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Abstract: The overall aim of this study was to determine the effects of running kinematics on the
peak upper trunk segmental accelerations captured with an accelerometer embedded in a com-
monly used GPS device. Thirteen male participants (age: 27 ± 3.7 years, height: 1.81 ± 0.06 m,
mass: 82.7 ± 6.2 kg) with extensive running experience completed a single trial of treadmill run-
ning (1 degree inclination) for 40 s at nine different speeds ranging from 10 to 18 km/h at 1 km/h
increments. Three-dimensional peak upper trunk acceleration values were captured via a GPS
device containing a tri-axial accelerometer. Participants’ running kinematics were calculated from
the coordinate data captured by an 18-camera motion capture system. A series of generalized
linear mixed models were employed to determine the effects of the kinematic variables on the
accelerometer acceleration peaks across the key gait phases of foot contact. Results showed that
running kinematics had significant effects on peak accelerometer-measured accelerations in all
axes (p < 0.05). Overall, peak segment velocities had a larger effect than joint/segment kine-
matics on resultant (F values = 720.9/54.2), vertical (F values = 149.8/48.1) and medial–lateral
(F values = 55.4/33.4) peak accelerometer accelerations. The largest effect on peak accelerometer
accelerations were observed during the impact subphase of foot contact at the adduction/abduction
velocity of the shank (F value = 129.2, coefficient = −0.03) and anterior/posterior velocity of the
pelvis (F value = 58.9, coefficient = 0.01). Axis-dependent effects of running kinematics were also
observed, specifically at the trunk segment in the vertical and anterior–posterior peak accelerometer
accelerations. This study showed the intersegmental relationship between joint/segment kinematics,
segment velocities and the resulting peak accelerations of the upper trunk during running over
several speeds. These findings provide insights into the lower body’s GRF attenuation capacity and
its contribution to trunk stability whilst running.

Keywords: biomechanics; accelerometer/s; GPS; running; kinematics

1. Introduction

Accelerometers are often employed in the field to analyze an athlete’s running style
as they are low cost, lightweight and have low power requirements [1]. Estimating joint
angles is possible with multiple accelerometer setups by placing sensors on the relative
segments above and/or below the joint [2–5]. However, they require extensive setup and
data processing procedures to overcome errors associated with longitudinal analysis, such
as sensor misalignment [6]. As a result, measuring the acceleration profile of a single
segment and inferring changes in kinematics has often been a methodology employed
in running-related studies that have analyzed a participant’s running style over longer
periods [7–11].

During foot contact, ground reaction forces are transmitted upwards through the
kinetic chain, causing the individual segments to accelerate [12]. The accelerations and
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subsequent velocities of each segment depend on the force transferred by the previous
segment and the kinematic and anthropometric profiles of the segments [12]. Observing
differences/changes in peak segmental accelerations has been previously employed within
running-based studies to analyze the kinematic alterations within an individual’s running
style [10,13,14]. Suboptimal running kinematics can cause excessive soft tissue and bone
stress during running, leading to injury [15] or reduced performance [16]. It is essential
for sports science and medicine practitioners to ensure their athletes remain healthy and
perform at a high level. Therefore, insights into an athlete’s running kinematics will be
beneficial to manage training load appropriately or to measure progress during an athlete’s
injury rehabilitation.

Employing a single accelerometer with minimal setup and data processing procedures
to analyze running style is favorable when analyzing in the field with more than one
athlete. Global positioning (GPS) devices are used with team sports athletes to monitor
their training load by analyzing derivatives of distance and speed during training and
match play [17]. These devices also contain an embedded tri-axial accelerometer, and
most manufacturers’ software calculates peak acceleration instances during a training
session [18], offering a potentially convenient method to analyze an athlete’s running style
from already available data. When analyzing these peak accelerations, it is important to
consider the mounting site of the accelerometer. The surrounding joints/segments of the
segment to which the accelerometer is attached will influence the magnitude of the peak
accelerations, and changes in running kinematics will alter the intersegmental transfer of
force throughout the kinetic chain [14]. This has been previously shown at the shank, where
peak accelerometer accelerations have increased when the position of the shank becomes
more anteriorly rotated due to increased knee flexion [7]. The GPS devices, however, are
positioned in a vest on the posterior aspect of the upper trunk. Therefore, the acceleration
peaks captured by the accelerometer will potentially be influenced by the kinematics of the
trunk, pelvis, thigh, shank and foot segments.

There has been a limited amount of research that has analyzed the effects of running
kinematics on the acceleration profile of the trunk. Lindsay, Yaggie and McGregor (2014)
investigated the contributions of the lower limb kinematics on the root mean square accel-
eration (overall magnitude of acceleration over the whole gait cycle) of an accelerometer
placed on the lower trunk close to the center of mass. Sagittal plane kinematics of the hip,
knee and ankle at initial foot contact, midstance and terminal foot contact were significantly
correlated to the acceleration profile of the lower trunk [19]. Due to its size and anatomical
structure, the trunk contains two segments: lower and upper [20]; the acceleration profiles
of these two segments differ during running [21]. It has been previously suggested that the
positioning of the GPS-based accelerometer device on the upper trunk was inappropriate
for detecting changes in lower limb kinematics when analyzing the overall magnitude of
acceleration during running due to noise caused within the acceleration profile by upper-
limb movement [22]. However, the experimental setup in that study [22] did not allow for
lower limb kinematics to be captured, so it remains unclear whether there is a relationship
between running kinematics and the acceleration profile of the upper trunk. Furthermore,
analyzing the peak acceleration of the upper trunk during foot contact, instead of the
overall magnitude of acceleration, may provide a more sensitive measure to differences in
running kinematics as utilized in other settings.

Naturally, there are inter-subject variations in running kinematics within a population
of athletes. A simple method of inducing intra-subject changes is to alter the running
speed [23,24]. As running speed increases, ground reaction forces and segment velocities
increase and as a result, compensatory mechanisms of the musculoskeletal system are
employed to attain stability of the trunk segments [25]. To gain a comprehensive insight
into the intersegmental relationship between the lower body and trunk, analysis must be
conducted over several different running speeds.

Therefore, this study aimed to determine the effects of running kinematics, over several
speeds, on the peak upper trunk segmental accelerations during foot contact captured with
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an accelerometer embedded in a commonly used GPS device by achieving the following
objectives: (1) determine which joint/segments have the largest effect on the peak upper
trunk accelerations at initial foot contact (IFC), midstance (MS) and terminal foot contact
(TFC); (2) highlight the intersegmental relationship between segment velocities throughout
the kinetic chain during foot contact by determining which segments influence the peak
accelerations of the upper trunk.

Understanding which running kinematics have the greatest effect on the accelerometer
data will allow sports science and medicine practitioners to use GPS-based accelerometer
data to measure an athlete’s running style in the field. We hypothesize that there will be a
significant relationship between running kinematics and the peak accelerations captured
by the GPS-embedded accelerometer.

2. Materials and Methods
2.1. Experimental Set Up

Thirteen male participants (age: 27 ± 3.7 years, height: 1.81 ± 0.06 m, mass: 82.7 ± 6.2 kg)
with extensive running experience were recruited for this study. Participants completed
a single trial of treadmill running (1 degree inclination) for 40 s at 9 different speeds
starting at 10 km/h and proceeding to 18 km/h at 1 km/h increments. Maximum rest
time was allowed between sets to ensure minimal fatigue accumulation. Participants were
provided with standardized running shoes (Puma Anzarun) and wore an appropriately
sized standard issue vest containing a GPS device (Statsports Apex, Northern Ireland,
UK) which contained an embedded high-frequency tri-axial accelerometer. Each trial was
captured by an 18-camera motion capture system (Vicon, Oxford, UK). Ethical clearance
for this testing procedure was granted by the Staffordshire University Research Ethics
Committee and all participants gave informed written consent prior to testing.

2.2. Data Processing

Eighteen optical cameras (VICON MXT40, Oxford, UK) recorded the coordinate data of
fifty-four infrared markers (14 mm) attached to the participants at a frequency of 100 Hz. A
modified Istituto Ortopedico Rizzoli (IOR) marker set with five additional clusters attached
to the left thigh, right thigh, left shank, right shank and the posterior aspect of the GPS
device [26–28] was employed to calculate kinematic variables. The global coordinate system
defined the X-axis to represent anterior–posterior movement (positively oriented forward),
the Y-axis for medio-lateral movement (positively oriented to the left), and the Z-axis for
vertical movement (positively oriented upward). The coordinate data was then transferred
from the Vicon Nexus software version-2.8.2 to Visual 3D (C-Motion Inc., Germantown,
MD, USA) and filtered (4th order Butterworth, 10 Hz cut-off frequency).

The tri-axial accelerometer embedded within the GPS device was mounted around
the posterior aspect of the thoracic spine (T2) and housed vertically within a standard issue
vest. The orientation of the device aligned the Y-axis to vertical (VT) acceleration (positive
in the upward direction), the X-axis to medio-lateral (ML) acceleration (positive in the left
direction), and the Z-axis to anterior–posterior (AP) acceleration (positive in the forward
direction). Time series data of the accelerometer was recorded at 100 Hz. Raw accelerometer
data was transferred from the STATSports Apex software version-2.0 to Visual 3D software
version-2022 (C-Motion Inc., Germantown, MD, USA).

To synchronize the data between the optical motion capture system and accelerometer,
an assistant ‘tapped’ the GPS device in a downward vertical direction at the beginning of
each trial. The frame of the tap was identified in both data sets. Ten consecutive gait cycles
were selected for analysis following a 20 s ramp period to allow for participants to reach
the target running speed.

2.3. Running Kinematic Variables

A total of 160 kinematics variables were calculated during key gait events of foot
stance to provide a comprehensive insight into the intersegmental relationship between
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joint/segment angles and subsequent segment velocities throughout the stance phase. A
kinematic method [29,30] was employed to determine IFC, MS and TFC. Three-dimensional
joint/segment angles were calculated for the thorax, trunk, pelvis, hip, thigh, knee, shank,
ankle and foot at IFC, MS and TFC. Additionally, three-dimensional peak segment velocities
were calculated for the thorax, trunk, pelvis, thigh, shank and foot during the two subphases
of foot stance (IFC–MS and MS–TFC). Averages of each variable were calculated across the
ten gait cycles.

2.4. Accelerometer Variables

Peak accelerometer accelerations during foot stance were calculated by initially iden-
tifying the time events of IFC and TFC within the accelerometer data (as per the authors’
prior study). Within each instance of foot stance, the peak acceleration values for each axis
and resultant (RES) acceleration were identified. The averages of the peak acceleration
values were calculated across the ten cycles for each axis and resultant acceleration.

2.5. Statistical Analysis

Generalized linear mixed model (GLMM) analysis was selected as the appropriate
method of establishing the effects of the running kinematics (fixed effects) on peak ac-
celerometer accelerations (dependent variables) due to the study design containing mul-
tiple measures per subject. GLMMs are regression models that allow for autocorrelation
and are therefore preferred when observations are not independent and contain repeated
measures [31,32]. The data structure of the fixed effect and dependent variables were
continuous, so a linear model with identity link function f(x) = x was employed.

A series of GLMMs were conducted due to the number of fixed effect and dependent
variables. Fixed effect variables were separated into two categories, and the running
speed was defined as the repeated measure. Category 1 contained the joint/segment three-
dimensional kinematics at IFC, MS and TFC. Category 2 contained the peak segmental
velocities between IFC–MS and MS–TFC. Preliminary GLMM analysis was conducted on
the individual joint/segment kinematics, separately for category 1 and 2 variables against
each dependent variable, to filter out non-significant variables (p value > 0.05).

The remaining category 1 and 2 fixed effect variables were then further analyzed
by GLMM against each dependent variable. A type III F-test was used to determine the
magnitude of the effect of each fixed effect variable (F value), whether it was direct or
inverse (fixed effect coefficient) and if it was significant (p value < 0.05). Averages and
standard deviations of all F values were calculated to separate the significant fixed effect
variables into groups of small effect: F value < average—(0.5 * standard deviation); medium
effect: F value > average—(0.5 * standard deviation) and < average + (0.5 * standard
deviation); large effect: F value > average + (0.5 * standard deviation). Mean difference
(g) between the actual and predicted peak accelerometer accelerations with 95% limits of
agreement (LOA) were also calculated from the GLMMs to assess accuracy of each model.
In addition, residual effect estimates were calculated to understand the residual effect of
running speed on the GLMMs. Statistical analysis was conducted using SPSS software
version-29.0.0.0 (IBM Corporation, Armonk, NY, USA).

3. Results

GLMMs for category 1 and 2 fixed effect variables showed a significant relationship
for all dependent variables (p < 0.05, Table 1). Model summaries of the category 1 fixed
effect GLMMs to estimate the peak accelerations were RES (mean difference: −0.01 g; LOA:
−0.43 g, 0.42 g; F value: 54.18; p < 0.05), VT (mean difference: −0.01 g; LOA: −0.49 g,
0.47 g; F value: 48.06; p < 0.05), AP (mean difference: 0.00 g; LOA: −0.16 g, 0.17 g; F value:
56.43; p < 0.05) and ML (mean difference: −0.01 g; LOA: −0.20 g, 0.18 g; F value: 33.41;
p < 0.05). Model summaries of the category 2 fixed effect GLMMs to estimate the peak
accelerations were RES (mean difference: 0.00 g; LOA: −0.42 g, 0.43 g; F value: 720.83;
p < 0.05), VT (mean difference: −0.01 g; LOA: −0.61 g, 0.64 g; F value: 149.79; p < 0.05),
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AP (mean difference: 0.00 g; LOA: −0.21 g, 0.21 g; F value: 53.93; p < 0.05) and ML (mean
difference: 0.00 g; LOA: −0.17 g, 0.17 g; F value: 55.38; p < 0.05). Significant residual effects
of running speed were observed on peak RES, VT and ML accelerations for category 1 fixed
effect variables (p < 0.05, Table 2). However, running speed had significant residual effects
on all peak accelerations for category 2 fixed effect variables (p < 0.05, Table 3).

Table 1. GLMM summary of category 1 and 2 fixed effect variables for each dependent variable.

Peak RES Acceleration Peak VT Acceleration Peak AP Acceleration Peak ML Acceleration
GLMM

F Value Significance F Value Significance F Value Significance F Value Significance

Category 1 54.18 0.00 * 48.07 0.00 * 56.43 0.00 * 33.41 0.00 *
Category 2 720.89 0.00 * 149.79 0.00 * 53.92 0.00 * 55.38 0.00 *

* Significance is <0.05

Table 2. The residual effect of running speed on peak accelerations of the GPS-embedded accelerome-
ter for category 1 fixed effect variables.

Peak RES Acceleration Peak VT Acceleration Peak AP Acceleration Peak ML Acceleration
Speed

Estimate Significance Estimate Significance Estimate Significance Estimate Significance

10 km/h 0.08 0.04 * 0.12 0.04 * 0.01 0.14 0.01 0.10
11 km/h 0.03 0.10 0.03 0.17 0.01 0.28 0.02 0.04 *
12 km/h 0.08 0.03 * 0.08 0.04 * 0.01 0.10 0.01 0.08
13 km/h 0.04 0.09 0.04 0.20 0.03 0.11 0.01 0.10
14 km/h 0.01 0.22 0.04 0.13 0.01 0.10 0.01 0.06
15 km/h 0.04 0.12 0.04 0.16 0.00 0.45 0.00 0.40
16 km/h 0.04 0.10 0.09 0.09 0.01 0.20 0.01 0.09
17 km/h 0.09 0.05 0.07 0.09 0.01 0.28 0.00 0.52
18 km/h 0.11 0.06 0.11 0.06 0.01 0.20 0.04 0.04 *

* Significance is <0.05.

Table 3. The residual effect of running speed on peak accelerations of the GPS-embedded accelerome-
ter for category 2 fixed effect variables.

Peak RES Acceleration Peak VT Acceleration Peak AP Acceleration Peak ML Acceleration
Speed

Estimate Significance Estimate Significance Estimate Significance Estimate Significance

10 km/h 0.09 0.04 * 0.12 0.02 * 0.02 0.07 0.00 0.21
11 km/h 0.06 0.04 * 0.00 0.82 0.01 0.07 0.01 0.02 *
12 km/h 0.02 0.16 0.05 0.07 0.01 0.04 * 0.00 0.19
13 km/h 0.19 0.03 * 0.18 0.04 * 0.02 0.07 0.00 0.20
14 km/h 0.01 0.23 0.05 0.08 0.01 0.07 0.01 0.04 *
15 km/h 0.01 0.26 0.16 0.05 0.01 0.08 0.01 0.06
16 km/h 0.05 0.14 0.14 0.10 0.02 0.09 0.01 0.04 *
17 km/h 0.09 0.06 0.16 0.05 0.02 0.14 0.01 0.06
18 km/h 0.10 0.06 0.28 0.12 0.01 0.25 0.03 0.05

* Significance is <0.05.

F-test results showed significant effects (p < 0.05) of category 1 fixed effect variables on
the peak accelerations in the upper-trunk-mounted accelerometer, which varied between
axes and were dependent on the phase during contact. For peak RES accelerations, the
thorax (IFC), pelvis (MS), hip (IFC and MS), knee (IFC and TFC), shank (TFC) and ankle
(MS) had significant (p < 0.05) F values ranging from 5.4 to 26.4 (Figure 1). For peak VT
accelerations, the thorax (IFC and TFC), pelvis (IFC, MS and TFC), hip (IFC), knee (TFC) and
ankle (MS) had significant (p < 0.05) F values ranging from 4.2 to 18.2 (Figure 2). For peak
AP accelerations, the thorax (MS), pelvis (IFC), ankle (MS), and foot (TFC) had significant
(p < 0.05) F values ranging from 4.3 to 10.9 (Figure 3). Lastly, for peak ML accelerations, the
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thorax (MS), pelvis (IFC), ankle (MS) and foot (TFC) all had significant (p < 0.05) F values
ranging from 4.2 to 5.3 (Figure 4).
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of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct,
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents
the motion of the joint/segment that has a significant effect at each key gait phase.



Appl. Sci. 2024, 14, 63 7 of 12Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 12 
 

 
Figure 2. Category 1 and 2 variables with a significant effect (p < 0.05) on the peak VT accelerations 
of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct, 
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents 
the motion of the joint/segment that has a significant effect at each key gait phase. 

 
Figure 3. Category 1 and 2 variables with a significant effect (p < 0.05) on the peak AP accelerations 
of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct, 
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents 
the motion of the joint/segment that has a significant effect at each key gait phase. 

Figure 2. Category 1 and 2 variables with a significant effect (p < 0.05) on the peak VT accelerations
of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct,
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents
the motion of the joint/segment that has a significant effect at each key gait phase.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 12 
 

 
Figure 2. Category 1 and 2 variables with a significant effect (p < 0.05) on the peak VT accelerations 
of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct, 
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents 
the motion of the joint/segment that has a significant effect at each key gait phase. 

 
Figure 3. Category 1 and 2 variables with a significant effect (p < 0.05) on the peak AP accelerations 
of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct, 
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents 
the motion of the joint/segment that has a significant effect at each key gait phase. 

Figure 3. Category 1 and 2 variables with a significant effect (p < 0.05) on the peak AP accelerations
of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct,
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents
the motion of the joint/segment that has a significant effect at each key gait phase.



Appl. Sci. 2024, 14, 63 8 of 12Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 12 
 

 
Figure 4. Category 1 and 2 variables with a significant effect (p < 0.05) on the peak ML accelerations 
of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct, 
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents 
the motion of the joint/segment that has a significant effect at each key gait phase. 

4. Discussion 
The present study aimed to determine the effects of running kinematics during foot 

contact on the peak upper trunk accelerations captured by an accelerometer embedded 
within a commonly used GPS tracking device. Variables of running kinematics were sep-
arated into two categories: joint/segment kinematics at IFC, MS and TFC, and peak seg-
ment velocities between IFC–MS and MS–TFC. Analyzing these variables independently, 
through GLMMs, allowed for insights into which joint/segments have the largest effect on 
the peak upper trunk accelerations, during which key gait event this occurs and the effect 
of the subsequent peak velocities of the bodily segments during the impact (IFC–MS) and 
propulsion (MS–TFC) subphases of foot contact. 

GLMM summaries showed that category 2 fixed effect variables (peak segment ve-
locities) had a larger effect (F value) than the category 1 fixed effect variables (joint/seg-
ment kinematics) on the RES, VT and ML accelerometer peak accelerations (Table 1). In 
addition, running speed had a greater residual effect on the category 2 fixed variables 
(Table 2). To our knowledge, these comparisons have not been previously reported; how-
ever, they substantiate the relationships described by Derrick (2004) on the determinants 
of bodily segmental accelerations when exposed to impact forces during running. These 
findings infer that including segment velocities in future studies can lead to a be er un-
derstanding of the intersegmental relationship during running instead of focusing on joint 
kinematics alone, as seen in previous studies [7,19,33]. 

It has previously been well documented that increased joint stiffness and stability 
around the lower limb segments result in less GRF a enuation and more force transferring 
up the kinetic chain, leading to greater impact and propulsion forces during running 
[19,34,35]. Our results support findings from Lindsay et al. (2014) as decreased knee flex-
ion at IFC increases the shank segment’s stability, reducing the shank’s peak linear and 
angular velocities during the impact subphase (IFC–MS) and causing greater peak accel-
erometer accelerations (Figure 1). The shank segment had the largest effect on peak RES 

Figure 4. Category 1 and 2 variables with a significant effect (p < 0.05) on the peak ML accelerations
of the GPS-based accelerometer at each key gait phase. F value and fixed effect coefficient (+ = direct,
− = inverse) are displayed within the brackets of each variable. The direction of the arrows represents
the motion of the joint/segment that has a significant effect at each key gait phase.

Category 2 fixed effect variables had significant effects in both subphases of foot
contact (IFC–MS and MS–TFC) and the largest range in F values (4.2–129.2). For RES,
VT and AP peak accelerations, the thorax, pelvis and thigh significantly affected both
subphases (p < 0.05, Figures 1–3). The shank had a significant effect in both subphases for
RES but only in IFC–MS for VT and ML acceleration peaks (p < 0.05, Figures 1, 2 and 4).
The foot also had a significant effect in AP during MS–TFC and during both subphases
for ML acceleration peaks (p < 0.05, Figures 3 and 4). In addition, the pelvis and thigh
significantly affected ML acceleration peak during MS–TFC (p < 0.05, Figure 4).

The reader is encouraged to take notice of the coefficients (+/−) in Figures 1–4
to understand whether the effects of the kinematics were direct or inverse. In
addition, the entire F-test results from the GLMMs can be found in the
Supplementary Materials (Tables S1–S12).

4. Discussion

The present study aimed to determine the effects of running kinematics during foot
contact on the peak upper trunk accelerations captured by an accelerometer embedded
within a commonly used GPS tracking device. Variables of running kinematics were
separated into two categories: joint/segment kinematics at IFC, MS and TFC, and peak
segment velocities between IFC–MS and MS–TFC. Analyzing these variables independently,
through GLMMs, allowed for insights into which joint/segments have the largest effect on
the peak upper trunk accelerations, during which key gait event this occurs and the effect
of the subsequent peak velocities of the bodily segments during the impact (IFC–MS) and
propulsion (MS–TFC) subphases of foot contact.

GLMM summaries showed that category 2 fixed effect variables (peak segment veloci-
ties) had a larger effect (F value) than the category 1 fixed effect variables (joint/segment
kinematics) on the RES, VT and ML accelerometer peak accelerations (Table 1). In addition,
running speed had a greater residual effect on the category 2 fixed variables (Table 2).
To our knowledge, these comparisons have not been previously reported; however, they
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substantiate the relationships described by Derrick (2004) on the determinants of bodily
segmental accelerations when exposed to impact forces during running. These findings
infer that including segment velocities in future studies can lead to a better understanding
of the intersegmental relationship during running instead of focusing on joint kinematics
alone, as seen in previous studies [7,19,33].

It has previously been well documented that increased joint stiffness and stability
around the lower limb segments result in less GRF attenuation and more force trans-
ferring up the kinetic chain, leading to greater impact and propulsion forces during
running [19,34,35]. Our results support findings from Lindsay et al. (2014) as decreased
knee flexion at IFC increases the shank segment’s stability, reducing the shank’s peak linear
and angular velocities during the impact subphase (IFC–MS) and causing greater peak
accelerometer accelerations (Figure 1). The shank segment had the largest effect on peak
RES (F value = 129.2, Figure 1) and ML (F value = 49.2, Figure 4) accelerometer accelerations
of all peak segment velocities, thus displaying its important role in the transfer of GRF
throughout the kinetic chain.

Additionally, during MS, the role of the ankle is apparent as there is a medium-
sized effect of decreased ankle flexion resulting in larger RES (F value = 10.0, Figure 1)
and VT (F value = 18.2, Figure 2) peak accelerations, suggesting that larger acceleration
peaks are related to reduced decoupling of the ankle joint. Increased joint stiffness can
increase propulsion forces capabilities during stance [35], resulting in larger peak segment
velocities. This is shown in the propulsion subphase (MS–TFC) as increased peak angular
(flexion) velocity of the thigh has a large to medium-sized effect on the peak accelerometer
accelerations in all axes (Figures 1–4). Furthermore, large to medium-sized effects were
observed for foot segment linear (posterior and medial) and angular (internal rotation)
peak velocities on the AP and ML peak accelerometer accelerations (Figures 3 and 4). These
findings differ from previous investigations [19] as the ankle flexion angle was associated
with TFC and they did not analyze segmental velocities, possibly due to the different
accelerometer mounting sites.

The proximal joints and segments of the trunk were shown in our results also to
influence the peak accelerometer accelerations. During impact (IFC–MS), the second
largest effect on peak RES accelerometer accelerations was observed at the pelvis segment
(F value = 58.0, Figure 1). Increased hip flexion at IFC, which also supports previous
findings [19], reduces the effective mass of the pelvis segment [12], causing increased linear
(anterior) and angular (internal rotation) peak velocities during impact (IFC–MS) (Figure 1).
This results in increased flexion of the pelvis at MS due to the pelvis decoupling to support
the deceleration of the trunk segment post-impact as it supports trunk stability. During
propulsion (MS–TFC), there are medium-sized effects of pelvis angular (extension and
internal rotation) and linear (anterior) peak velocities, which contribute to larger RES and
VT peak accelerometer accelerations (Figures 1 and 2). Conversely, reduced extension peak
velocities (increased flexion) at the pelvis contributed to larger AP peak accelerometer
accelerations, and greater frontal plane peak velocities at the pelvis resulted in larger ML
peak accelerometer accelerations (Figures 3 and 4). This indicates that insights can be
gained into pelvis extension and stability properties of athletes by analyzing the differences
between VT, AP and ML peak accelerometer accelerations.

Furthermore, similar differences between the peak accelerometer accelerations were
also observed regarding the thorax segment velocities. Reduced peak linear (anterior)
velocity during impact and increased peak linear (vertical) velocity during propulsion
of the thorax resulted in larger VT peak accelerometer accelerations (Figure 2). Whereas
increased linear (vertical and anterior) peak velocity during impact and increased linear
(lateral) peak velocity during propulsion of the thorax resulted in larger AP peak accelerom-
eter accelerations (Figure 3). As force is transferred from the pelvis to the trunk, the
surrounding musculature is activated to maintain stability and influences the subsequent
displacement of the trunk segment [25]. Therefore, our results suggest that analyzing the
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differences between the VT and AP peak accelerometer accelerations may provide insights
into these mechanisms.

Findings from this study show that GRF attenuation properties of the surrounding
joints to the shank segment and the kinematics of the pelvis in maintaining trunk stability,
specifically at MS, have the largest effects on the peak accelerometer accelerations. Practical
applications of these findings are that peak accelerometer accelerations could be valuable in
analyzing an athlete’s rehabilitation from an ACL reconstruction, as this has been shown to
affect knee extension during running [36]. Alternatively, observing the differences between
the axis of peak accelerometer accelerations throughout an athlete’s training session may
be used to provide insight into the level of neuromuscular fatigue affecting the stability of
pelvis/trunk segments [37,38].

While a direct comparison of our results to those of Lindsey et al. (2014) was not
possible due to the differences in statistical analysis between the studies, similar findings
were observed regarding the significant effects of the hip and knee flexion/extension angle
on the RES acceleration profile at IFC (Figure 1).

The present study utilized GLMMs as repeated measures were present, whereas
Lindsey et al. (2014) employed a stepwise regression analysis. Lindsey et al. (2014)
mounted their accelerometer on the lower trunk. Therefore, it can be suggested that hip
and knee kinematics at IFC affect both the lower and upper trunk acceleration profiles.

In addition, our results refute previous suggestions [22] that the mounting site of the
accelerometer on the upper trunk is unacceptable for observing changes in lower limb
running kinematics. The limitations of the present study are that the findings only apply
to straight-line running, as the trials were conducted on a treadmill. It is suggested that
practitioners utilize the coordinate data from the GPS devices to ensure instances of straight-
line running are selected when applying the current findings to field-based running style
analysis [39]. Treadmill running was selected in the study design to control the running
speed and to induce intra-subject variations in running kinematics by altering the speed
between each trial. As a result, ground reaction forces were not captured due to the absence
of an embedded force platform. Considering the residual effects of the running speed
observed, especially in the category 2 fixed effect variables, understanding the associated
changes in joint/segment kinetics with each running speed and how they differed across a
wider variety of running styles would have provided a more comprehensive insight into
the effect of different running styles on the GPS-based accelerometer accelerations. The
outcome of this study was favorable, considering the significant associations found with
relatively small participants. In the future, having a bigger sample size would allow for
further verifications of the outcome of this study.

5. Conclusions

In summary, GLMMs within this study have demonstrated the intersegmental re-
lationship between joint/segment kinematics, segment velocities and the resulting peak
accelerations of the upper trunk during running over several speeds. Specifically, we found
that peak shank and pelvis velocities during impact (IFC–MS) had the largest effect on the
RES upper trunk peak accelerations captured by the accelerometer contained within the
GPS device. Furthermore, differences in pelvis and thorax peak velocities affected the peak
accelerometer accelerations in the individual axes (VT, AP and ML). Sports science and
medical practitioners may utilize analysis of peak RES GPS-based accelerometer accelera-
tions to provide insights into the lower body’s GRF attenuation properties during impact.
Additionally, analyzing the differences between the peak accelerometer accelerations in
each axis can infer an athlete’s trunk stability mechanisms whilst running. The findings of
this study provide the basis for analyzing an athlete’s running style in the field with the
peak accelerations captured from the GPS-based accelerometer. Information of this kind
could be used to monitor an athlete’s progress during injury rehabilitation and training
load management.
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