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Abstract

Background: Running is a cyclic movement requiring bilateral symmetry between the lower limbs to reduce injury risk. The as-
sessment of side-to-side differences is often performed to detect functional deficits.
Objectives: The purpose was to study side-to-side differences using clinical and running performance assessments in healthy run-
ners (HR), runners with a history of lower limb injuries (RHI), and runners with a current lower limb injury (RLI).
Methods: Forty-three runners were recruited, with 14 participants being allocated to the HR group, 13 to the RHI group, and 16 to
the RLI group. Peak vertical ground reaction force (GRF), midfoot pressure, foot rotation, and gait variability were recorded using a
Zebris FDM-T treadmill analysis system. Participants were also assessed using the navicular drop test. Dependent t-tests were used
to determine if any differences existed between the lower limbs within each group. One-way ANOVAs were then used to investigate
the side-to-side differences between the three groups.
Results: Significant differences were seen in navicular drop height between lower limbs within both the HR (P = 0.02) and RHI (P =
0.009) groups, and side-to-side differences in foot rotation were greatest in the RLI group (~ 34%) compared to both the RHI (~ 30.5%)
and HR (~ 24%) groups. The lateral variability of the center of pressure was greatest in the RLI group (37.1 mm) compared to the RHI
(28.9 mm) and HR (22.2 mm) groups.
Conclusions: Variability of butterfly center of pressure diagram may help identify runners at a greater risk of lower limb injury.
Side-to-side differences should be expected to progressively decrease from the injured stage, through the recovery and return to
sport phases. Target goals of less than 34% side-to-side difference for foot rotation and 37.1 mm for the lateral center of pressure
variability may be used to help the decision-making process when considering a return to running practice.
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1. Background

The number of runners increases every year, with
overuse injuries of the lower extremity and higher rates
of injury being reported compared to other body regions
(1), with up to 92% of runners experiencing some form of
lower limb injury from running (2). A systematic review
showed that the most common site of lower extremity in-
juries was the knee (7.2 to 50.0%), lower leg (9.0 to 32.2%),
the foot (5.7 to 39.3%), and the upper leg (3.4 to 38.1%) (2).
The most common overuse injuries reported are patellar
tendinopathy, plantar fasciitis, Achilles tendinopathy, and
medial tibial stress syndrome (3).

The etiology of running-related injuries (RRI) is mul-
tifactorial; and can be divided into three categories, in-
cluding training (running frequency, duration, intensity,
speed, and distance), anatomical (foot type, ankle range
of motion, and leg length discrepancy), as well as biome-
chanical factors (4); with changes in the biomechanics of
running being primarily suggested as key factors for RRI
(5, 6). From a systematic review of biomechanical factors,
evidence supporting the mechanisms of RRI are inconsis-
tent when considering the injuries reported (7). However,
ground reaction forces (GRFs) have been speculated as the
most important factor associated with RRI (8). Higher im-
pact loading rates during the early loading phase have
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been reported in injured runners who had been medically
diagnosed with injuries when compared to runners with-
out any current or history of injuries (6, 9). In addition,
plantar pressure during running is a biomechanical mea-
sure that was suggested as a predictive parameter of sus-
taining an overuse injury (10). This can be explained in
part by excessive foot pronation resulting in higher pres-
sure on the medial side of the foot, which in turn has been
related to lower leg injuries (11, 12), in particular on the me-
dial aspect of the lower extremities (13) and the plantar fas-
cia (14). Greater foot pronation may be associated with a
greater navicular drop which contributes to medial tibial
stress syndrome (15). Moreover, low-arched runners seem
to experience greater rearfoot eversion excursion, velocity,
and a ratio of eversion to tibial internal rotation that could
lead to overuse injuries on the medial side of the lower
limb (16).

Running is a cyclic movement and requires a bilateral
symmetry between lower limbs to reduce injury risk (17),
and overloading of one leg will likely occur if there is an
asymmetry during running (18, 19). However, Bredeweg et
al. (20) reported no differences in the loading between in-
jured and noninjured limbs in novice runners. Further-
more, Hanley and Tucker (21) studied asymmetry of lower
limb movements during a 10 km treadmill run. They re-
ported a 1.2% greater symmetry angle which was defined
as differences in; step length, step frequency, contact time,
flight time, and impact force.

Assessments of side-to-side differences are frequently
performed to detect functional deficits by health profes-
sionals (22, 23), and the monitoring of the progression of
side-to-side differences has also been used to observe the ef-
fectiveness of different treatments and rehabilitation pro-
grams when considering the readiness to return to sport
after injury (19, 24). However, to the best of our knowledge,
the presence of side-to-side differences in healthy runners
compared to runners with a history of lower limb injuries
or runners with a current lower limb injury is yet to be con-
firmed. Moreover, more studies exploring measures such
as; peak vertical GRF, midfoot pressure, foot rotation, and
gait variability are needed to better understand their as-
sociation with the presence, or not, of lower limb injuries
in runners. The current study aims to provide a better un-
derstanding of the biomechanical presentation associated
with the presence of a current or previous injury, with a
view to help clinicians develop focused assessments, pro-
gressive expectations from rehabilitation programs, and
help decision making when considering a return to run-
ning practice.

2. Objectives

The primary purpose of the current study was to study
side-to-side differences using clinical and running perfor-
mance assessments of dominant and non-dominant sides
in healthy runners (HR), runners with a history of lower
limb injuries (RHI), and runners with lower limb injuries
(RLI). The secondary purpose was to compare the side-to-
side differences between HR, RHI, and RLI groups. The hy-
potheses were that side-to-side differences would be seen
within the RLI and/or the RHI groups, and greater side-to-
side differences would be seen between the RHI and RLI
groups compared with the HR group.

3. Methods

This was a retrospective study. Data from the running
clinic at the Faculty of Physical Therapy at Mahidol Univer-
sity were reviewed.

3.1. Participants

All runners were verbally informed about the study,
and those that agreed to their data being used signed a
written informed consent form, and the study was ap-
proved by the Mahidol University Central Institutional Re-
view Board for Human Research (COA.No. 2019/076.2404).

Forty-nine runners joined an annual running assess-
ment, of which 43 runners met the inclusion criteria and
consented to have their data included. The data of 43
runners from those that consented were allocated into 3
groups; 14 healthy runners (HR), 13 runners with a his-
tory of lower limb injury (RHI), and 16 runners with a cur-
rent lower limb injury (RLI) (Figure 1). Participants in the
RHI group were defined as previously having a lower limb
injury at least 3 months prior to testing with no current
pain or symptoms during running. Participants in the RLI
group were defined as currently reporting having a lower
limb injury, but were excluded if they reported having in-
flammatory signs, resting pain, or severe pain during the
running test. Participants who reported a history or a cur-
rent injury not in the lower limb, such as low back pain
were also excluded.

3.2. Testing Procedures

Demographic data including general information; sex,
age, type of running, running experience, running dis-
tance, leg dominance, and history of injury were recorded.
The preferred leg for kicking a ball was identified as the
dominant leg (25). In addition, the navicular drop height
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Figure 1. Participant allocation
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(NDH) test was performed to observe navicular drop from a
non-weight bearing or sitting posture to a weight-bearing
or standing posture (26). Navicular tuberosity heights
were measured from the floor while the runner was firstly
sitting on a chair with 90° hip and knee positions and then
during standing, and the difference of navicular tuberos-
ity heights between sitting and standing postures was
recorded. Previous studies have reported intra-rater ICC(3,1)

0.61 - 0.79 (27) and inter-rater ICC(2,1) 0.48 - 0.97 (28) for the
NDH test, and it has been suggested to be a valid indica-
tor of midfoot and rear-foot pronation under static and dy-
namic conditions (29).

The participants were then asked to perform a running
trial on a Zebris FDM-T Treadmill, which has integrated
force sensors at a sampling rate of 120 Hz (Zebris Medi-
cal GmbH, Germany). The FDM-T has been shown to be a
reliable and valid instrument (30, 31) and has been used
to study the force distribution during running gait anal-
ysis. The FDM-T is fitted with an array of 10,240 miniature
force sensors, each approximately 0.85 cm × 0.85 cm, cov-
ering an area of 150 × 50 cm. Participants wore their nor-
mal sports clothing and footwear. The protocol of a run-
ning trial started with a 2-minute walking warm-up at a
self-selected speed. Participants were then asked to run for
5 minutes at a speed that was comfortable and matched
what they normally used during routine training. Data
were recorded from the last 30 seconds of the running test
to minimize any effects due to habituation.

3.3. Data Acquisition

All parameters were obtained from Zebris Software
analysis. The biomechanical parameters explored in-
cluded; peak vertical GRF (Newton), midfoot pressure
(Newton/cm2), and foot rotation angle (degree). Foot rota-
tion angle was defined as the angle between the longitu-
dinal axis of the foot and the running direction, with neg-
ative and positive values of foot rotation defined as inter-
nal and external rotations, respectively. These parameters
were averaged over the gait cycles recorded during the 30
second data collection period and were recorded for each
limb. Percentages of side-to-side differences were then cal-
culated and reported.

Gait variability can be estimated as the standard de-
viation of the intersection point from a continuous trace
of the center of pressure trajectory, which may be use-
ful when exploring differences between runners with and
without RRI. The variability of the anteroposterior and me-
dial lateral directions was derived from the butterfly cen-
ter of pressure diagrams and calculated from the standard

deviation at the point of intersection (Figure 2). To gain
a greater understanding of symmetry during running,
the symmetry using butterfly plots has been suggested as
these are simple and easy to interpret (22). The butter-
fly diagram shows the center of pressure trajectory dur-
ing gait, which represents running gait variability, stride
width, single/double support, and weight shifting symme-
try between the lower extremities.

3.4. Statistical Analysis

The distribution of the data was tested using the
Shapiro-Wilk test, and all parameters were found to be suit-
able for parametric testing. Dependent t-tests were used to
explore any differences between lower-limb sides within
each group, and one-way ANOVA tests with post hoc pair-
wise comparisons were performed to investigate if any dif-
ferences existed between the HR, RHI, and RLI groups. The
statistical significance level was set at P < 0.05, and all test-
ing was performed using SPSS Version 23.0 (IBM SPSS Statis-
tics for Windows, Armonk, NY, USA).

4. Results

Six of the 49 runners were excluded from the study be-
cause three runners had incomplete data sets, and three
runners had low back pain (Figure 1). The characteristics
of the 43 runners included are shown in Table 1. The partici-
pants comprised 24 novice and 19 recreational runners. No
differences were seen in the average running speed, level of
experience, and frequency of running, although the run-
ning distance showed that runners with a current injury
ran shorter distances than those who had a history of in-
jury and those who had no history of injury.

Table 2 shows the comparisons between sides in the
three groups. The NDH was significantly different between
sides in the HR (P = 0.02) and RHI (P = 0.009) groups. The
peak vertical GRF was significantly higher (P < 0.01) on the
dominant side when compared to the non-dominant side
in the RLI group, however, no significant differences were
seen in the percentage of side-to-side differences among
the HR, RHI, and RLI groups, and no significant differences
were seen between the three groups in all parameters, Ta-
ble 3. The lateral variability of the butterfly center of pres-
sure diagram in the RLI group was 37.1 mm, which was
greater than in the RHI group (28.9 mm) and the HR group
(22.2 mm). However, a greater anteroposterior variability
was observed in the HR group (180.4 mm) when compared
to the RHI group (176.5 mm) and the RLI group (168.8 mm)
(Figure 3).
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Figure 2. The butterfly diagram shows the center of pressure trajectory during running. Statistical outcome represents the gait variability in anteroposterior and lateral
directions (A). B is an atypical example of pressure trajectory in a case of history of shin splint
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Table 1. Characteristics of Healthy Runners (HR), Runners with a History of Lower Limb Injuries (RHI), and Runners with Lower Limb Injuries (RLI) Groups a

Parameter HR (N = 14) RHI (N = 13) RLI (N = 16) P-Value

Sex

Male 6 (43) 9 (69) 4 (25)

Female 8 (57) 4 (31) 12 (75)

Age (y) 32.5 ± 6.3 30.4 ± 5 30.8 ± 5.6

Type of runner

Novice runner 8 (57) 6 (46) 10 (63)

Recreational runner 6 (43) 7 (54) 6 (38)

Speed (km/h) 6.6 ± 1.5 7.2 ± 2 7.3 ± 1.6 0.50

Running distance (km) 8 ± 4.3 11.2 ± 6 6.1 ± 2.5 0.01

Running experience (y) 2.7 ± 1.3 3.7 ± 2.9 3.0 ± 3.6 0.68

Frequency of running (time/w) 2.7 ± 1.4 3.7 ± 1.3 2.9 ± 1.5 0.16

a Values are expressed as No. (%) or mean ± SD.

Table 2. Statistical Comparisons of Navicular Drop Height, Peak Vertical GRF, Midfoot Pressure, and Foot Rotation Between Lower Limb Sides in Healthy Runners (HR), Runners
with a History of Lower Limb Injuries (RHI), and Runners with Lower Limb Injuries (RLI) Groups (Mean ± SD (95% CI))

Parameters
HR (N = 14) RHI (N = 13) RLI (N = 16)

Dominant Non-Dominant P-Value Dominant Non-Dominant P-Value Dominant Non-Dominant P-Value

Navicular drop
height (mm)

5.6 ± 1.5 (5.0 - 6.5) 7.1 ± 2.7 (5.5 - 8.8) 0.020 6.2 ± 1.9 (5.1 - 7.4) 7.5 ± 2.1 (6.2 - 8.7) 0.009 7.3 ± 2.5 (6.3 - 8.6) 7.2 ± 2.1 (6.3 - 9.3) 0.900

Peak vertical GRF (N) 1207.7 ± 238.8 (1072.9
- 1367.5)

1203.0 ± 241.8 (1061.3
- 1362.5)

0.790 1297.8 ± 282.4 (1127.1 -
1468.4)

1285.5 ± 272.4 (1120.9
- 1450.2)

0.510 1312.3 ± 228.5 (1162.6 -
1460.7)

1273.5 ± 232.2 (1117.0 -
1420.0)

< 0.01

Midfoot pressure
(N/cm2 )

16.4 ± 3.0 (14.3 - 18.1) 16.0 ± 3.1 (14.6 - 18.4) 0.260 19.3 ± 5.9 (15.7 - 22.9) 18.4 ± 6.7 (14.3 - 22.5) 0.210 18.1 ± 6.8 (13.4 - 19.8) 18.4 ± 6.9 (14.1 - 19.7) 0.630

Foot rotation
(degree)

8.3 ± 3.9 (7.2 - 11.1) 9.0 ± 3.2 (6.2 - 10.9) 0.360 9.1 ± 4.1 (6.6 - 11.6) 8.9 ± 3.6 (6.8 - 11.1) 0.790 9.0 ± 3.4 (7.0 - 10.8) 7.1 ± 3.4 (5.5 - 9.5) 0.060

5. Discussion

The purpose of this study was to observe the symmetry
of lower limbs or the side-to-side differences within clini-
cal and running performance assessments in healthy run-
ners (HR), runners with a history of lower limb injuries
(RHI), and runners with a current lower limb injury (RLI).
The RLI group had no resting pain but reported symptoms
during the running test; however, they were still able to
complete the tests even though they reported mild to mod-
erate pain, knowing that they were free to withdraw. De-
spite running with mild to moderate pain, the RLI group
had a slightly higher running speed than the RHI and HR
groups, indicating the pain did not limit their running per-
formance, although they did report a significantly lower
usual average running distance.

The normal range of NDH is suggested to be less than
10 millimeters (26), and greater amounts of pronation
may be associated with a greater navicular drop which has
been reported to lead to medial tibial stress syndrome (15).
Moreover, runners with low-arched feet seem to experi-
ence greater rearfoot eversion excursion, velocity, and a ra-

tio of eversion to tibial internal rotation that could lead
to overuse injuries on the medial side of the lower limb
(16). In the present study, NDH showed a significant differ-
ence between lower limb sides in the HR and RHI groups
but showed no significant difference in the RLI group. This
was not the same as our first hypothesis, where the current
study expected to see significant side-to-side differences on
parameters in the RLI and/or the RHI groups, but not in
the HR group. This may indicate that the NDH test does
not offer any discriminatory insights between injured and
noninjured runners. This is supported by Behling et al.
(32), who investigated foot pronation during static and dy-
namic assessments in recreational runners and suggested
that linking static assessments to dynamic tasks is not rec-
ommended. In addition, Nielsen et al. (33) studied novice
runners over a year and found no clear links between high
foot pronation and RRI when assessing using the foot pos-
ture index.

Previously the NDH has been significantly associated
with medial plantar pressure during both static standing
and walking in healthy individuals (34). In the present
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study, slightly less midfoot pressure on both feet was ob-
served in the HR group when compared to the RHI group
and the RLI group (Table 2), although this was not signifi-
cant with similar pressures seen between lower limb sides
within all the groups, again offering no discriminatory in-
sights between injured and noninjured runners. It has
been reported that the flexibility of the medial longitudi-
nal arch influences the shock attenuation and plantar pres-
sure distributions during running (16, 35). Future studies
should consider the specific medial and lateral areas of the
midfoot, which may help to offer a better explanation in
the plantar loading of runners with RRI.

Peak vertical GRF on the dominant side was signifi-
cantly higher than the non-dominant side in the RLI group
only, although when comparing the HR, RHI, and RLI
groups no significant side-to-side differences were seen. Gi-
rard et al. (36) investigated limb mechanical asymmetries
in physically active males without injury and found that
the asymmetry index of peak vertical force was on aver-
age 2.5± 1.3% between non-dominant and dominant limbs
for maximum sprint tests. In the current study, an aver-
age of 3.8± 3.4% side-to-side difference was observed in the
healthy runners. However, the running speed during this
current study was less than that reported by Girard et al.
The findings of this study support previous studies (18, 19)
which also found no significant side-to-side differences in
kinetics between noninjured and injured runners. In addi-
tion, our findings showed no differences in the peak verti-
cal GRF between limbs in runners with a history of lower
limb injuries. This is supported by Zifchock et al. (18, 19),
who found no significant differences between sides in the
peak vertical GRF in runners with a history of lower limb in-
juries such as hip bursitis, stress fractures, iliotibial band
syndrome, and plantar fasciitis. In the current study, no
significant differences between HR and RHI groups were
observed, but also between these and the RLI group, which
was surprising as the study hypothesized that differences
would exist between those with a current injury.

Previously the amount of foot rotation during running
tests has not been fully explored. Relative foot position
and impact forces may influence the force distributions
(37). However, no significant difference between lower
limb sides was observed in any of the three groups, with
similar amounts of external foot rotation. However, in
the RLI group, a trend towards a statistical difference be-
tween non-dominant and dominant limbs was observed (P
= 0.06). When considering the percentage of side-to-side
differences, a greater asymmetry in foot rotation was ex-
hibited in the RLI group (~ 34%) when compared to the

RHI group (~ 30.5%) and HR group (~ 24%), (Table 3). This
would suggest that more side-to-side differences should be
expected from injured individuals, which may be associ-
ated with recovery or movement adaptation.

The RLI group ran with more side-by-side variation
whilst the HR group ran with more anteroposterior varia-
tion, which could be one factor that may help identify run-
ners at a greater risk of lower limb injury (Figure 3). In the
HR group, the 95% CI of anteroposterior and lateral vari-
abilities were 166.7 - 194.1 mm and 9.1 - 35.4 mm, respec-
tively. These may be useful clinically to monitor progress
through rehabilitation. However, in the current study,
no significant differences in variability were seen between
groups, so further work is needed to confirm the hypoth-
esis that variability is a useful predictive factor to monitor
recovery in individuals with RRI.

The current study explored gait variability and sym-
metry during running at the preferred speed for routine
training in 3 groups of runners. The results contribute
to our understanding of the biomechanical presentation
associated with the presence of a current or previous in-
jury. One of the limitations to our current understanding
is the variety of types of injuries within our RLI group and
RRIs in general, which highlights the need for studies with
a sufficient sample size to be able to explore different in-
jury presentations using a variety of clinical assessments.
However, this study did not focus on movement changes
or compensations which may be associated with differ-
ent types of lower extremity injury. However, the findings
from the exploration of symmetry in this study are still use-
ful to help guide the rehabilitation of RRI, but future stud-
ies should include more participants to explore the effects
of gender and to increase statistical power.

6. Conclusions

Side-to-side differences should be considered when
monitoring injured runners through their recovery and
return-to-performance. The assessment of center of pres-
sure variability during running may be one factor to help
identify runners at a greater risk of lower limb injury. Run-
ners with lower extremity injuries appear to show more
side-to-side variation, whilst healthy runners show more
anteroposterior variation. Side-to-side differences should
be expected to progressively decrease from the injured
stage through the recovery and return to sport phases. Tar-
get goals of less than 34% side-to-side difference for foot ro-
tation and 37.1 mm for lateral variability of Butterfly cen-
ter of pressure diagram may be used to help the decision-
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Table 3. Statistical Comparisons of Percentage of Side-to-Side Differences on Navicular Drop Height, Peak Vertical GRF, Midfoot Pressure, and Foot Rotation Sides Healthy
Runners (HR), Runners with a History of Lower Limb Injuries (RHI), and Runners with Lower Limb Injuries (RLI) Groups (Mean ± SD (95% CI))

Parameters

Percentage of Side-to-Side Difference

HR (N = 14) RHI (N = 13) RLI (N = 16)
ANOVA Test

F P-Value

Navicular drop height 33.3 ± 30.9 (14.6 - 51.9) 23.4 ± 24.1 (9.8 - 38.9) 26 ± 9.6 (20.2 - 31.8) F (2, 42) = 0.515 0.602

Peak vertical GRF 3.8 ± 3.4 (1.8 - 5.9) 3.6 ± 3.3 (1.6 - 5.6) 3.8 ± 2.7 (2.2 - 5.4) F (2, 42) = 0.093 0.911

Midfoot pressure 6.5 ± 4.7 (3.6 - 9.3) 11.7 ± 8.9 (6.3 - 17.1) 10 ± 6.4 (6.1 - 13.8) F (2, 42) = 2.110 0.134

Foot rotation 24 ± 17.2 (13.6 - 34.4) 30.5 ± 30.9 (11.9 - 49.2) 34 ± 19. 1 (22.5 - 45.5) F (2, 42) = 1.290 0.284

Figure 3. Comparisons of anteroposterior and lateral variability of butterfly diagram among healthy runners (HR), runners with history of lower limb injuries (RHI), and
runners with lower limb injuries (RLI) groups

making process when considering a return to running
practice and to help guide the rehabilitation of RRI.

Acknowledgments

All authors would like to thank all participants and the
Faculty of Physical Therapy, Mahidol University, for sup-
porting the study. We declare that there is no conflict of
interest.

Footnotes

Authors’ Contribution: Study concept and design: A.T.,
K.S., K.A., P.N., S.K., and Y.S.; Acquisition of data: A.T. and
K.S.; Analysis and interpretation of data: A.T., K.S., K.A., P.N.,
S.K., Y.S., P.W., and J.R.; Drafting of the manuscript: A.T.,
K.S., K.A., P.N., S.K., Y.S., P.W., and J.R.; Critical revision of the
manuscript for important intellectual content: A.T., K.S.,

K.A., P.N., S.K., Y.S., P.W., and J.R.; Statistical analysis: A.T. and
K.S.; Administrative, technical, and material support: A.T.
and K.S.; Study supervision: K.S.

Conflict of Interests: No potential conflict of interest rel-
evant to this was reported.

Data Reproducibility: The data presented in this study
are openly available in one of the repositories or will be
available on request from the corresponding author by
this journal representative at any time during submission
or after publication. Otherwise, all consequences of possi-
ble withdrawal or future retraction will be with the corre-
sponding author.

Ethical Approval: The study was approved by the Mahidol
University Central Institutional Review Board for Human
Research (COA.No. 2019/076.2404).

Funding/Support: There was no funding or support.

Informed Consent: We informed all runners verbally
about the study, and those that agreed to their data being

8 Asian J Sports Med. 2022; 13(1):e114922.



Tenriwulan AF et al.

used signed a written informed consent form. Informed
consent was obtained from the participants.

References

1. van der Worp MP, ten Haaf DS, van Cingel R, de Wijer A, Nijhuis-van
der Sanden MW, Staal JB. Injuries in runners; a systematic review on
risk factors and sex differences. PLoS One. 2015;10(2). e0114937. doi:
10.1371/journal.pone.0114937. [PubMed: 25706955]. [PubMed Central:
PMC4338213].

2. van Gent RN, Siem D, van Middelkoop M, van Os AG, Bierma-Zeinstra
SM, Koes BW. Incidence and determinants of lower extremity running
injuries in long distance runners: a systematic review. Br J Sports Med.
2007;41(8):469–80. discussion 480. doi: 10.1136/bjsm.2006.033548.
[PubMed: 17473005]. [PubMed Central: PMC2465455].

3. Lopes AD, Hespanhol Junior LC, Yeung SS, Costa LO. What are the
main running-related musculoskeletal injuries? A Systematic Review.
Sports Med. 2012;42(10):891–905. doi: 10.2165/11631170-000000000-
00000. [PubMed: 22827721]. [PubMed Central: PMC4269925].

4. Hreljac A. Impact and overuse injuries in runners. Med Sci Sports
Exerc. 2004;36(5):845–9. doi: 10.1249/01.mss.0000126803.66636.dd.
[PubMed: 15126720].

5. Napier C, MacLean CL, Maurer J, Taunton JE, Hunt MA. Kinematic Cor-
relates of Kinetic Outcomes Associated With Running-Related Injury.
J Appl Biomech. 2019;35(2):123–30. doi: 10.1123/jab.2018-0203. [PubMed:
30421631].

6. Napier C, MacLean CL, Maurer J, Taunton JE, Hunt MA. Kinetic risk fac-
tors of running-related injuries in female recreational runners. Scand
J Med Sci Sports. 2018;28(10):2164–72. doi: 10.1111/sms.13228. [PubMed:
29846979].

7. Ceyssens L, Vanelderen R, Barton C, Malliaras P, Dingenen B. Biome-
chanical Risk Factors Associated with Running-Related Injuries: A Sys-
tematic Review. Sports Med. 2019;49(7):1095–115. doi: 10.1007/s40279-
019-01110-z. [PubMed: 31028658].

8. Kluitenberg B, Bredeweg SW, Zijlstra S, Zijlstra W, Buist I. Comparison
of vertical ground reaction forces during overground and treadmill
running. A validation study. BMC Musculoskelet Disord. 2012;13:235.
doi: 10.1186/1471-2474-13-235. [PubMed: 23186326]. [PubMed Central:
PMC3518245].

9. Davis IS, Bowser BJ, Mullineaux DR. Greater vertical impact loading
in female runners with medically diagnosed injuries: a prospective
investigation. Br J SportsMed. 2016;50(14):887–92. doi: 10.1136/bjsports-
2015-094579. [PubMed: 26644428].

10. Willems TM, De Ridder R, Roosen P. The effect of a long-distance
run on plantar pressure distribution during running. Gait Pos-
ture. 2012;35(3):405–9. doi: 10.1016/j.gaitpost.2011.10.362. [PubMed:
22153665].

11. Willems TM, De Clercq D, Delbaere K, Vanderstraeten G, De Cock
A, Witvrouw E. A prospective study of gait related risk factors for
exercise-related lower leg pain. Gait Posture. 2006;23(1):91–8. doi:
10.1016/j.gaitpost.2004.12.004. [PubMed: 16311200].

12. Willems TM, Witvrouw E, De Cock A, De Clercq D. Gait-
related risk factors for exercise-related lower-leg pain dur-
ing shod running. Med Sci Sports Exerc. 2007;39(2):330–9. doi:
10.1249/01.mss.0000247001.94470.21. [PubMed: 17277598].

13. Hintermann B, Nigg BM. Pronation in runners. Implications for
injuries. Sports Med. 1998;26(3):169–76. doi: 10.2165/00007256-
199826030-00003. [PubMed: 9802173].

14. Kwon PK, Kay D, Voner RT, White MW. Plantar Fasciitis Mechanics and
Pathomechanics of Treatment. Clin Sports Med. 1988;7(1):119–26. doi:
10.1016/s0278-5919(20)30963-7.

15. Buist I, Bredeweg SW, Lemmink KA, van Mechelen W, Diercks RL. Pre-
dictors of running-related injuries in novice runners enrolled in a
systematic training program: a prospective cohort study. Am J Sports
Med. 2010;38(2):273–80. doi: 10.1177/0363546509347985. [PubMed:
19966104].

16. Williams DS, McClay IS, Hamill J, Buchanan TS. Lower Extremity Kine-
matic and Kinetic Differences in Runners with High and Low Arches.
J Appl Biomech. 2001;17(2):153–63. doi: 10.1123/jab.17.2.153.

17. Carpes FP, Mota CB, Faria IE. On the bilateral asymmetry during
running and cycling - a review considering leg preference. Phys
Ther Sport. 2010;11(4):136–42. doi: 10.1016/j.ptsp.2010.06.005. [PubMed:
21055708].

18. Zifchock RA, Davis I, Hamill J. Kinetic asymmetry in female run-
ners with and without retrospective tibial stress fractures. J Biomech.
2006;39(15):2792–7. doi: 10.1016/j.jbiomech.2005.10.003. [PubMed:
16289516].

19. Zifchock RA, Davis I, Higginson J, McCaw S, Royer T. Side-to-side differ-
ences in overuse running injury susceptibility: a retrospective study.
Hum Mov Sci. 2008;27(6):888–902. doi: 10.1016/j.humov.2008.03.007.
[PubMed: 18639948].

20. Bredeweg SW, Kluitenberg B, Bessem B, Buist I. Differences in ki-
netic variables between injured and noninjured novice runners:
a prospective cohort study. J Sci Med Sport. 2013;16(3):205–10. doi:
10.1016/j.jsams.2012.08.002. [PubMed: 22921763].

21. Hanley B, Tucker CB. Gait variability and symmetry remain consis-
tent during high-intensity 10,000m treadmill running. J Biomech.
2018;79:129–34. doi: 10.1016/j.jbiomech.2018.08.008. [PubMed:
30126720].

22. Kalron A, Frid L. The "butterfly diagram": A gait marker for neu-
rological and cerebellar impairment in people with multiple scle-
rosis. J Neurol Sci. 2015;358(1-2):92–100. doi: 10.1016/j.jns.2015.08.028.
[PubMed: 26318202].

23. Sinsurin K, Srisangboriboon S, Vachalathiti R. Side-to-side differences
in lower extremity biomechanics during multi-directional jump
landing in volleyball athletes. Eur J Sport Sci. 2017;17(6):699–709. doi:
10.1080/17461391.2017.1308560. [PubMed: 28394742].

24. Clark NC. Functional performance testing following knee ligament
injury. Phys Ther Sport. 2001;2(2):91–105. doi: 10.1054/ptsp.2001.0035.

25. Ghena DR, Kurth AL, Thomas M, Mayhew J. Torque Characteristics
of the Quadriceps and Hamstring Muscles during Concentric and
Eccentric Loading. J Orthop Sports Phys Ther. 1991;14(4):149–54. doi:
10.2519/jospt.1991.14.4.149. [PubMed: 18784395].

26. Mueller MJ, Host JV, Norton BJ. Navicular drop as a composite mea-
sure of excessive pronation. J Am Podiatr Med Assoc. 1993;83(4):198–
202. doi: 10.7547/87507315-83-4-198. [PubMed: 8473991].

27. Picciano AM, Rowlands MS, Worrell T. Reliability of open and
closed kinetic chain subtalar joint neutral positions and nav-
icular drop test. J Orthop Sports Phys Ther. 1993;18(4):553–8. doi:
10.2519/jospt.1993.18.4.553. [PubMed: 8220414].

28. Shultz SJ, Nguyen AD, Windley TC, Kulas AS, Botic TL, Beynnon BD.
Intratester and intertester reliability of clinical measures of lower
extremity anatomic characteristics: implications for multicenter
studies. Clin J Sport Med. 2006;16(2):155–61. doi: 10.1097/00042752-
200603000-00012. [PubMed: 16603886].

29. Deng J, Joseph R, Wong C. Reliability and validity of the navicular drop
test: do static measures of navicular height relate to dynamic navicu-
lar motion during gait? J Stud Phys Ther Res. 2009;30(2):21–8.

30. Reed LF, Urry SR, Wearing SC. Reliability of spatiotemporal and ki-
netic gait parameters determined by a new instrumented treadmill
system. BMC Musculoskelet Disord. 2013;14:249. doi: 10.1186/1471-2474-
14-249. [PubMed: 23964707]. [PubMed Central: PMC3766030].

31. Wearing SC, Reed LF, Urry SR. Agreement between temporal and spa-
tial gait parameters from an instrumented walkway and treadmill

Asian J Sports Med. 2022; 13(1):e114922. 9

http://dx.doi.org/10.1371/journal.pone.0114937
http://www.ncbi.nlm.nih.gov/pubmed/25706955
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4338213
http://dx.doi.org/10.1136/bjsm.2006.033548
http://www.ncbi.nlm.nih.gov/pubmed/17473005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2465455
http://dx.doi.org/10.2165/11631170-000000000-00000
http://dx.doi.org/10.2165/11631170-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22827721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4269925
http://dx.doi.org/10.1249/01.mss.0000126803.66636.dd
http://www.ncbi.nlm.nih.gov/pubmed/15126720
http://dx.doi.org/10.1123/jab.2018-0203
http://www.ncbi.nlm.nih.gov/pubmed/30421631
http://dx.doi.org/10.1111/sms.13228
http://www.ncbi.nlm.nih.gov/pubmed/29846979
http://dx.doi.org/10.1007/s40279-019-01110-z
http://dx.doi.org/10.1007/s40279-019-01110-z
http://www.ncbi.nlm.nih.gov/pubmed/31028658
http://dx.doi.org/10.1186/1471-2474-13-235
http://www.ncbi.nlm.nih.gov/pubmed/23186326
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3518245
http://dx.doi.org/10.1136/bjsports-2015-094579
http://dx.doi.org/10.1136/bjsports-2015-094579
http://www.ncbi.nlm.nih.gov/pubmed/26644428
http://dx.doi.org/10.1016/j.gaitpost.2011.10.362
http://www.ncbi.nlm.nih.gov/pubmed/22153665
http://dx.doi.org/10.1016/j.gaitpost.2004.12.004
http://www.ncbi.nlm.nih.gov/pubmed/16311200
http://dx.doi.org/10.1249/01.mss.0000247001.94470.21
http://www.ncbi.nlm.nih.gov/pubmed/17277598
http://dx.doi.org/10.2165/00007256-199826030-00003
http://dx.doi.org/10.2165/00007256-199826030-00003
http://www.ncbi.nlm.nih.gov/pubmed/9802173
http://dx.doi.org/10.1016/s0278-5919(20)30963-7
http://dx.doi.org/10.1177/0363546509347985
http://www.ncbi.nlm.nih.gov/pubmed/19966104
http://dx.doi.org/10.1123/jab.17.2.153
http://dx.doi.org/10.1016/j.ptsp.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21055708
http://dx.doi.org/10.1016/j.jbiomech.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16289516
http://dx.doi.org/10.1016/j.humov.2008.03.007
http://www.ncbi.nlm.nih.gov/pubmed/18639948
http://dx.doi.org/10.1016/j.jsams.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22921763
http://dx.doi.org/10.1016/j.jbiomech.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30126720
http://dx.doi.org/10.1016/j.jns.2015.08.028
http://www.ncbi.nlm.nih.gov/pubmed/26318202
http://dx.doi.org/10.1080/17461391.2017.1308560
http://www.ncbi.nlm.nih.gov/pubmed/28394742
http://dx.doi.org/10.1054/ptsp.2001.0035
http://dx.doi.org/10.2519/jospt.1991.14.4.149
http://www.ncbi.nlm.nih.gov/pubmed/18784395
http://dx.doi.org/10.7547/87507315-83-4-198
http://www.ncbi.nlm.nih.gov/pubmed/8473991
http://dx.doi.org/10.2519/jospt.1993.18.4.553
http://www.ncbi.nlm.nih.gov/pubmed/8220414
http://dx.doi.org/10.1097/00042752-200603000-00012
http://dx.doi.org/10.1097/00042752-200603000-00012
http://www.ncbi.nlm.nih.gov/pubmed/16603886
http://dx.doi.org/10.1186/1471-2474-14-249
http://dx.doi.org/10.1186/1471-2474-14-249
http://www.ncbi.nlm.nih.gov/pubmed/23964707
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3766030


Tenriwulan AF et al.

system at matched walking speed. Gait Posture. 2013;38(3):380–4. doi:
10.1016/j.gaitpost.2012.12.017. [PubMed: 23337733].

32. Behling AV, Manz S, von Tscharner V, Nigg BM. Pronation or foot
movement - What is important. J Sci Med Sport. 2020;23(4):366–71. doi:
10.1016/j.jsams.2019.11.002. [PubMed: 31776068].

33. Nielsen RO, Buist I, Parner ET, Nohr EA, Sorensen H, Lind M, et al.
Foot pronation is not associated with increased injury risk in novice
runners wearing a neutral shoe: a 1-year prospective cohort study.
Br J Sports Med. 2014;48(6):440–7. doi: 10.1136/bjsports-2013-092202.
[PubMed: 23766439].

34. Jonely H, Brismee JM, Sizer PJ, James CR. Relationships between clini-
cal measures of static foot posture and plantar pressure during static
standing and walking. Clin Biomech (Bristol, Avon). 2011;26(8):873–9.
doi: 10.1016/j.clinbiomech.2011.04.008. [PubMed: 21632159].

35. Hollander K, Zech A, Rahlf AL, Orendurff MS, Stebbins J, Heidt C. The
relationship between static and dynamic foot posture and running
biomechanics: A systematic review and meta-analysis. Gait Posture.
2019;72:109–22. doi: 10.1016/j.gaitpost.2019.05.031. [PubMed: 31195310].

36. Girard O, Brocherie F, Morin JB, Millet GP. Lower limb mechan-
ical asymmetry during repeated treadmill sprints. Hum Mov
Sci. 2017;52:203–14. doi: 10.1016/j.humov.2017.02.008. [PubMed:
28254534].

37. Lieberman DE, Warrener AG, Wang J, Castillo ER. Effects of stride fre-
quency and foot position at landing on braking force, hip torque,
impact peak force and the metabolic cost of running in humans.
J Exp Biol. 2015;218(Pt 21):3406–14. doi: 10.1242/jeb.125500. [PubMed:
26538175].

10 Asian J Sports Med. 2022; 13(1):e114922.

http://dx.doi.org/10.1016/j.gaitpost.2012.12.017
http://www.ncbi.nlm.nih.gov/pubmed/23337733
http://dx.doi.org/10.1016/j.jsams.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31776068
http://dx.doi.org/10.1136/bjsports-2013-092202
http://www.ncbi.nlm.nih.gov/pubmed/23766439
http://dx.doi.org/10.1016/j.clinbiomech.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21632159
http://dx.doi.org/10.1016/j.gaitpost.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31195310
http://dx.doi.org/10.1016/j.humov.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28254534
http://dx.doi.org/10.1242/jeb.125500
http://www.ncbi.nlm.nih.gov/pubmed/26538175

	Abstract
	1. Background
	2. Objectives
	3. Methods
	3.1. Participants
	Figure 1

	3.2. Testing Procedures
	3.3. Data Acquisition
	Figure 2

	3.4. Statistical Analysis

	4. Results
	Table 1
	Table 2

	5. Discussion
	Table 3
	Figure 3

	6. Conclusions
	Acknowledgments
	Footnotes
	Authors' Contribution: 
	Conflict of Interests: 
	Data Reproducibility: 
	Ethical Approval: 
	Funding/Support: 
	Informed Consent: 

	References

