/00005768-200206000-00015
http://dx.doi.org/10.1016/0021-9290(85)90276-3
http://dx.doi.org/10.7717/peerj.4489

Peer

Edwards WB, Derrick TR, Hamill J. 2012. Musculoskeletal attenuation of impact shock
in response to knee angle manipulation. Journal of Applied Biomechanics 28:502-510
DOI 10.1123/jab.28.5.502.

Fry AC, Kraemer WJ. 1997. Resistance exercise overtraining and overreaching. Neuroen-
docrine responses. Sports Medicine 23:106—129
DOI 10.2165/00007256-199723020-00004.

Gates DH, Dingwell JB. 2008. The effects of neuromuscular fatigue on task per-
formance during repetitive goal-directed movements. Experimental Brain Re-
search. Experimentelle Hirnforschung. Experimentation Cerebrale 187:573—585
DOI 10.1007/s00221-008-1326-8.

Gazendam MGJ, Hof AL. 2007. Averaged EMG profiles in jogging and running at
different speeds. Gait & Posture 25:604—614 DOI 10.1016/j.gaitpost.2006.06.013.

Gehring D, Melnyk M, Gollhofer A. 2009. Gender and fatigue have influence on
knee joint control strategies during landing. Clinical Biomechanics 24:82—87
DOI 10.1016/j.clinbiomech.2008.07.005.

Gerlach KE, White SC, Burton HW, Dorn JM, Leddy JJ, Horvath PJ. 2005. Kinetic
changes with fatigue and relationship to injury in female runners. Medicine and Sci-
ence in Sports and Exercise 37:657—-663 DOI 10.1249/01.MS5.0000158994.29358.71.

Gerritsen KG, Van den Bogert AJ, Nigg BM. 1995. Direct dynamics simulation
of the impact phase in heel-toe running. Journal of Biomechanics 28:661-668
DOI10.1016/0021-9290(94)00127-P.

Geyer H, Seyfarth A, Blickhan R. 2005. Spring-mass running: simple approximate
solution and application to gait stability. Journal of Theoretical Biology 232:315-328
DOI 10.1016/.jtbi.2004.08.015.

Hampson DB, Gibson ASC, Lambert MI, Noakes TD. 2001. The influence of sensory
cues on the perception of exertion during exercise and central regulation of exercise
performance. Sports Medicine 31:935-952
DOI 10.2165/00007256-200131130-00004.

Hargrave MD, Carcia CR, Gansneder BM, Shultz SJ. 2003. Subtalar pronation does
not influence impact forces or rate of loading during a single-leg landing. Journal of
Athletic Training 38:18-23.

Jeffrey JE, Aspden RM. 2006. The biophysical effects of a single impact load on
human and bovine articular cartilage. Proceedings of the Institution of Me-
chanical Engineers. Part H: Journal of Engineering in Medicine 220:677—-686
DOI10.1243/09544119JEIM31.

Keller TS, Weisberger AM, Ray JL, Hasan SS, Shiavi RG, Spengler DM. 1996. Relation-
ship between vertical ground reaction force and speed during walking, slow jogging,
and running. Clinical Biomechanics 11:253-259 DOI 10.1016/0268-0033(95)00068-2.

Kellis E, Zafeiridis A, Amiridis IG. 2011. Muscle coactivation before and after the impact
phase of running following isokinetic fatigue. Journal of Athletic Training 46:11-19
DOI 10.4085/1062-6050-46.1.11.

Bazuelo-Ruiz et al. (2018), PeerJ, DOI 10.7717/peer|.4489 10/12


https://peerj.com
http://dx.doi.org/10.1123/jab.28.5.502
http://dx.doi.org/10.2165/00007256-199723020-00004
http://dx.doi.org/10.1007/s00221-008-1326-8
http://dx.doi.org/10.1016/j.gaitpost.2006.06.013
http://dx.doi.org/10.1016/j.clinbiomech.2008.07.005
http://dx.doi.org/10.1249/01.MSS.0000158994.29358.71
http://dx.doi.org/10.1016/0021-9290(94)00127-P
http://dx.doi.org/10.1016/j.jtbi.2004.08.015
http://dx.doi.org/10.2165/00007256-200131130-00004
http://dx.doi.org/10.1243/09544119JEIM31
http://dx.doi.org/10.1016/0268-0033(95)00068-2
http://dx.doi.org/10.4085/1062-6050-46.1.11
http://dx.doi.org/10.7717/peerj.4489

Peer

Kovacs I, Tihanyi J, Devita P, Racz L, Barrier J, Hortobagyi T. 1999. Foot placement
modifies kinematics and kinetics during drop jumping. Medicine and Science in
Sports and Exercise 31:708-716 DOI 10.1097/00005768-199905000-00014.

Kreher JB, Schwartz JB. 2012. Overtraining syndrome: a practical guide. Sports Health
4:128-138 DOI 10.1177/1941738111434406.

Léger LA, Mercier D, Gadoury C, Lambert J. 1988. The multistage 20 metre shuttle run
test for aerobic fitness. Journal of Sports Sciences 6:93-101
DOI 10.1080/02640418808729800.

Malinzak RA, Colby SM, Kirkendall DT, Yu B, Garrett WE. 2001. A comparison of knee
joint motion patterns between men and women in selected athletic tasks. Clinical
Biomechanics 16:438—445 DOI 10.1016/50268-0033(01)00019-5.

Medina E, Parrilla E, Page A, Olaso J, Gonzélez JC, Rosario HD. 2013. A new non-
invasive and low cost method for the characterisation of pronation patterns by
using AR-markers and functional classification. Footwear Science 5:570—-S71
DOI10.1080/19424280.2013.799563.

Mizrahi J, Verbitsky O, Isakov E, Daily D. 2000. Effect of fatigue on leg kinematics and
impact acceleration in long distance running. Human Movement Science 19:139-151
DOI 10.1016/S0167-9457(00)00013-0.

Moore IS, Jones AM, Dixon SJ. 2012. Mechanisms for improved running economy
in beginner runners. Medicine and Science in Sports and Exercise 44:1756—1763
DOI 10.1249/MSS.0b013e318255a727.

Moore IS, Jones A, Dixon S. 2014. The pursuit of improved running performance: can
changes in cushioning and somatosensory feedback influence running economy and
injury risk? Footwear Science 6:1-11 DOI 10.1080/19424280.2013.873487.

Morin J, Samozino P, Millet GY. 2011. Changes in running kinematics, kinetics, and
spring-mass behavior over a 24-h run. Medicine and Science in Sports and Exercise
43:829-836 DOI 10.1249/MSS.0b013e3181fec518.

Nicol C, Komi PV, Marconnet P. 1991. Fatigue effects of marathon running on neuro-
muscular performance. Scandinavian Journal of Medicine & Science in Sports 1:10-17.

Noakes TD. 2004. Linear relationship between the perception of effort and the duration
of constant load exercise that remains. Journal of Applied Physiology 96:1571-1572
DOI 10.1152/japplphysiol.01124.2003.

Saragiotto BT, Yamato TP, Hespanhol Junior LC, Rainbow M], Davis IS, Lopes AD.
2014. What are the main risk factors for running-related injuries? Sports Medicine
44:1153-1163 DOI 10.1007/540279-014-0194-6.

Schache AG, Blanch PD, Dorn TW, Brown NAT, Rosemond D, Pandy MG. 2011. Effect
of running speed on lower limb joint kinetics. Medicine and Science in Sports and
Exercise 43:1260-1271 DOI 10.1249/MSS.0b013e3182084929.

Self BP, Paine D. 2001. Ankle biomechanics during four landing techniques. Medicine
and Science in Sports and Exercise 33:1338—1344
DOI 10.1097/00005768-200108000-00015.

Bazuelo-Ruiz et al. (2018), PeerJ, DOI 10.7717/peer|.4489 11/12


https://peerj.com
http://dx.doi.org/10.1097/00005768-199905000-00014
http://dx.doi.org/10.1177/1941738111434406
http://dx.doi.org/10.1080/02640418808729800
http://dx.doi.org/10.1016/S0268-0033(01)00019-5
http://dx.doi.org/10.1080/19424280.2013.799563
http://dx.doi.org/10.1016/S0167-9457(00)00013-0
http://dx.doi.org/10.1249/MSS.0b013e318255a727
http://dx.doi.org/10.1080/19424280.2013.873487
http://dx.doi.org/10.1249/MSS.0b013e3181fec518
http://dx.doi.org/10.1152/japplphysiol.01124.2003
http://dx.doi.org/10.1007/s40279-014-0194-6
http://dx.doi.org/10.1249/MSS.0b013e3182084929
http://dx.doi.org/10.1097/00005768-200108000-00015
http://dx.doi.org/10.7717/peerj.4489

Peer

Slater LV, Simpson AS, Blemker SS, Hertel ], Saliba SA, Weltman AL, Hart JM. 2018.
Biomechanical adaptations during running differ based on type of exercise and
fitness level. Gait & Posture 60:35-40 DOI 10.1016/j.gaitpost.2017.11.012.

Tanaka H, Monahan KD, Seals DR. 2001. Age-predicted maximal heart rate revisited.
Journal of the American College of Cardiology 37:153—156
DOI10.1016/S0735-1097(00)01054-8.

Taunton JE, Ryan MB, Clement DB, McKenzie DC, Lloyd-Smith DR, Zumbo BD. 2002.
A retrospective case-control analysis of 2002 running injuries. British Journal of
Sports Medicine 36:95-101 DOI 10.1136/bjsm.36.2.95.

Watson MD, DiMartino PP. 1987. Incidence of injuries in high school track and field
athletes and its relation to performance ability. The American Journal of Sports
Medicine 15:251-254 DOI 10.1177/036354658701500310.

Williams KR, Cavanagh PR. 1987. Relationship between distance running mechanics,
running economy, and performance. Journal of Applied Physiology 63:1236—1245
DOI 10.1152/jappl.1987.63.3.1236.

Worp MP van der, Haaf DSM ten, Cingel R van, Wijer A de, Sanden MWGN der, Staal
JB. 2015. Injuries in runners; a systematic review on risk factors and sex differences.
PLOS ONE 10:e0114937 DOI 10.1371/journal.pone.0114937.

Wright CJ, Arnold BL, Ross SE, Pidcoe PE. 2013. Individuals with functional ankle
instability, but not copers, have increased forefoot inversion during walking gait.
Athletic Training and Sports Health Care 5:201-209
DOI 10.3928/19425864-20130827-01.

Wu G, Siegler S, Allard P, Kirtley C, Leardini A, Rosenbaum D, Whittle M, D’Lima DD,
Cristofolini L, Witte H, Schmid O, Stokes I, Standardization and Terminology
Committee of the International Society of Biomechanics. 2002. ISB recommen-
dation on definitions of joint coordinate system of various joints for the reporting of
human joint motion—part I: ankle, hip, and spine. International Society of Biome-
chanics. Journal of Biomechanics 35:543-548 DOI 10.1016/50021-9290(01)00222-6.

Zhang SN, Bates BT, Dufek JS. 2000. Contributions of lower extremity joints to energy
dissipation during landings. Medicine and Science in Sports and Exercise 32:812—819
DOI 10.1097/00005768-200004000-00014.

Bazuelo-Ruiz et al. (2018), PeerJ, DOI 10.7717/peerj.4489 12/12


https://peerj.com
http://dx.doi.org/10.1016/j.gaitpost.2017.11.012
http://dx.doi.org/10.1016/S0735-1097(00)01054-8
http://dx.doi.org/10.1136/bjsm.36.2.95
http://dx.doi.org/10.1177/036354658701500310
http://dx.doi.org/10.1152/jappl.1987.63.3.1236
http://dx.doi.org/10.1371/journal.pone.0114937
http://dx.doi.org/10.3928/19425864-20130827-01
http://dx.doi.org/10.1016/S0021-9290(01)00222-6
http://dx.doi.org/10.1097/00005768-200004000-00014
http://dx.doi.org/10.7717/peerj.4489

