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Abstract: This study aimed to assess the 3D kinematic pattern of the pelvis during running and
establish differences between sexes using the IMU sensor for spatiotemporal outcomes, vertical
acceleration symmetry index, and ranges of motion of the pelvis in the sagittal, coronal, and transverse
planes of movement. The kinematic range in males was 5.92◦–6.50◦, according to tilt. The range of
obliquity was between 7.84◦ and 9.27◦ and between 9.69◦ and 13.60◦, according to pelvic rotation.
In females, the results were 6.26◦–7.36◦, 7.81◦–9.64◦, and 13.2◦–16.13◦, respectively. Stride length
increased proportionally to speed in males and females. The reliability of the inertial sensor according
to tilt and gait symmetry showed good results, and the reliability levels were excellent for cadence
parameters, stride length, stride time, obliquity, and pelvic rotation. The amplitude of pelvic tilt
did not change at different speed levels between sexes. The range of pelvic obliquity increased in
females at a medium speed level, and the pelvic rotation range increased during running, according
to speed and sex. The inertial sensor has been proven to be a reliable tool for kinematic analysis
during running.
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1. Introduction

Running is one of the most popular and accessible activities for the population [1], and
its popularity has grown exponentially in the last 50 years [2]. Consequently, there has been
an increase in rates of injury, especially in beginners lacking experience, with up to 30% of
new runners affected every year [3]. Moreover, the repetitive nature of running makes it an
activity with a high injury risk [4], which ranges from 3.2% to 84.9% [5,6], with a median
prevalence of 44.6% ± 18.4% [7]. Out of the many running injuries, 70–80% of them are
caused by overuse [7], with Aquilian tendinopathy, plantar fasciitis and patellofemoral,
iliotibial band, and the medial tibialis stress syndromes being the most prevalent [7].

Running injuries’ etiology is multifactorial, yet it is not possible to determine the exact
cause for every injury because movement during running requires a precise inter-segmental
coordination [8]. Among studied risk factors, previous injuries [9], high body mass index
(BMI) [10], sex, age, experience [11], training alterations [3,9,12], biomechanical issues [13],
and fatigue [14,15] are the most prevalent. It has been observed that injured runners change
their movement pattern to prevent further damage [14]. Despite this, overall results turn
out to be inconsistent due to the large number of potential outcomes that could direct
runners to injury.
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According to a biomechanical analysis carried out during running, the pelvis plays
a stabilizing role and transfers energy between the lower extremity and the rest of the
body [16], creating stress in the back [17] and distal structures of the lower limb [18] if there
is an alteration in the coordination of pelvic and vertebral movements. The biomechanical
analysis of running is an important way to assess movement in individuals with injuries, in-
cluding simple spatiotemporal parameters and complex three-dimensional movements [19].
To achieve this, it is necessary to establish the role of the biomechanical coordination of the
pelvis during running.

Three-dimensional (3D) optoelectronic systems are considered the Gold Standard in
the analysis of movement, surpassing clinical observation [20,21]. Despite this, due to its
relatively high cost and the time and space required to develop an analysis using these
systems [22], in addition to the difficulty of analyzing certain planes in 3D, the techno-
logical progress has enabled the development of more affordable, accessible, and feasible
devices [23]. An example of this is the inertial measurement unit (IMU), a portable, valid,
and reliable device [24] that facilitates assessment of the orientation of the segments and
the articular angles [25,26]. In addition, this device shows multiple correlation coefficients
above 0.95 with respect to the Gold Standard when comparing different running speed
levels [27], presenting high correlations for the angles of tilt, obliquity, and rotation [28,29].

Research studies, such as the one conducted by Novacheck [30], determine refer-
ence ranges for the pelvis, which are considered the normative standards for running
patterns in the sagittal, coronal, and transverse planes of movement, through analysis
with optoelectronic devices. However, in order to account for progress in technology,
footwear [31], cultural variations [32], and an increase in physical activity levels in seden-
tary populations [33], among other factors, these ranges must be revised, particularly given
the kinetic and kinematic biomechanical differences between males and females during
running [34]. Analyses should also be established according to different speed levels to
determine how the biomechanics behave in every type of runner.

Knowing the kinematic ranges of the pelvis at different speed levels during running
and according to sex could help form an understanding of the potential role its alterations
might have in functional or structural injuries, by determining how the pelvis interacts
during each phase of the running cycle. The main objective of this study is to determine
the 3D kinematic pattern of the pelvis during running and to establish differences between
sexes using the IMU sensor for the spatiotemporal outcomes, gait symmetry index, and
amplitude of motion ranges of the pelvis in the sagittal, coronal, and transverse planes
of movement. A secondary objective is to determine the reliability of the IMU sensor for
these variables.

2. Materials and Methods
2.1. Participant Charateristics

A total of 101 participants were included in the study to determine normative values:
51 males and 50 females. Ages ranged from 18 to 53 years, with a mean of 31.3 years.
Mean weight was 65.7 Kgs and mean height was 170 cm (Table 1). Out of the initial
107 participants, 6 were excluded due to several reasons (medical criteria n = 1 and foot
blisters n = 5). The analysis of the reliability of the IMU sensor included 29 participants,
with a mean age of 31.2 years, a mean weight of 66 Kgs, and a mean height of 172 cm
(Table 1).

Participants in this study were healthy subjects with no current injuries who had at
least 1 year’s running experience, and who had trained for at least a total of 90 min, dis-
tributed across weekly training sessions. Participants were excluded if they were older than
65 years, had suffered an injury in the lower limb in the last year, had undergone a surgical
intervention, or had neurological problems that might have altered the biomechanics of the
standard running cycle pattern.
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Table 1. Demographic data of participants to establish normative values and sensor reliability
according to sex. Values are presented with mean and standard deviation (SD).

Normative Values Sensor Reliability

Outcome Males Females Males Females

n 51 50 14 15
Age (years) 32.49 ± 8.61 30.16 ± 8.94 32.36 ± 9.09 30 ± 8.08

Weight (Kgs) 74.02 ± 6.69 57.25 ± 6.11 74.65 ± 6.69 58 ± 6.09
Height (cm) 176 ± 5.70 165.70 ± 5.79 178 ± 4.94 167 ± 7.02

Recruitment took place through circulation in the electronic channels of the triathlon
clubs of the Valencian Community and running teams. This study was approved by the
Ethics Committee of the University CEU Cardenal Herrera, in Valencia (CEI 14/018), and
was conducted according to the basic principles of the Declaration of Helsinki. Every
participant was briefed regarding the nature of the study and was asked to give written
consent to participate.

2.2. Procedure

In the first phase of the study, standardized values and differences between sexes were
established involving the same outcomes.

The study then determined the reliability of the IMU sensor in the biomechanical
analysis of running. Several spatiotemporal outcomes were assessed, including cadence,
running cycle, stride length, and vertical acceleration symmetry index. Anterior–posterior
tilt pelvic ranges, obliquity, and pelvic rotation amplitudes were also assessed in females
and males.

The amplitude of the pelvis 3D movements and spatiotemporal outcomes were as-
sessed using an inertial sensor BTS G-Sensor (BTS Bioengineering, Garbagnate Milanese,
Italy) with an ergonomic belt at the height of S1 (Figure 1) to capture different kinematic
and spatiotemporal outcomes. This IMU comprised a 16-axis triaxial accelerometer with
multiple sensitivities (±2, ±4, ±6, ±8, and ±16 g) with a frequency of 4 Hz to 1000 Hz, a
triaxial gyroscope with multiple sensitivities (±250, ±500, ±1000, ±2000 o/s), with a fre-
quency oscillating between 4 Hz to 8000 Hz, and a triaxial 13-bit magnetometer (±1200 uT),
with a frequency exceeding 100 Hz.
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In this study, we used a treadmill (BH Fitness Columbia Pro 130 cm × 40 cm) to
establish standardized conditions under which the kinematic outcomes of running would
be more reproducible. We set the incline to 1◦ and allowed each participant to select
the speed [34,35] at which they regularly trained (self-selected speed). The participants
performed in their regular training shoes and were allowed a 5 min warm-up period to
adjust to the treadmill. According to protocols used in previous running biomechanics
studies [36,37], the initial speed was progressively increased over 2 min and was then
maintained for 3 min while the data were collected.

Spatiotemporal outcomes including cadence, stride length, and running cycle were
registered. Vertical acceleration symmetry index, kinematic ranges of tilt, obliquity, and
pelvic rotation, as well as the participant’s age, weight, height, running experience, and
weekly training volumes were also registered. To determine the reliability of the sensor,
participants performed 2 tests of 5 min each with a 30 min margin between them, under the
same circumstances. Environmental conditions were 22–25◦ and relative humidity levels
ranged from 40 to 55%.

The participants who were assessed to establish normative values for pelvic kinematics
during running using the inertial sensor were stratified into three groups: “Slow speed” was
considered for values between 9.98 km/h and 8.75 km/h, “medium speed” was considered
for values between 9.98 and 11.70 km/h and between 8.75 km/h and 10.11 km/h, and
“fast speed” was considered for values above 11.71 km/h and 10.11 km/h for males and
females, respectively.

2.3. Statistical Analysis

To describe the demographical data of the sample, descriptive statistics were indepen-
dently calculated for each sex. Normality distribution was assessed for the independent
outcomes using the Kolmogorov–Smirnov test and homogeneity of variance was assessed
using Levene’s test. Regarding the reliability analysis, the Shapiro–Wilk test was used to
determine the normal distribution of the sample.

Maximal and minimal values were identified at every speed level for both males and
females and these were divided into 2 percentiles: 33 and 66. Participants were allocated to
one of 3 groups between these percentiles: slow, medium, and fast speed.

To assess the reliability of the IMU sensor, the Intraclass Correlation Coefficient (ICC)
was calculated.

Inferential statistics were performed according to sex and speed. A 2-way factorial
ANOVA between subjects was used to determine the kinematic outcomes, the factors being
sex and speed. The level of significance was established at p < 0.05 with a confidence
interval of 95%. Statistical calculations were performed with the SPSS software in its
18.0 version.

Epidat 4.2 software was used to obtain the sample size of the 2 tests. In both cases,
an alpha error of 0.05 was accepted with a power of 85%. To establish normative values,
calculations were performed for two independent means, with a standard deviation of
1.68 [38] and a minimal detectable change of 1.1 units, requiring a minimum sample of
45 subjects in each group. To check the reliability of the sensor, calculations were performed
for two dependent means, with a minimum sample of 25 subjects in total.

3. Results
3.1. Normative Values of the Pelvic Kinematics and Spatiotemporal Outcomes

Regarding kinematic ranges, the mean amplitude of pelvic tilt for males and females
oscillated between 5.92◦ and 7.36◦ (Figure 2) without statistically significant differences,
but with a tendency to increase as speed increased in females, whilst in males a bigger
range was observed at medium speed (Table 2).
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Figure 2. Pelvic tilt trace with mean amplitude in males and females. Negative degrees represent
a retroversion of the pelvis. Positive degrees represent anteversion of the pelvis. No statistical
differences found in remaining speed levels or between sexes.

Table 2. Spatiotemporal outcomes according to sex and speed levels.

Males (SD) Females (SD) Mean Differences
(min–max)

Slow Speed
Symmetry index (%) 99.04 (0.69) 99.37 (0.34) −0.33 (−0.80–0.14)

Cadence (p/m) 170.1 (9.7) 171.9 (15.5) −1.76 (−9.56–6.04)
Stride time (s) 0.70 (0.04) 0.69 (0.06) 0.01 (−0.03 a −0.04)

Stride length (m) 1.81 (0.12) 1.30 (0.14) 0.22 (0.08–0.35)
Pelvic tilt (◦) 6.27 (1.70) 6.26 (2.40) −0.01 (−1.37–1.77)

Pelvic rotation (◦) 10.64 (2.47) ** 13.21 (2.98) ** −2.57 (−5.09 a −0.05)
Pelvic obliquity (◦) 9.27 (2.53) 8.11 (1.34) 1.16 (−1.18–2.51)

Medium Speed
Symmetry index (%) 99.43 (0.44) 98.89 (0.73) 0.55 * (0.07–1.03)

Cadence (p/m) 173.0 (10.4) 172.2 (10) 7.81 (−7.02–8.59)
Stride time (s) 0.67 (0.05) 0.69 (0.04) −0.01 (−0.04–0.02)

Stride length (m) 2.02 (0.23) 1.84 (0.10) 0.18 (0.06–0.31)
Pelvic tilt (◦) 5.92 (2.46) 6.57 (2.58) 0.65 (−1.45–1.65)

Pelvic rotation (◦) 9.96 (3.76) ** 15.74 (3.99) ** −5.78 (−8.26 a −3.30)
Pelvic obliquity (◦) 7.84 (2.16) 9.64 (1.77) −1.80 *(−3.12 a −0.47)

Fast Speed
Symmetry index (%) 98.62 (0.82) 98.99 (0.73) −0.37 (−0.81–0.08)

Cadence (p/m) 171.3 (9.39) 173.5 (10) −2.117 (−9.47–5.24)
Stride time (s) 0.70 (0.04) 0.69 (0.24) 0.01 (−0.02–0.04)

Stride length (m) 2.47 (0.27) 2.14 (0.14) 0.33 (0.21–0.45)
Pelvic tilt (◦) 6.50 (2.00) 7.36 (2.22) 0.86 (−2.38–0.58)

Pelvic rotation (◦) 13.60 (3.68) ** 16.13 (3.42) ** −2.53 (−4.91 a −0.16)
Pelvic obliquity (◦) 8.75 (1.44) 7.81 (1.99) 0.95 (−2.23–0.34)

* Significant difference p < 0.025 between groups (Males–Females) ** Significant differences p < 0.05 within groups
(sex–speed levels).

Mean pelvic obliquity oscillated between 7.84◦ and 9.64◦ (Figure 3). The obliq-
uity in females at medium speed was significant with respect to males (p < 0.05). No
statistical differences were found in the remaining speed level. Mean pelvic rotation
ranged from 9.96◦ to 16.13◦ (Figure 4). Significant differences were found in speed
(p < 0.05) and sex (p < 0.001) but not in the interaction between them. Pelvic rotation
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was higher in females with respect to males at every speed level. In addition, both sexes
increased their pelvic rotation as their speed increased.
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Figure 4. Pelvic rotation traces with mean amplitude regarding the fast speed. Negative degrees
represent external rotation of the pelvis, while positive degrees represent internal rotation.

No statistically significant differences were found regarding spatiotemporal outcomes
of cadence and running cycle according to sex, speed levels, or interaction. With regard
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to stride length, it was observed that it increased statistically as speed increased in both
males and females, but with no differences in the interaction. The vertical acceleration
symmetry index did not show differences according to sex and speed levels, but differences
were found according to the interaction of sex and medium speed (p < 0.05), where males
increased their symmetry with respect to females.

Finally, regarding the running cycle waveforms at different speed levels between sexes,
anterior–posterior tilt range presented the same trace in both females and males at every
speed level. However, the trace of the kinematics for pelvic obliquity at medium speed
level was wider in females than in males. Lastly, the trace of the pelvic rotation in females
and males did not present any differences.

3.2. Reliability of the IMU Sensor during Running

The results obtained from the test–retest present high reliability scores for the IMU
sensor in every analyzed outcome (ICC > 0.80) (Table 3). Reliability values for the symmetry
index and pelvic tilt were >0.80, whilst for the remaining outcomes, they oscillated between
0.922 and 0.997, showing the highest correlation level in the spatiotemporal parameters of
stride length, stride time, and cadence, respectively.

Table 3. Reliability index for the IMU sensor according to spatiotemporal outcomes, pelvic kinematics,
and symmetry index.

ICC P

Symmetry index (%) 0.808 <0.001
Cadence (p/m) 0.983 <0.001

Stride length (m) 0.997 <0.001
Stride time (s) 0.985 <0.001
Pelvic tilt (◦) 0.868 <0.001

Pelvic rotation (◦) 0.922 <0.001
Pelvic obliquity (◦) 0.963 <0.001

ICC: Intraclass Correlation Coefficient.

4. Discussion

This study identified a series of biomechanical outcomes that enabled the detection of
the differences between sexes during running at different speed levels in regard to pelvic
3D kinematics and assessed the reliability of an IMU sensor for their analysis. To the best
of our knowledge, this is the first study to show the differences in the kinematic pattern
during running between men and women, as assessed through an IMU sensor. In particular,
a kinematic reference standard was established which can be used in a clinical setting,
enabling the use of a portable medical device to gain a biomechanical understanding of the
pelvis during running.

A treadmill was used to control speed, slope, and terrain conditions as much as
possible, following the protocol proposed by several authors [39]. Although there are
studies that question using a treadmill because it increases hip flexion [40,41] and reduces
stride length [42], recent reviews argue that kinematic assessments, kinetics, muscle activity,
and spatiotemporal outcomes are comparable when running on a treadmill and on other
surfaces [43]. Additionally, to avoid biases that might alter running biomechanics, such
as fatigue [44], we opted for a self-selected speed level. Speed alterations are also closely
related to biomechanical factors such as stability, lift time, and the contact time of the
leg [37]. This is reinforced by the results found by Kong et al., in which it was concluded
that self-selected speed levels eliminate abnormal kinematic patterns [45]. In addition, at
different speed levels, the same participant changes their own running biomechanics [46].

Regarding the amplitude of tilt range, in our study it is stable at averages between
5.92◦ and 7.36◦ in self-selected speed levels. Although several studies assess the oscillation
widths of the pelvis in the sagittal, coronal, and transverse planes of movement [30,47], only
Schache found differences in 7.8◦ and 9.4◦ for males and females, respectively. The study
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conducted by Novacheck shows an average amplitude tilt of 5◦ [30]. A force absorption
mechanism occurs in the pelvis with initial contact, creating a slight posterior tilt with a
minimal lumbar flexion and a slight hip flexion [48]. Following that, the pelvis initiates
a posterior tilt movement to absorb the load, followed by an anterior tilt that will have
its maximum peak just after the propulsion phase. However, although the maximum
peak occurs in this phase, the inversion of the angular movement of the pelvis may be
delayed due to a reaction after propulsive speed at high-speed levels, occurring after the
take-off phase at low-speed levels [30]. An alteration in tilt is related to muscle injuries in
the hamstrings, due to their biarticular nature; more so in the swing phase when stride
length can be altered [49]. An increase in kinematic tilt range might reduce the power of
propulsion in the athlete.

During running, pelvic obliquity is produced when the muscle contracts eccentrically
to absorb landing forces, as well as to provide stability and efficiency [30]. The increase
in pelvic obliquity, known as pelvic drop, has been widely related to musculoskeletal
pathologies such as iliotibial band syndrome [50], shin pain [51], and medial patellofemoral
syndrome [52,53]. Due to a major hip adduction and a greater peak knee valgus [30], it
could possibly be related to pelvic morphology or a deficit in abductor muscle activation
in women, forcing the knee and the hip to increase energy absorption [34], increasing the
tension in the internal compartment of the knee and the iliotibial band during landing
phase [53], or increasing the pronation of the foot [51].

The obliquity ranges observed in our study differ from those reported by other authors.
A considerable difference is observed when comparing our results to the ones presented
by Schache, which established obliquity at 13.8◦ and 19.3◦ for men and women, respec-
tively [47]. In our study, those ranges are stable, with the exception of medium speed levels
between sexes, which were higher in women. The muscle responsible for counteracting
hip adduction and pelvic inferior obliquity is the medial gluteus, which is considered to
be the muscle in charge of pelvic horizontality [54]. In females, when abductor muscles
should be working eccentrically in the activation, offering a counteraction in the descent
of obliquity, there is an activation delay, producing an increase in the articular range of
movement. Increases in mobility in the sagittal and frontal planes may suggest a lack of
stability in the lumbopelvic complex and deficient energy transmission towards the lower
limbs in the propulsion phase, accompanied by an excess of cushioning when responding
to loading.

Regarding pelvic rotation outcomes, significant differences were observed between
sexes, with an average range of rotation from 13.21◦ to 16.13◦ for females and from 9.96◦

to 13.60◦ for males. Comparing these results to the reference studies on the assessment of
pelvic dynamics, our results are inferior to those found in males, which range from 16◦

to 18◦, and it can be hypothesized that these changes are due to speed [30,55]. During
running, when toes are lifted in the propulsion phase, the pelvis presents its maximum
tilt, slight homolateral obliquity in the support, and slight external rotation of the hip, also
producing hip flexion limitation, which could end up being the reason for increased stride
length. This increase in pelvic rotation in females is related to a genetic predisposition to be
more flexible [56,57] and to have reduced elastic energy storage [58], which is associated
with a reduction in the peak maximal force [59], requiring this compensation at every speed
level. This increase in rotation, in addition to pelvic morphology in women, constitutes
the main biomechanical difference between sexes in controlling alignment between the hip
and the knee. According to Ferber et al. [34], a greater probability of suffering lower limb
injuries is established with respect to men during running, presenting a relative risk ratio
of 2.4 [60]. Women present different biomechanical functioning during the landing phase,
which is characterized by a higher maximum peak adduction and internal rotation of the
hip and external rotation of the knee [34]. In this phase, as shown in Figure 4, at around
5–10% of the running cycle, we can observe maximal peak external rotation of the pelvis
in women, coinciding with maximal peak vertical ground reaction force, a moment that
requires higher stability levels at the lower limb.
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Due to the elevated clinical impact of running, the secondary objective was to demon-
strate the reliability of the IMU on the pelvic 3D kinematic during running; ICC values above
0.8 were obtained in every observed outcome, which shows high to excellent reliability levels.

Generally, the IMU sensor and the Gold Standard show high levels of correlation [61],
although there is a lack of consensus with respect to the possible interferences of the
device caused by the presence of artifacts that might be considered a source of error,
related to the contact with the soft tissue and skin or to the use of the magnetometer to
calibrate the gyroscope [62]. Despite this, the IMU sensor is valid and reliable [63] for
monitoring spatiotemporal parameters during running [64] and pelvic kinematics, as well
as for enabling fast, simple, and affordable assessment [26].

5. Conclusions

This study determines the 3D kinematic pattern of the pelvis during running and
establishes differences between sexes using an IMU sensor. In particular, an almost 2-degree
increase in pelvic obliquity was observed in females at a medium speed level with respect
to males, while it remained stable at every other speed level. Pelvic rotation increased
by 3.64◦ at higher speed levels in males, and by 2.92◦ in females. However, pelvic tilt
remained stable at every speed level for both sexes. The inertial sensor has proven to be
a reliable resource in the analysis of all spatiotemporal parameters and pelvis kinematics
during running.

Author Contributions: S.P.-M.: Conceptualization (equal); investigation (lead); methodology (equal);
writing—original draft (lead). M.D.A.-M.: Conceptualization (lead); supervision (lead); writing—
original draft (equal); writing—review and editing (equal). B.P.-D.: Methodology (supporting);
writing—review and editing (equal). I.N.-M.: Methodology (supporting); writing—review and
editing (equal). J.M.-G.: Conceptualization (lead); investigation (equal); supervision (lead); writing—
original draft (equal); writing—review and editing (lead). All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All subjects gave their informed consent for inclusion before
they participated in the study. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Ethics Committee of University CEU Cardenal
Herrera (Project identification code CEI 14/018) for studies involving humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Van Poppel, D.; van der Worp, M.; Slabbekoorn, A.; van den Heuvel, S.S.P.; van Middelkoop, M.; Koes, B.W.; Verhagen, A.P.;

Scholten-Peeters, G.G.M. Risk Factors for Overuse Injuries in Short- and Long-Distance Running: A Systematic Review. J. Sport
Health Sci. 2021, 10, 14–28. [CrossRef] [PubMed]

2. Vitti, A.; Nikolaidis, P.T.; Villiger, E.; Onywera, V.; Knechtle, B. The “New York City Marathon”: Participation and Performance
Trends of 1.2M Runners during Half-Century. Res. Sport. Med. 2020, 28, 121–137. [CrossRef] [PubMed]

3. Nielsen, R.O.; Buist, I.; Parner, E.T.; Nohr, E.A.; Sørensen, H.; Lind, M.; Rasmussen, S. Predictors of Running-Related Injuries
Among 930 Novice Runners: A 1-Year Prospective Follow-up Study. Orthop. J. Sport. Med. 2013, 1, 232596711348731. [CrossRef]

4. Hreljac, A. Impact and Overuse Injuries in Runners. Med. Sci. Sport. Exerc. 2004, 36, 845–849. [CrossRef] [PubMed]
5. Van Gent, R.N.; Siem, D.; van Middelkoop, M.; van Os, A.G.; Bierma-Zeinstra, S.M.A.; Koes, B.W. Incidence and Determinants

of Lower Extremity Running Injuries in Long Distance Runners: A Systematic Review. Br. J. Sport. Med. 2007, 41, 469–480;
discussion 480. [CrossRef] [PubMed]

6. Kluitenberg, B.; van Middelkoop, M.; Diercks, R.; van der Worp, H. What Are the Differences in Injury Proportions Between
Different Populations of Runners? A Systematic Review and Meta-Analysis. Sport. Med. 2015, 45, 1143–1161. [CrossRef]
[PubMed]

7. Kakouris, N.; Yener, N.; Fong, D.T.P. A Systematic Review of Running-Related Musculoskeletal Injuries in Runners. J. Sport
Health Sci. 2021, 10, 513–522. [CrossRef]

http://doi.org/10.1016/j.jshs.2020.06.006
http://www.ncbi.nlm.nih.gov/pubmed/32535271
http://doi.org/10.1080/15438627.2019.1586705
http://www.ncbi.nlm.nih.gov/pubmed/30889965
http://doi.org/10.1177/2325967113487316
http://doi.org/10.1249/01.MSS.0000126803.66636.DD
http://www.ncbi.nlm.nih.gov/pubmed/15126720
http://doi.org/10.1136/bjsm.2006.033548
http://www.ncbi.nlm.nih.gov/pubmed/17473005
http://doi.org/10.1007/s40279-015-0331-x
http://www.ncbi.nlm.nih.gov/pubmed/25851584
http://doi.org/10.1016/j.jshs.2021.04.001


Int. J. Environ. Res. Public Health 2023, 20, 3631 10 of 12

8. Preece, S.J.; Mason, D.; Bramah, C. The Coordinated Movement of the Spine and Pelvis during Running. Hum. Mov. Sci. 2016, 45,
110–118. [CrossRef]

9. Hootman, J.M.; Macera, C.A.; Ainsworth, B.E.; Martin, M.; Addy, C.L.; Blair, S.N. Predictors of Lower Extremity Injury Among
Recreationally Active Adults. Clin. J. Sport Med. 2002, 12, 99–106. [CrossRef]

10. Buist, I.; Bredeweg, S. Higher Risk of Injury in Overweight Novice Runners. Br. J. Sport. Med. 2011, 45, 338. [CrossRef]
11. Buist, I.; Bredeweg, S.W.; Bessem, B.; van Mechelen, W.; Lemmink, K.A.P.M.; Diercks, R.L. Incidence and Risk Factors of

Running-Related Injuries during Preparation for a 4-Mile Recreational Running Event. Br. J. Sport. Med. 2010, 44, 598–604.
[CrossRef]

12. Knobloch, K.; Yoon, U.; Vogt, P.M. Acute and Overuse Injuries Correlated to Hours of Training in Master Running Athletes. Foot.
Ankle Int. 2008, 29, 671–676. [CrossRef] [PubMed]

13. Moore, I.S. Is There an Economical Running Technique? A Review of Modifiable Biomechanical Factors Affecting Running
Economy. Sport. Med. 2016, 46, 793–807. [CrossRef]

14. Bazuelo-Ruiz, B.; Durá-Gil, J.V.; Palomares, N.; Medina, E.; Llana-Belloch, S. Effect of Fatigue and Gender on Kinematics and
Ground Reaction Forces Variables in Recreational Runners. PeerJ. 2018, 6, e4489. [CrossRef]

15. Derrick, T.R.; Dereu, D.; Mclean, S.P. Impacts and Kinematic Adjustments during an Exhaustive Run. Med. Sci. Sport. Exerc. 2002,
34, 998–1002. [CrossRef] [PubMed]

16. Traba, M.B.; Soriano, P.P.; Ouréns, M.M.; Lorente, A.L.d.A.; Nova, A.M. Estabilidad dinámica de la pelvis y su relación con las
presiones plantares. Rev. Española Podol. 2020, 31, 65–70.

17. Seay, J.; Selbie, W.S.; Hamill, J. In Vivo Lumbo-Sacral Forces and Moments during Constant Speed Running at Different Stride
Lengths. J. Sport. Sci. 2008, 26, 1519–1529. [CrossRef]

18. Leetun, D.T.; Ireland, M.L.; Willson, J.D.; Ballantyne, B.T.; Davis, I.M. Core Stability Measures as Risk Factors for Lower Extremity
Injury in Athletes. Med. Sci. Sport. Exerc. 2004, 36, 926–934. [CrossRef] [PubMed]

19. Baker, R. Gait Analysis Methods in Rehabilitation. J. Neuroeng Rehabil. 2006, 3, 4. [CrossRef] [PubMed]
20. Nilsson, S.; Ertzgaard, P.; Lundgren, M.; Grip, H. Test-Retest Reliability of Kinematic and Temporal Outcome Measures for

Clinical Gait and Stair Walking Tests, Based on Wearable Inertial Sensors. Sensors 2022, 22, 1171. [CrossRef]
21. Baker, R.; Esquenazi, A.; Benedetti, M.G.; Desloovere, K. Gait Analysis: Clinical Facts. Eur. J. Phys. Rehabil. Med. 2016, 52, 560–574.
22. Simon, S.R. Quantification of Human Motion: Gait Analysis-Benefits and Limitations to Its Application to Clinical Problems.

J. Biomech. 2004, 37, 1869–1880. [CrossRef] [PubMed]
23. Tao, W.; Liu, T.; Zheng, R.; Feng, H. Gait Analysis Using Wearable Sensors. Sensors 2012, 12, 2255–2283. [CrossRef] [PubMed]
24. Kobsar, D.; Charlton, J.M.; Tse, C.T.F.; Esculier, J.-F.; Graffos, A.; Krowchuk, N.M.; Thatcher, D.; Hunt, M.A. Validity and Reliability

of Wearable Inertial Sensors in Healthy Adult Walking: A Systematic Review and Meta-Analysis. J. NeuroEngineering Rehabil.
2020, 17, 62. [CrossRef] [PubMed]

25. Seel, T.; Raisch, J.; Schauer, T. IMU-Based Joint Angle Measurement for Gait Analysis. Sensors 2014, 14, 6891–6909. [CrossRef]
[PubMed]

26. Mayagoitia, R.E.; Nene, A.V.; Veltink, P.H. Accelerometer and Rate Gyroscope Measurement of Kinematics: An Inexpensive
Alternative to Optical Motion Analysis Systems. J. Biomech. 2002, 35, 537–542. [CrossRef] [PubMed]

27. Nüesch, C.; Roos, E.; Pagenstert, G.; Mündermann, A. Measuring Joint Kinematics of Treadmill Walking and Running: Compari-
son between an Inertial Sensor Based System and a Camera-Based System. J. Biomech. 2017, 57, 32–38. [CrossRef]

28. Buganè, F.; Benedetti, M.G.; D’Angeli, V.; Leardini, A. Estimation of Pelvis Kinematics in Level Walking Based on a Single Inertial
Sensor Positioned Close to the Sacrum: Validation on Healthy Subjects with Stereophotogrammetric System. BioMed. Eng. OnLine
2014, 13, 146. [CrossRef]

29. Kluge, F.; Gaßner, H.; Hannink, J.; Pasluosta, C.; Klucken, J.; Eskofier, B.M. Towards Mobile Gait Analysis: Concurrent Validity
and Test-Retest Reliability of an Inertial Measurement System for the Assessment of Spatio-Temporal Gait Parameters. Sensors
2017, 17, 1522. [CrossRef] [PubMed]

30. Novacheck, T.F. The Biomechanics of Running. Gait Posture 1998, 7, 77–95. [CrossRef] [PubMed]
31. Zhang, M.; Shi, H.; Liu, H.; Zhou, X. Biomechanical Analysis of Running in Shoes with Different Heel-to-Toe Drops. Appl. Sci.

2021, 11, 12144. [CrossRef]
32. Wallace, I.J.; Kraft, T.S.; Venkataraman, V.V.; Davis, H.E.; Holowka, N.B.; Harris, A.R.; Lieberman, D.E.; Gurven, M. Cultural

Variation in Running Techniques among Non-Industrial Societies. Evol. Hum. Sci. 2022, 4, e14. [CrossRef] [PubMed]
33. Carter, S.; Hartman, Y.; Holder, S.; Thijssen, D.H.; Hopkins, N.D. Sedentary Behavior and Cardiovascular Disease Risk: Mediating

Mechanisms. Exerc. Sport. Sci. Rev. 2017, 45, 80–86. [CrossRef] [PubMed]
34. Ferber, R.; McClay Davis, I.; Williams, D.S., III. Gender Differences in Lower Extremity Mechanics during Running. Clin. Biomech.

2003, 18, 350–357. [CrossRef]
35. Taborri, J.; Keogh, J.; Kos, A.; Santuz, A.; Umek, A.; Urbanczyk, C.; van der Kruk, E.; Rossi, S. Sport Biomechanics Applications

Using Inertial, Force, and EMG Sensors: A Literature Overview. Appl. Bionics Biomech. 2020, 2020, e2041549. [CrossRef] [PubMed]
36. Queen, R.M.; Gross, M.T.; Liu, H.-Y. Repeatability of Lower Extremity Kinetics and Kinematics for Standardized and Self-Selected

Running Speeds. Gait Posture 2006, 23, 282–287. [CrossRef] [PubMed]
37. Lussiana, T.; Gindre, C. Feel Your Stride and Find Your Preferred Running Speed. Biol. Open 2015, 5, 45–48. [CrossRef]

http://doi.org/10.1016/j.humov.2015.11.014
http://doi.org/10.1097/00042752-200203000-00006
http://doi.org/10.1136/bjsm.2011.084038.79
http://doi.org/10.1136/bjsm.2007.044677
http://doi.org/10.3113/FAI.2008.0671
http://www.ncbi.nlm.nih.gov/pubmed/18785416
http://doi.org/10.1007/s40279-016-0474-4
http://doi.org/10.7717/peerj.4489
http://doi.org/10.1097/00005768-200206000-00015
http://www.ncbi.nlm.nih.gov/pubmed/12048328
http://doi.org/10.1080/02640410802298235
http://doi.org/10.1249/01.MSS.0000128145.75199.C3
http://www.ncbi.nlm.nih.gov/pubmed/15179160
http://doi.org/10.1186/1743-0003-3-4
http://www.ncbi.nlm.nih.gov/pubmed/16512912
http://doi.org/10.3390/s22031171
http://doi.org/10.1016/j.jbiomech.2004.02.047
http://www.ncbi.nlm.nih.gov/pubmed/15519595
http://doi.org/10.3390/s120202255
http://www.ncbi.nlm.nih.gov/pubmed/22438763
http://doi.org/10.1186/s12984-020-00685-3
http://www.ncbi.nlm.nih.gov/pubmed/32393301
http://doi.org/10.3390/s140406891
http://www.ncbi.nlm.nih.gov/pubmed/24743160
http://doi.org/10.1016/S0021-9290(01)00231-7
http://www.ncbi.nlm.nih.gov/pubmed/11934425
http://doi.org/10.1016/j.jbiomech.2017.03.015
http://doi.org/10.1186/1475-925X-13-146
http://doi.org/10.3390/s17071522
http://www.ncbi.nlm.nih.gov/pubmed/28657587
http://doi.org/10.1016/S0966-6362(97)00038-6
http://www.ncbi.nlm.nih.gov/pubmed/10200378
http://doi.org/10.3390/app112412144
http://doi.org/10.1017/ehs.2022.12
http://www.ncbi.nlm.nih.gov/pubmed/36325185
http://doi.org/10.1249/JES.0000000000000106
http://www.ncbi.nlm.nih.gov/pubmed/28118158
http://doi.org/10.1016/S0268-0033(03)00025-1
http://doi.org/10.1155/2020/2041549
http://www.ncbi.nlm.nih.gov/pubmed/32676126
http://doi.org/10.1016/j.gaitpost.2005.03.007
http://www.ncbi.nlm.nih.gov/pubmed/15990310
http://doi.org/10.1242/bio.014886


Int. J. Environ. Res. Public Health 2023, 20, 3631 11 of 12

38. Moltó, I.N.; Albiach, J.P.; Amer-Cuenca, J.J.; Segura-Ortí, E.; Gabriel, W.; Martínez-Gramage, J. Wearable Sensors Detect Differences
between the Sexes in Lower Limb Electromyographic Activity and Pelvis 3D Kinematics during Running. Sensors 2020, 20, 6478.
[CrossRef]

39. Riley, P.O.; Dicharry, J.; Franz, J.; Della Croce, U.; Wilder, R.P.; Kerrigan, D.C. A Kinematics and Kinetic Comparison of Overground
and Treadmill Running. Med. Sci. Sport. Exerc. 2008, 40, 1093–1100. [CrossRef]

40. Sinclair, J.; Richards, J.; Taylor, P.J.; Edmundson, C.J.; Brooks, D.; Hobbs, S.J. Three-Dimensional Kinematic Comparison of
Treadmill and Overground Running. Sport. Biomech. 2013, 12, 272–282. [CrossRef]

41. Schache, A.G.; Blanch, P.D.; Rath, D.A.; Wrigley, T.V.; Starr, R.; Bennell, K.L. A Comparison of Overground and Treadmill Running
for Measuring the Three-Dimensional Kinematics of the Lumbo-Pelvic-Hip Complex. Clin. Biomech. 2001, 16, 667–680. [CrossRef]
[PubMed]

42. Wank, V.; Frick, U.; Schmidtbleicher, D. Kinematics and Electromyography of Lower Limb Muscles in Overground and Treadmill
Running. Int. J. Sport. Med. 1998, 19, 455–461. [CrossRef] [PubMed]

43. Van Hooren, B.; Fuller, J.T.; Buckley, J.D.; Miller, J.R.; Sewell, K.; Rao, G.; Barton, C.; Bishop, C.; Willy, R.W. Is Motorized Treadmill
Running Biomechanically Comparable to Overground Running? A Systematic Review and Meta-Analysis of Cross-Over Studies.
Sport. Med. 2020, 50, 785–813. [CrossRef]

44. Zamparo, P.; Perini, R.; Peano, C.; Prampero, P.E.d. The Self Selected Speed of Running in Recreational Long Distance Runners.
Int. J. Sport. Med. 2001, 22, 598–604. [CrossRef] [PubMed]

45. Kong, P.W.; Candelaria, N.G.; Tomaka, J. Perception of Self-Selected Running Speed Is Influenced by the Treadmill but Not
Footwear. Sport. Biomech. 2009, 8, 52–59. [CrossRef] [PubMed]

46. Hollis, C.R.; Koldenhoven, R.M.; Resch, J.E.; Hertel, J. Running Biomechanics as Measured by Wearable Sensors: Effects of Speed
and Surface. Null 2021, 20, 521–531. [CrossRef]

47. Schache, A.; Blanch, P.; Rath, D.; Wrigley, T.; Bennell, K. Differences between the Sexes in the Three-Dimensional Angular
Rotations of the Lumbo-Pelvic-Hip Complex during Treadmill Running. J. Sport. Sci. 2003, 21, 105–118. [CrossRef]

48. Mann, R.A.; Hagy, J. Biomechanics of Walking, Running, and Sprinting. Am. J. Sport. Med. 1980, 8, 345–350. [CrossRef]
49. Mendiguchia, J.; Gonzalez De la Flor, A.; Mendez-Villanueva, A.; Morin, J.-B.; Edouard, P.; Garrues, M.A. Training-Induced

Changes in Anterior Pelvic Tilt: Potential Implications for Hamstring Strain Injuries Management. J. Sport. Sci. 2021, 39, 760–767.
[CrossRef]

50. Ferber, R.; Noehren, B.; Hamill, J.; Davis, I.S. Competitive Female Runners with a History of Iliotibial Band Syndrome Demonstrate
Atypical Hip and Knee Kinematics. J. Orthop. Sport. Phys. Ther. 2010, 40, 52–58. [CrossRef]

51. Loudon, J.K.; Reiman, M.P. Lower extremity kinematics in running athletes with and without a history of medial shin pain. Int. J.
Sport. Phys. Ther. 2012, 7, 356–364.

52. Almonroeder, T.G.; Benson, L.C. Sex Differences in Lower Extremity Kinematics and Patellofemoral Kinetics during Running.
J. Sport. Sci. 2017, 35, 1575–1581. [CrossRef] [PubMed]

53. Migliorini, S.; Merlo, M.; Migliorini, L. Iliotibial Band Syndrome (ITBS). In Triathlon Medicine; Migliorini, S., Ed.; Springer
International Publishing: Cham, Switzerland, 2020; pp. 81–95. ISBN 978-3-030-22357-1.

54. Uchida, T.K.; Delp, S.L. Biomechanics of Movement: The Science of Sports, Robotics, and Rehabilitation; MIT Press: Cambridge, MA,
USA, 2021; ISBN 978-0-262-35919-1.

55. Schache, A.G.; Blanch, P.; Rath, D.; Wrigley, T.; Bennell, K. Three-Dimensional Angular Kinematics of the Lumbar Spine and
Pelvis during Running. Hum. Mov. Sci. 2002, 21, 273–293. [CrossRef] [PubMed]

56. Burgess, K.E.; Graham-Smith, P.; Pearson, S.J. Effect of Acute Tensile Loading on Gender-Specific Tendon Structural and
Mechanical Properties. J. Orthop. Res. 2009, 27, 510–516. [CrossRef] [PubMed]

57. Kubo, K.; Kanehisa, H.; Fukunaga, T. Gender Differences in the Viscoelastic Properties of Tendon Structures. Eur. J. Appl. Physiol.
2003, 88, 520–526. [CrossRef]

58. Aura, O.; Komi, P.V. Mechanical Efficiency of Pure Positive and Pure Negative Work with Special Reference to the Work Intensity.
Int. J. Sport. Med. 1986, 7, 44–49. [CrossRef] [PubMed]

59. Anderson, T. Biomechanics and Running Economy. Sport. Med. 1996, 22, 76–89. [CrossRef]
60. Gwinn, D.E.; Wilckens, J.H.; McDevitt, E.R.; Ross, G.; Kao, T.-C. The Relative Incidence of Anterior Cruciate Ligament Injury in

Men and Women at the United States Naval Academy. Am. J. Sport. Med. 2000, 28, 98–102. [CrossRef] [PubMed]
61. Bolink, S.A.A.N.; Naisas, H.; Senden, R.; Essers, H.; Heyligers, I.C.; Meijer, K.; Grimm, B. Validity of an Inertial Measurement Unit

to Assess Pelvic Orientation Angles during Gait, Sit–Stand Transfers and Step-up Transfers: Comparison with an Optoelectronic
Motion Capture System*. Med. Eng. Phys. 2016, 38, 225–231. [CrossRef]

62. Picerno, P. 25 Years of Lower Limb Joint Kinematics by Using Inertial and Magnetic Sensors: A Review of Methodological
Approaches. Gait Posture 2017, 51, 239–246. [CrossRef]

http://doi.org/10.3390/s20226478
http://doi.org/10.1249/MSS.0b013e3181677530
http://doi.org/10.1080/14763141.2012.759614
http://doi.org/10.1016/S0268-0033(01)00061-4
http://www.ncbi.nlm.nih.gov/pubmed/11535348
http://doi.org/10.1055/s-2007-971944
http://www.ncbi.nlm.nih.gov/pubmed/9839841
http://doi.org/10.1007/s40279-019-01237-z
http://doi.org/10.1055/s-2001-18559
http://www.ncbi.nlm.nih.gov/pubmed/11719896
http://doi.org/10.1080/14763140802629990
http://www.ncbi.nlm.nih.gov/pubmed/19391494
http://doi.org/10.1080/14763141.2019.1579366
http://doi.org/10.1080/0264041031000070859
http://doi.org/10.1177/036354658000800510
http://doi.org/10.1080/02640414.2020.1845439
http://doi.org/10.2519/jospt.2010.3028
http://doi.org/10.1080/02640414.2016.1225972
http://www.ncbi.nlm.nih.gov/pubmed/27571504
http://doi.org/10.1016/S0167-9457(02)00080-5
http://www.ncbi.nlm.nih.gov/pubmed/12167303
http://doi.org/10.1002/jor.20768
http://www.ncbi.nlm.nih.gov/pubmed/18942726
http://doi.org/10.1007/s00421-002-0744-8
http://doi.org/10.1055/s-2008-1025734
http://www.ncbi.nlm.nih.gov/pubmed/3957518
http://doi.org/10.2165/00007256-199622020-00003
http://doi.org/10.1177/03635465000280012901
http://www.ncbi.nlm.nih.gov/pubmed/10653551
http://doi.org/10.1016/j.medengphy.2015.11.009
http://doi.org/10.1016/j.gaitpost.2016.11.008


Int. J. Environ. Res. Public Health 2023, 20, 3631 12 of 12

63. Cuesta-Vargas, A.I.; Galán-Mercant, A.; Williams, J.M. The Use of Inertial Sensors System for Human Motion Analysis. Physical
Ther. Rev. 2010, 15, 462–473. [CrossRef] [PubMed]

64. Mason, R.; Pearson, L.T.; Barry, G.; Young, F.; Lennon, O.; Godfrey, A.; Stuart, S. Wearables for Running Gait Analysis: A
Systematic Review. Sport. Med. 2022, 53, 241–268. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1179/1743288X11Y.0000000006
http://www.ncbi.nlm.nih.gov/pubmed/23565045
http://doi.org/10.1007/s40279-022-01760-6
http://www.ncbi.nlm.nih.gov/pubmed/36242762

	Introduction 
	Materials and Methods 
	Participant Charateristics 
	Procedure 
	Statistical Analysis 

	Results 
	Normative Values of the Pelvic Kinematics and Spatiotemporal Outcomes 
	Reliability of the IMU Sensor during Running 

	Discussion 
	Conclusions 
	References

