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The objective of this study was to examine the effects of running fatigue on the
symmetry of lower limb biomechanical parameters in eighteen male amateur
runners. The marker trajectories and ground reaction forces were collected
before and after the running-induced fatigue protocol. Symmetry angles (SA)
were used to quantify the symmetry of each parameter. Normality tests and
Paired sample T-tests were carried out to detect bilateral lower limb differences
and SA of parameters between pre- and post-fatigue. One-dimensional
statistical parameter mapping (SPM_1d) was used to compare parameters
with the characteristic of one-dimensional time series data of lower limbs.
After fatigue, the SA of knee extension angles, knee abduction moment, and hip
joint flexion moment increased by 17%, 10%, and 11% respectively. In
comparison, the flexion angle of the knee joint decreased by 5%. The
symmetry of internal rotation of ankle, knee and hip joints increased after
fatigued, while the SA of external rotation of the three joints decreased
significantly. These findings provide preliminary evidence that fatigue
changes lower limb symmetry in running gait and may have implications for
understanding running-related injuries and performance.

KEYWORDS

symmetry angle, running-induced fatigue, dominant limb, statistical parametric
mapping, bilateral

Introduction

It is estimated that more than 35 million Americans participate in long-distance
running as part of their daily physical activity (Wouters et al., 2012). Previous studies have
shown that individuals with a long distance running habit can reduce the risk of
cardiovascular-related death by 45%-70% (Lee et al., 2014) and cancer-related death
by 30-50% (Chakravarty et al., 2008). However, fatigue from long distance running is also

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2022.899818/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.899818/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.899818/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.899818/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.899818&domain=pdf&date_stamp=2022-09-02
mailto:liangminjun@nbu.edu.cn
mailto:guyaodong@hotmail.com
https://doi.org/10.3389/fphys.2022.899818
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.899818

Gao et al.

associated with a higher rate of injuries (Van Gent et al., 2007).
Hulme et al. (Hulme et al., 2017) reported that 2.5-33.0 running-
related injuries occurred per 1,000 h of running, and more than
79.3% of injuries occurred in knee joints. In addition, changes in
muscle strength, cognitive function, and proprioception can be
caused by fatigue (Abd-Elfattah et al., 2015), besides, stress,
strain, shear force, and impact force on the lower limb joints
also increase during fatigue (Dierks et al, 2010). Asymmetry
between limbs refers to the phenomenon that one limb difference
of function, physical strength, and other parameters relative to
the other limb (Sadeghi et al., 2000). Previous study has reported
that the healthy individuals who exhibit asymmetries (symmetry
score>15%) have mare relationship with rise in injury incidence
rate compared to individuals who symmetry score below 15%
(Barber et al.,, 1990). In addition, a recent systematic review on
prospective evidence for running related injury found only
limited evidence for increased asymmetry in ground contact
time and decreased asymmetry in vertical impact peak as
being related to running injury (Ceyssens et al, 2019).
Consequently, the presence of bilateral lower limbs asymmetry
may be one of the potential causes of injure. Especially when one
side of the limb load is more than the other side, suggesting that
the unilateral injures may occur (Furlong and Egginton, 2018).
For example, healthy recreational runners have significantly
higher Achilles tendon loads in the dominant lower limbs
than
Egginton, 2018). Part of the reason for gait asymmetry is the

in the non-dominant lower limbs (Furlong and
difference in functional tasks, which is mainly explained by the
contribution of control and propulsion degree (Sadeghi et al.,
2000). Moreover, Seeley et al. (Seeley et al., 2008) found that
impulses from dominant limbs were significantly larger than
those from non-dominant limbs during the push-off phase
during fast walking, suggesting that the dominant limb
contribute more to gait propulsion. Likewise, previous studies
also have reported that the non-dominant foot showed more
stable Foot Balance Index Range (FBIR) during running gait
(Gao et al., 2020a).

Furthermore, asymmetries in running can directly affect the
quality of running, Beck et al. (Beck et al., 2018) showed that
running increased the level of foot contact time asymmetry by
10% and its metabolic cost increased by 7.8%. In addition, a 10%
increase in the asymmetry of mean ground reaction forces
resulted in a 3.5% increase in metabolic costs. Exercise-
induced fatigue may cause or exacerbate pre-existing limb
asymmetries (Bell et al, 2016). This change may be a
deterioration in movement patterns due to fatigue resulting in
poor neuromuscular control, proprioception, postural control, or
motor coordination (Smeets et al., 2019). Likewise, Gao et al.
(Gao et al., 2020a) reported that a Running-Induced Fatigue
Protocol caused knee flexion angle, hip flexion angle, hip
extension angle, and the hip flexion moment to be more
asymmetrical. However, the biomechanical changes of human
movement usually occur in three anatomical planes (Cen et al.,
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2021). Therefore, the effect of fatigue on the symmetry of coronal
and horizontal biomechanical parameters is less known.

Symmetry changes caused by fatigue may be one of the
factors leading to running-related injuries and an economic
decline in running performance. Therefore, the aim of this
study was to investigate if there is asymmetry in the
kinematic and dynamic parameters of lower extremity joints
before and after fatigue. In addition, we also examined whether
fatigue could impact negatively on asymmetry. Therefore, three
hypotheses were proposed in this study: 1) In addition to sagittal
plane, biomechanical asymmetry also exists in coronal plane and
horizontal plane before running fatigue protocol. 2) The
asymmetric parameters change after the implementation of
running fatigue protocol. 3) The symmetry of kinematic and
kinetics parameters decreases significantly after the Running-
induced Fatigue Protocol.

Methods
Participants

Eighteen healthy male amateur runners were recruited for
this study (Years: 22.72 + 1.40-years, Height: 174.72 + 6.75 cm,
Mass: 69.72 + 7.26 kg, BMI: 22.67 + 2.16 kg/m®). All subjects’
dominant limb was the right leg, defined as the preferred leg
when kicking a ball. Amateur runners were defined as running at
least 2-3 times a week for less than 45 min or running less than
10 km. In the previous 6 months, subjects with trunk, pelvis,
lower limb injuries and a score of 72 or above on the 5-point
Lower Extremity Functional Scale [LEFS, the scale consisted of
20 items, which form unable to perform activity (0-score) to no
difficulty (5-score)] were excluded from the study (Binkley et al.,
1999). The study was approved by the ethics committee from the
Research Institute in the University.

Experimental protocol

Subjects were required to be familiar with the experimental
environment and procedures prior to the experiment. Prior to
the commencement of data collection all subjects participated in
a warmup comprising of a 5-minute jog on the treadmill (Satun
h/p/cosmos, Germany). All subjects wore standard running
shoes provided by the laboratory. Subsequently, the Over-
ground running test before and after the Running-induced
Fatigue Protocol were successively implemented. A Vicon
eight-camera motion capture system (Vicon Metrics Ltd,,
Oxford, United Kingdom) and a Kistler Force plate (Kistler,
Winterthur, Switzerland) were used to collect the marker
trajectories and ground reaction force signals. The frequencies
were 200 Hz and 1000 Hz, respectively. Twenty-one reflective
markers and six reflective marker clusters were attached to the
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FIGURE 1
Execution method of running-induced fatigue experiment

FIGURE 2

The placement of reflective markers as well as static and dynamic modeling in V3D. (A) The placement of reflective markers and static

modelling; (B) Establishment of dynamic running model in V3D.

anatomy of the pelvis, left and right thighs, calves, and feet to
define the hip, knee, and ankle joints for kinematic data
(Figure 2) Pollard, 2020).
Participants were asked to run through the 10-m signal

collection (Hannigan and
acquisition area at a comfortable speed. Four successful left
and right leg tests were collected before and after the
Running-induced Fatigue Protocol. According to the Running-
induced Fatigue Protocol of Koblbauer et al. (Koblbauer et al.,
2014), individual subject per-minute fatigue level, and pre-
minute was digitally monitored using heart rate telemetry and
the 15-point Borg scale (Figure 1). Subjects were limited to
performing the post-fatigue ground running test within 5 min
of the end of the Running-induced Fatigue Protocol (Mei et al.,
2019). The specific execution details of running-induced Fatigue
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have been previously described (Koblbauer et al., 2014; Gao et al.,
2020a).

Data processing

Visual 3D MD,
United States) human motion analysis software was used to

(c-motion  Inc., Germantown,
establish the statical and dynamic running model (Figure 2)
(Hannigan and Pollard, 2020). The model was created using
recorded static marker positions and anthropometric
parameters (height and mass) of the participants under test.
Inverse kinematics algorithm was used to calculate joint angles

in 3- dimensions visual environment. The joint moment is
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obtained by inputting the calculated joint Angle and the
collected ground reaction force and performing the inverse
dynamics algorithm. In order to avoid experimental errors
caused by individual differences, the joint moment data were
standardized using individual subject weight.

The Symmetry Angle (SA) is commonly used to evaluate the
relationship between the left and right discrete values (Zifchock
etal., 2008). The principle is to use the angle formed by the vector
plotted by the right value and the left value in the coordinate
system to evaluate symmetry:

(45° - arctan(fﬂ
right

SA (%) = )) x 100% (1)

90°
Where the Xleft and Xright represents the left and right limb
values respectively. SA with a value of 0% represents perfect
symmetry, and 100% represents two values equal in magnitude
and opposite in direction (complete asymmetry). If [45°-arctan

(Xleft/Xright)] > 90°, the following equation should be
substituted:
(45° - arctan(?{—“f;)) - 180°
SA (%) = = x 100% )

90°

Stiffness is associated with injury and performance in
neuromuscular controlled movements (Butler et al., 2003).
Joint stiffness has been associated with overuse injury in
previous studies because of compliant joint contributes more
to attenuation of joint load than a stiffer joint (Hamill et al,
2009). Therefore, we use joint stiffness to quantify the interaction
between ROM and the joint moment.

Kjoint = AM/ROM 3)

AM is defined as the change of moment of the ankle, knee, and
hip joints during the stance phase. ROM is defined as the range of
motion of the joint during the stance phase (Brughelli and
Cronin, 2008).

Statistical analysis

The Shapiro-Wilks test was used to verify the normality of
the data using SPSS (Version 19; SPSS, Inc., Chicago, IL,
United States). Paired sample T-tests were used to examine
peak joint moment, joint stiffness. Paired sample T-tests also
were used to examine the SA for peak joint angle, moment and
stiffness in the bilateral lower extremities before and after
fatigue. The open source algorithm of one-dimensional
Statistical Parameter Mapping (SPM_1d, paired sample
t-test algorithm package) was used in MATLAB R2018a
software to perform the statistical tests on the joint
continuity angle (Gao et al., 2020b). Significance levels were
set at 0.05.
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Results
Kinematics parameters

According to the SPM_1d test results of pre-fatigue in
Figure 3. The left hip joint showed significant flexion (p =
0.018), which was mainly manifested in the foot initial contact
stage. Similarly, the external rotation of the left hip joint was
significantly higher than the other side during the 32-72% of
stance phase (p = 0.001).

According to the SPM_1d test results of post-fatigue in
Figure 4, the right ankle showed very significant dorsiflexion
during the entire stance phase compared with the left ankle (p <
0.001). In addition, the right ankle showed very significant
internal rotation from the initial contact to the toe off stage
(p = 0.009). Compared with the left knee, the right knee showed
significant flexion immediately initial contact stage (p = 0.05).

Kinetics parameters

The comparison of joint kinetics parameters of bilateral
ankle, knee and hip joints as shown in Table 1. Before the
running-induced fatigue test, the left ankle joint presented a
very significant adduction moment compared with the other side
(p = 0.005; ES = 0.40). In contrast, the significant abduction
moment was observed in right ankle joint than the left side (p =
0.027; ES = 0.22). The left ankle showed greater joint stiffness in
the coronal plane than the right side (p = 0.026; ES = 0.30). After
the running-induced fatigue test, the peak adduction moment of
the left ankle was observed significantly greater than right ankle
(p = 0.013; ES = 0.42). In comparison, the peak abduction
moment of the right ankle was greater (p = 0.003; ES = 0.40).
The stiffness of the left ankle in the coronal plane was
significantly higher than that of the right ankle (p = 0.030;
ES = 0.29). In contrast, the stiffness of left ankle in the
horizontal plane was lower than the other side (p = 0.039;
ES = -0.17).

Before the running-induced fatigue test, it can be seen form
Table 1 that the peak adduction moment (p = 0.014; ES = 0.40)
and the peak external rotation moment (p = 0.050; ES = —0.80) of
the left knee joint was significantly greater than that of the right
knee joint. The stiffness of the left knee joint was significantly
greater than the right in the sagittal plane (p = 0.045; ES = 0.25)
and coronal plane (p = 0.033; ES = 0.26), but it lower in the
horizontal plane (p = 0.008; ES = —0.93). After the running-
induced fatigue test, the peak adduction moment of the left knee
joint was significantly greater than that of the right knee (p =
0.007; ES = 0.40). The stiffness of the left knee joint on the
coronal plane was significantly higher than then right side (p =
0.027; ES = 0.36).

Before the running-induced fatigue test, the peak
adduction moment (p = 0.001; ES = 0.24) and peak external
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FIGURE 3

SPM_1d test of joint angle changes of bilateral lower extremities before fatigue during stance phase. Left: Left lower limb (non-dominant). Right:

Right (dominant) lower limb.
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FIGURE 4
SPM_1d test of joint angle changes of bilateral lower limbs post fatigue during stance phase. Left: Left lower limb (non-dominant). Right: Right
(dominant) lower limb.

rotation (p = 0.026; ES = —0.33) moment of the left hip joint
showed significantly greater compared with the right side.
After the running-induced fatigue test, the peak external
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rotation moment (p = 0.015; ES = -0.33) of the left hip
joint was significantly more extensive than the other side
and the stiffness of the right hip joint on the coronal plane
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TABLE 1 Comparison of joint moment and joint stiffness of bilateral ankle, knee and hip joints before and after fatigue.

Pre-fatigue mean (+SD)

Post-fatigue mean (+SD)

Left Right Sig. ES (Cohen’s d)  Left Right Sig. ES (Cohen’s d)

Ankle Joint Moment (Nm/kg)

Dors (+) 0.15 (0.14) 0.11 (0.11) 0.126 0.16 (0.23) 0.10 (0.08) 0.11 (0.11) 0.656 —0.05 (0.10)

Flex (-) —-0.94 (0.91) -0.62 (0.65) 0.101 —0.20 (—0.40) -0.86 (0.81) -1.07 (0.82) 0.377 0.13 (0.26)

Add (+) 0.24 (0.23) 0.08 (0.12) 0.005** 0.40 (0.87) 0.36 (0.41) 0.08 (0.10) 0.013** 0.42 (0.94)

Abd (-) -0.01 (0.01) -0.02 (0.03) 0.027* 0.22 (0.45) -0.02 (0.02) -0.06 (0.06) 0.003** 0.40 (0.89)

Intr (+) 0.02 (0.01) 0.02 (0.02) 0.934 0 (0) 0.02 (0.03) 0.06 (0.10) 0.051 —-0.26 —0.54)

Extr (=) ~0.09 (0.08) ~0.06 (0.06) 0.138 —021 ~0.05 (0.06) ~0.12 (0.14) 0.082 0.31 (0.65)
Ankle Joint stiffness (Nm/deg)

Dors (+)/Flex (=) 0.04 (0.03) 0.03 (0.03) 0.177 0.16 (0.33) 0.04 (0.04) 0.04 (0.03) 0.643 0 (0)

Add (+)/Abd (-) 0.02 (0.02) 0.01 (0.01) 0.026* 0.30 (0.63) 0.02 (0.02) 0.01 (0.01) 0.030* 0.29 (0.60)

Intr (+)/Extr (-) 0.01 (0.01) 0.01 (0.01) 0.307 0 (0) 0.01 (0.01) 0.02 (0.04) 0.039* —0.17 (-0.34)
Knee Joint Moment (Nm/kg)

Ext (+) 0.50 (0.56) 0.31 (0.29) 0.037 0.21 (0.43) 0.58 (0.81) 0.74 (0.89) 0.131 -0.9 (-0.19)

Flex (-) -1.05 (0.83) -0.81 (0.68) 0.275 -0.15 (-0.32) -0.93 (0.68) -1.09 (0.61) 0.417 0.12 (0.25)

Add (+) 0.16 (0.11) 0.08 (0.07) 0.014* 0.40 (0.87) 0.26 (0.27) 0.10 (0.09) 0.007** 0.40 (0.80)

Abd (-) ~0.17 (0.18) ~0.16 (0.13) 0.764 ~0.03 (~0.06) ~0.30 (0.42) ~0.26 (0.22) 0.771 ~0.06 (=0.11)

Intr (+) 0.03 (0.03) 0.02 (0.02) 0.162 0.19 (0.39) 0.03 (0.04) 0.05 (0.06) 0.092 ~0.19 (~0.39)

Extr (-) ~0.08 (0.07) ~0.04 (0.04)  0.050* ~0.80 (~2.63) ~0.07 (0.08) 2012 (0.10)  0.091 027 (0.55)
Knee Joint stiffness (Nm/deg)

Ext (+)/Flex (=) 0.08 (0.07) 0.05 (0.04) 0.045* 0.25 (0.53) 0.07 (0.06) 0.09 (0.06) 0.242 -0.16 (-0.33)

Add (+)/Abd (=) 0.14 (0.14) 0.08 (0.07) 0.033* 0.26 (0.54) 0.31 (0.49) 0.04 (0.03) 0.027* 0.36 (0.78)

Intr (+)/Extr (-) 0.01 (0.01) 0.06 (0.01) 0.008** -0.93 (-5.00) 0.01 (0.02) 0.02 (0.02) 0.080 —-0.24 (-0.5)
Hip Joint Moment (Nm/kg)

Flex (+) 0.75 (0.16) 0.74 (0.17) 0.726 0.03 (0.06) 0.71 (0.36) 0.66 (0.26) 0.377 0.08 (0.16)

Ext () ~2.14 (0.77) ~1.87 (0.63) 0.238 ~0.19 (~0.38) ~1.8 (0.64) ~1.9 (0.49) 0.815 0.09 (0.18)

Add (+) 0.32 (0.16) 0.24 (0.17) 0.001%* 0.24 (0.48) 0.40 (0.31) 0.36 (0.29) 0.560 0.07 (0.13)

Abd (-) ~0.49 (0.32) 2038 (030)  0.132 ~0.17 (~0.35) ~0.55 (0.58) 068 (028) 0376 0.14 (0.29)

Intr (+) 0.11 (0.09) 0.10 (0.08) 0.491 0.06 (0.12) 0.15 (0.17) 0.17 (0.12) 0.611 —-0.07 (-0.14)

Extr (-) -0.14 (0.09) —0.08 (0.08) 0.026* —0.33 (=0.70) -0.19 (0.20) -0.08 (0.08) 0.015* —-0.334 (-0.72)
Hip Joint stiffness (Nm/deg)

Flex (+)/Ext (-) 0.08 (0.02) 0.08 (0.02) 0.912 0 (0) 0.08 (0.03) 0.08 (0.02) 0.743 0 (0)

Add (+)/Abd (-) 0.09 (0.03) 0.07 (0.04) 0.124 0.27 (0.57) 0.11 (0.08) 0.21 (0.10) 0.009** —-0.48 (-1.01)

Intr (+)/Extr (-) 0.03 (0.02) 0.02 (0.02) 0.066 0.24 (0.5) 0.07 (0.08) 0.03 (0.02) 0.052 0.32 (0.69)

*means significance (p < 0.05), “**” means very significance (p < 0.01).

Left: Left lower limb (non-dominant). Right: Right (dominant) lower limb. Dors: Dorsiflexion, flex: Plantar flexion, Add: Adduction, Abd: Abduction, Intr: Internal rotation, Extr: External

rotation. ES: effect Size.
Bold values means statistical significance.

was significantly higher than that on the left (p = 0.009;
ES = -0.48).
Symmetry parameter

As shown in Table 2, the SA of peak abduction angle of ankle

joint before fatigue was significantly higher (19%) than that after
fatigue (p = 0.000; ES = 0.55). The SA of the ankle peak internal
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rotation angle and peak external rotation moment (p = 0.006;
ES = —0.39) was significantly increased by 51% and 13% after the
running-induced fatigue test (p = 0.000; ES = —0.47). At the same
time, the SA of the peak external rotation angle was significantly
decreased by 10% after fatigued (p = 0.026; ES = 0.19).

It can be seen in Table 3. The SA of the peak knee extension
angle and peak internal rotation angle (p = 0.000; ES = —0.57) was
observed a significantly increase by 17% and 47% after fatigued
(p = 0.008; ES = —0.25) respectively, while the SA of the peak
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TABLE 2 Changes of ankle joint angle, joint moment, range of motion and joint stiffness symmetry before and after fatigue.

Ankle Symmetry angle (%)
Pre- mean (£SD) Post- mean (+SD) Sig. ES (Cohen’s d)
Joint Angle
Dors (+) 0.09 (0.08) 0.13 (0.07) 0.104 —0.26 (<0.53)
Flex (-) 0.18 (0.13) 0.28 (0.40) 0.377 ~0.17 (0.34)
Add (+) 0.56 (0.51) 0.61 (0.42) 0.755 —0.05 (<0.11)
Abd (-) 0.21 (0.11) 0.09 (0.07) 0.000** 0.55 (1.30)
Intr (+) 0.43 (0.47) 0.94 (0.48) 0.000** —0.47 (-1.07)
Extr (-) 0.30 (0.31) 0.20 (0.21) 0.026* 0.19 (0.38)
Moment
Dors (+) 0.17 (0.15) 0.13 (0.07) 0.378 0.17 (0.34)
Flex (-) 0.22 (0.20) 0.25 (0.20) 0.585 -0.07 (<0.15)
Add (+) 0.32 (0.15) 0.14 (0.13) 0.103 0.54 (1.28)
Abd (-) 0.22 (0.15) 0.31 (0.12) 0.079 —0.31 (~0.66)
Intr (+) 0.23 (0.12) 0.30 (0.16) 0.160 —0.24 (~0.49)
Extr (-) 0.22 (0.16) 035 (0.15) 0.006** ~0.39 (~0.84)
Joint stiffness
Dors (+)/Flex (-) 0.18 (0.16) 0.22 (0.20) 0.538 ~0.11 (-0.22)
Add (+)/Abd (-) 0.28 (0.14) 0.29 (0.17) 0.809 -0.03 (~0.06)
Intr (+)/Extr (<) 0.24 (0.15) 0.32 (0.15) 0.076 —0.26 (~0.53)

*means significance (p < 0.05), “**” means very significance (p < 0.01).

Left: Left lower limb (non-dominant). Right: Right (dominant) lower limb. Dors: Dorsiflexion, flex: Plantar flexion, Add: Adduction, Abd: Abduction, Intr: Internal rotation, Extr: External

rotation. ES: effect Size.
Bold values means statistical significance.

flexion angle was decreased by 5% (p = 0.026; ES = 0.19). In
comparison, the SA of peak external rotation angle was very
significantly smaller (56%) than before fatigue (p = 0.002; ES =
0.54). The SA peak abductive moment of bilateral knee joints was
observed an increase by 10% (p = 0.048; ES = —0.36). After fatigue,
SA of knee stiffness on the coronal plane were significantly higher
(13%) than those before fatigue (p = 0.005; ES = -0.41).

It can be seen form Table 4 that the SA of hip joint of peak
flexion angle (p = 0.002; ES = —0.54), adduction angle (p = 0.001;
ES = -0.57), and internal rotation angle (p = 0.000; ES = —-0.66)
significantly increased by 12%, 39% and 36% respectively after
fatigue. However, the SA of the peak abduction (p = 0.004; ES =
0.39) and the external rotation angle (p = 0.000; ES = 0.07) was
observed a significantly decrease (39% and 47% respectively).
The SA of the peak flexion moment was significantly increased by
11% after fatigue than before (p = 0.001; ES = —0.50). The SA of
stiffness in the coronal plane were significantly higher (9%) after
fatigue than before (p = 0.001; ES = -0.50).

Discussion

The current study showed that biomechanical parameters of
the right (dominant) and the left (non-dominant) lower limbs
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were asymmetric before and after fatigue, and the SA of some
parameters changed after fatigue, which was consistent with
hypotheses 1) and 2). Interestingly, the symmetry of some
parameters weakened after fatigue, and symmetry of a few
kinematic parameters increased after fatigue, which was not
consistent with hypothesis 3) in this study.

Congenital slight asymmetry exists in the anthropometry
and function of the human body (Kujanovi et al., 2008). The
differences observed in the pre-fatigue stage may be related to
the biomechanics and neuromuscular asymmetry of the body
(Sadeghi et al., 2000). More internal rotation of hip rotation
may be caused by weaker external rotation muscles (Powers,
2010). the  further of EMG
(Electromyography) signals of bilateral external rotation

Therefore, analysis
muscles may explain the phenomenon that the left hip joint
showed a large internal rotation angle in current study.
Likewise, the foot axis angle reflects the degree of the foot
in and out of rotation in the horizontal plane, excessive
external rotation of the left ankle after fatigue was found in
this study, which may be related to the result that the non-
dominant limb is mainly engaged in stabilization work (Yan
et al., 2013). The runners in this study presented the left ankle
with more significant adduction moment and joint stiffness,
suggesting that the lateral load of the plantar can be
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TABLE 3 Changes of knee joint angle, joint moment, range of motion and joint stiffness symmetry before and after fatigue.

Knee Symmetry angle (%)

Pre- mean (+SD) Post- mean (+SD) Sig. ES (Cohen’s d)
Joint angle
Ext (+) 0.08 (0.07) 0.25 (0.26) 0.008** —0.25 (-0.53)
Flex (-) 0.09 (0.07) 0.04 (0.03) 0.026* 0.42 (0.93)
Add (+) 0.38 (0.46) 0.36 (0.33) 0.851 0.02 (0.05)
Abd (-) 0.50 (0.41) 0.47 (0.38) 0.773 0.04 (0.08)
Intr (+) 0.17 (0.18) 0.64 (0.45) 0.000** —-0.57 (-1.38)
Extr (-) 0.84 (0.53) 0.28 (0.33) 0.002* 0.54 (1.27)
Joint Moment
Extn (+) 0.18 (0.13) 0.25 (0.26) 0.327 ~0.17 (~0.34)
Flex (-) 0.16 (0.12) 0.18 (0.16) 0.630 —-0.07 (-0.14)
Add (+) 0.23 (0.14) 0.27 (0.11) 0.276 -0.15 (-0.32)
Abd (-) 0.26 (0.13) 0.36 (0.13) 0.048* —-0.36 (—0.77)
Intr (+) 0.24 (0.13) 0.29 (0.17) 0.311 —-0.16 (-0.33)
Extr (-) 0.23 (0.16) 0.26 (0.21) 0.569 —0.08 (-0.16)
Joint stiffness
Ext (+)/Flex (-) 0.16 (0.13) 0.21 (0.17) 0.388 ~0.16 (-0.33)
Add (+)/Abd (-) 0.19 (0.13) 0.32 (0.16) 0.005* —0.41 (-0.89)
Intr (+)/Extr (=) 0.23 (0.16) 0.28 (0.16) 0.288 ~0.15 (~0.31)

*means significance (p < 0.05), “**” means very significance (p < 0.01).

Left: Left lower limb (non-dominant). Right: Right (dominant) lower limb. Ext: Extension, Flex: Flexion, Add: Adduction, Abd: Abduction. Intr: Internal rotation, Extr: External rotation.

ES: effect Size.
Bold values means statistical significance.

transferred to relatively stable and keep good joint stability,
provide better support in the gait period stabilize posture, to
the next gait cycle and demonstrates advantages in advance of
the prepared limbs (Sadeghi et al., 2000). Significant abduction
moment of the right ankle may cause the short-term collapse
of the medial longitudinal arch (Mei et al., 2019) to ensure
sufficient propulsion of dominant planter during the gait
support (Sadeghi et al.,, 2000). Joint stiffness is considered
the critical factor in stabilizing the limb movement itself
without interference and the greater joint stiffness can
prevent joint instability (Brughelli and Cronin, 2008). The
greater joint stiffness in the sagittal plane and coronal plane in
the left knee joint was observed in this study suggesting that
the non-dominant limb contribute more stability during gait
stance phase. However, Lambach et al. found no significant
difference adduction moment of bilateral knee joints in a study
of walking gait (Lathrop-Lambach et al, 2014), such
inconsistencies may be caused by differences gait speed. In
addition, a study investigating running gait showed that a
high-impact activity compared with walking required
increased muscle activity to attenuate impact (Echeverria
et al., 2010). The more significant adduction moment in the
left knee presented in this study may be associated with the
risk of knee osteoarthritis (Chang et al., 2010), which may be
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proves that non-dominant limbs often have more risk of injury
than dominant limbs (Hayes et al., 2004).

Brown et al. (Brown et al., 2014) observed that the
symmetry of the lower limbs did not change after running
fatigued and the neuromuscular fatigue rates of both limbs
were the same, the reason the current study contradicts this
conclusion may be due to gender differences of participants. In
addition, the symmetry of the knee joint parameters
deteriorated most obviously after fatigue, and the symmetry
of kinematics and kinetics parameters decreases in all three
anatomic aspects, suggesting that the fatigue variation rate of
bilateral limbs is different in running gait. This deterioration
of asymmetry may be associated with the risk of overuse injury
of the knee joint, which may be caused by a high susceptibility
to fatigue in the knee motor muscles of the non-dominant limb
(Gao etal., 2020a). Moreover, the previous study reported that
the hip and knee muscles work together to control various
degrees of hip freedom during the exhausted running (Hayes
et al., 2004). The asymmetry of hip flexion angle and moment
significantly increased, suggesting that the asymmetry of the
lower extremities may change from distal to proximal as
fatigue develops. Furthermore, the adduction angle and
joint  stiffness also  become

of hip flexion

more

asymmetrical, which may be due to insufficient central
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TABLE 4 Changes of hip joint angle, joint moment, range of motion and joint stiffness symmetry before and after fatigue.

Hip Symmetry angle (%)
Pre- mean (+SD) Post- mean (+SD) Sig. ES (Cohen’s d)
Joint angle
Flex (+) 0.03 (0.02) 0.15 (0.13) 0.002** —0.54 (-1.29)
Ext (-) 0.37 (0.35) 0.16 (0.29) 0.082 0.31 (0.65)
Add (+) 0.11 (0.09) 0.50 (0.39) 0.001** —0.57 (-1.38)
Abd (-) 0.78 (0.52) 0.39 (0.40) 0.004** 0.39 (0.84)
Intr (+) 0.13 (0.08) 0.49 (0.28) 0.000** —-0.66 (-1.75)
Extr () 0.84 (4.47) 0.37 (0.43) 0.000* 0.07 (0.15)
Joint Moment
Flex (+) 0.04 (0.03) 0.15 (0.13) 0.001%* ~0.50 (~1.17)
Ext (-) 0.10 (0.09) 0.08 (0.08) 0.226 0.12 (0.23)
Add (+) 0.14 (0.10) 0.15 (0.09) 0.927 —0.05 (=0.11)
Abd (-) 0.17 (0.11) 0.24 (0.11) 0.147 —0.30 (—0.64)
Intr (+) 0.20 (0.12) 0.27 (0.14) 0.100 —0.26 (—0.54)
Extr (-) 0.23 (0.13) 0.22 (0.15) 0.929 0.04 (0.07)
Joint stiffness
Flex (+)/Ext (<) 0.07 (0.07) 0.08 (0.07) 0.798 —0.07 (-0.14)
Add (+)/Abd (-) 0.13 (0.09) 0.22 (0.16) 0.031* ~0.33 (0.69)
Intr (+)/Extr (=) 0.18 (0.12) 0.24 (0.14) 0.256 ~0.22 (~0.46)

*means significance (p < 0.05), “**” means very significance (p < 0.01).

Left: Left lower limb (non-dominant). Right: Right (dominant) lower limb. Flex: Flexion, Ext: Extension, Add: Adduction, Abd: Abduction. Intr: Internal rotation, Extr: External rotation.

ES: effect Size.
Bold values means statistical significance.

nervous system motor neuron drive and reduced bilateral
symmetry due to peripheral changes in hip muscle level
during fatigue (Gandevia, 2001; He and Fekete, 2021).
Therefore, the biomechanical variability of the bilateral
limbs caused by fatigue is not the same, and the risk of
injury related to body control maybe increase after fatigue
(Winter et al., 2016; Dempster et al., 2021; Xiang et al., 2022;
Xu et al,, 2022). However, part of kinematics parameters,
according to the current study found no symmetry
enhanced after fatigue phenomenon. Ankle and hip SA
abduction angle decreased, indicating that the two joints
abduction symmetry after fatigue is rather strong, and it
can be interpreted as the body response in order to
maintain the overall stability of the lower limbs after the
fatigue of a compensation mechanism (Gao et al., 2020a).
Moreover, the more symmetry of flexion angle of the knee in
this study may be a positive adjustment of the neuromuscular
system to avoid overuse injury after fatigue (Vagenas and
Hoshizaki, 1991). Another exciting result of current study is
that all three anatomic joints become more asymmetrical in
terms of internal rotation at the horizontal plane. In contrast,
all joints become more symmetrical in terms of external
This
mechanism generated by the body to maintain

coordination

the

rotation. phenomenon may be a
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symmetry and stability of the overall lower limbs after
fatigue (Heil et al., 2020).

This study explored the biomechanical differences and
symmetry changes of the bilateral lower limbs of amateur
runners before and after running-induced fatigue experiments.
However, there are still three limitations. First of all, the running-
induced fatigue experiment in this study was carried out on a
treadmill. In contrast, the biomechanical test before and after
fatigue was carried out on the ground, ignoring the possible
experimental errors caused by different planes. Secondly, the
symmetry evaluation adopts extreme values, and a discrete data
set, while ignoring data continuity. Future studies should
consider using other methods, such as Slyi, (Nigg et al,
2013), to evaluate the symmetry of time series data. In
addition, the results of this study are valid for young male
amateur only and in female runners and elite runners the
data should be confirmed with further studies.

Conclusion

Overall, this study reveals the effect of running fatigue on the
symmetry of joint angles, moment, and stiffness of amateur
runners’ lower limbs. The results shown that the lower limbs of
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amateur male runners were asymmetrical in both pre- and post-
fatigued states during running. In addition, running fatigue resulted
in an increased asymmetry of load on the hip, knee and ankle joints
of the lower extremities. Future research is needed to investigate the
relationship between fatigue-induced joints load asymmetry and
running-related injuries development. The external rotation angle
of three joints become more symmetry after fatigued, suggesting
that fatigue dose not deteriorate the symmetry of all biomechanical
parameters especially the joint angles in the horizontal plane. The
knowledge of the effects of fatigue on lower extremity biomechanics
may have implications for the training of long-distance running
footwork, such as musculature development, to prevent load
accumulation in unilateral joints and improve the efficiency of

long-distance running.
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