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Abstract

The repetitive transmission of impact forces may contribute to the aetiology of over-
use injuries. Therefore determining the mechanisms that regulate impact loading has
potential clinical significance.This study aimed to determine the influence of lower
extremity coronal plane kinematics on the regulation of impact loading during running.
Thirty-six participants ran at 4.0 m.s-1striking the centre of a piezoelectric force plat-
form with their dominant limb. Coronal plane angular kinematics about the hip, knee
and ankle joints were measured using an eight-camera motion analysis system oper-
ating at 250 Hz. Regression analyses with instantaneous loading rate magnitude as
a criterion were used to identify the coronal plane parameters associated with impact
loading.

The overall regression model yielded Adj R? = 0.37, p < 0.01. Two biomechanical
parameters were obtained as significant predictors of the instantaneous loading rate.
Peak ankle eversion Adj R° = 0.22, p < 0.01 and peak eversion angular velocity of the
ankle Adj R* = 0.15, p < 0.01 were found to be significant predictors of instantaneous
loading rate.

The findings of the current investigation therefore suggest that passive joint motions
in the coronal plane can regulate the magnitude of impact loading, linked to the de-
velopment of chronic injuries.
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Introduction

During the impact phase of the ground reaction force, the momentum from the decelerating
limb changes rapidly as the foot makes contact with the ground surface, resulting in a transient
force which is transmitted up the skeleton. During typical running velocities, these forces can reach
magnitudes of up to three times body weight [1]. Whilst an optimal loading window exists for the
positive development of bone and tissue strength, movements beyond this window can lead to the
breakdown of body tissue and overuse injuries [2, 3, 4, 5].

The transient impact that occurs as a result of footstrike propagates through the
musculoskeletal system [6, 7]. A number of attenuation mechanisms exist that may be internal or
external to the musculoskeletal system [6]. The majority of analyses in this area have examined
the influence of footwear on the impact loading magnitude during running. To characterize the load
attenuating properties of footwear, mechanical impact testing techniques have been developed
using simple material test machines [8, 9, 10]. Such testing procedures offer a consistent tool with
which to characterize the in vitro mechanical properties of the shoe; however, this technique may
not necessarily relate to variations in impact magnitude when evaluated in situ during running [11,
12]. Numerous studies have been conducted varying the geometry of the midsole, its hardness or
a combination thereof [13, 14, 15, 16]. The shock attenuation properties of footwear and midsoles
have been evaluated with force platforms, bone-mounted accelerometers, and surface mounted
accelerometers.

Passive tissues and active joint movements have also been shown to moderate the magnitude
of the impact load [17]. Denoth [18] proposed the concept of effective mass whereby impact
magnitude is dependent on the knee angle in the sagittal plane at footstrike. This concept is
supported by the results of Bobbert et al. [19]. Lafortune et al. [20], who investigated the effect of
surface hardness and the initial knee angle on the impact force and tibial acceleration magnitudes
in a human pendulum approach. However, despite these early propositions there still remains
a paucity of research regarding the protection from transient impact loading afforded by joint
alignment during running.

Coronal plane eversion of the foot has previously been hypothesized as a mechanism by which
impact loading may be attenuated [21]. Preliminary evidence has related reductions in impact
loading mechanics to variations in footwear construction [22]. Valgus aligned footwear has been
shown to decrease peak tibial accelerations produced as a result of footstrike [23]. However, Perry
and Lafortune [22] and Yingling et al. [21] documented that rear foot parameters had no significant
influence on impact loading during running.

It remains unclear which of the kinematic or muscular factors may explain variations in impact
magnitude. Whilst the coronal plane movement of the ankle joint has been proposed as a passive
mechanism by which impact loading is regulated, the results from previous analyses in
investigating this mechanism have been conflicting. Furthermore, there is currently a paucity of
information regarding the influence of coronal plane movements in the more proximal hip and knee
joints on the regulation of impact loading during running. The aim of the current investigation was
therefore to determine the influence of lower extremity coronal plane parameters on the passive
regulation of impact loading during running.

Material and methods

Participants

Thirty-six male participants who were free from musculoskeletal injury volunteered to take part
in this study. The mean characteristics of the participants were: age 28.59 + 4.15 years, height
176.72 + 5.08 cm and body mass 77.97 + 5.79 kg. All participants were classified as natural
rearfoot strikers by exhibiting a clear first peak in their vertical ground reaction force. A statistical
power analysis was conducted using G* Power Software using a moderate effect size [24] to
reduce the likelihood of a type Il error and determine the minimum number of participants needed
for this investigation. It was found that the sample size was sufficient to provide more than 80%
statistical power. The study was approved by the School of Psychology ethical committee, and all
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participants provided written informed consent in accordance with the guidelines outlined in the
declaration of Helsinki.

Procedure

Participants ran at 4.0 ms' over a force plate (Kistler, Kistler Instruments Ltd., Alton,
Hampshire, UK Model 9281CA) embedded in the floor (Altrosports 6 mm, Altro Ltd.,) of a 22 m
biomechanics laboratory. The running velocity was quantified using Newtest 300 infrared timing
gates (Newtest, 300 OyKoulukatu, Finland); a maximum deviation of 5% from the set velocity was
allowed. Stance time was defined as the time over which a vertical force of 20N was applied to the
force platform [25]. A successful trial was defined as one within the specified velocity range, where
all tracking clusters were in view of the cameras, the foot made full contact with the force plate and
there was no evidence of gait modifications due to the experimental conditions. Runners
completed five successful trials.

All kinematic data were captured at 250 Hz via an eight camera motion analysis system
(Qualisys™ Medical AB, Goteburg, Sweden). Calibration of the Qualysis™ systems was performed
before each data collection session. To ensure that high quality kinematic data was obtained, only
calibrations which produced average residuals of less than 0.85 mm for each camera for a 750.5
mm wand length and points above 4000 in all cameras were accepted prior to data collection.

The marker set used for the study was based on the calibrated anatomical systems technique
(CAST) using a 6 degrees of freedom model [26]. A static trial was conducted with the participant
in the anatomical position allowing the positions of the anatomical markers to be referenced in
relation to the tracking clusters, following which they were removed. Markers used for tracking
remained in place throughout.

Retro-reflective markers were attached to the 1%' and 5" metatarsal heads, medial and lateral
malleoli, calcaneus, medial and lateral epicondyle of the femur, greater trochanter of the right leg,
iliac crest, anterior superior iliac spines (ASIS) and posterior superior iliac spines (PSIS) with
tracking clusters positioned on the shank and thigh (Figure 1). All markers were positioned by the
first author. The hip joint centre was determined using regression equations based on the positions
of the ASIS and PSIS markers on [27]. Each rigid cluster comprised four 19 mm spherical reflective
markers mounted to a thin sheath of lightweight carbon fiber with length to width ratios of 2.05:1
and 1.5:1 for the femur and tibia respectively, in accordance with Cappozzo et al. [28]
recommendations. Participants wore the same footwear throughout (Saucony pro grid guide 2), in
sizes 6-9.

Data processing

Trials were processed in Qualisys Track Manager in order to identify anatomical and tracking
markers then exported as C3D files. 3-D Kinematic parameters were quantified using Visual 3-D
(C-Motion, Germantown, MD, USA) after marker data was filtered using a low pass Butterworth 4th
order zero-lag filter at a cut off frequency of 12 Hz which was selected as being the frequency at
which 95% of the signal power was below. Coronal plane kinematics (not normalised to standing
posture) about the hip, knee and ankle joints were calculated using the euler technique via an XYZ
cardan sequence of rotations (where X is sagittal; Y is coronal and Z transverse plane rotation)
(29). All data were normalized to 100% of the stance phase then processed gait trials were
averaged. Coronal plane measures from the hip, knee and ankle which were extracted for
statistical analysis were 1) angle at footstrike, 2) range of motion from footstrike to toe-off during
stance, 3) peak angle during stance, 4) angular excursion from footstrike to peak angle and 5)
peak angular velocity. These variables were extracted from each of the five trials for each joint in
all three planes of rotation and the data was then averaged within subjects for statistical analysis.
Participant's kinematic curves were time normalized to stance and were ensemble averaged
across subjects for visual purposes only. Forces are reported in bodyweights (BWs) to allow
normalization of the data among participants. From the force plate data, instantaneous loading rate
was quantified as the maximum increase in the vertical force between frequency intervals [30, 31].
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Instantaneous loading rate was selected based on the Greenhalgh et al. [32] recommendations as
a more practical and representative measure of impact loading.

Statistical analysis

Multiple regression analyses with instantaneous vertical loading rate as a criterion variable and
the 3-D kinematic parameters as independent variables were carried out using a forward stepwise
procedure with significance accepted at the p <0.05 level. The independent variables were
examined for co-linearity prior to entry into the regression model using a Pearson’s correlation
coefficient matrix and those exhibiting high co-linearity R=>0.7 were removed. All statistical
procedures were conducted using SPSS 19.0 (SPSS Inc, Chicago, USA).

Fig. 1. Pelvic, thigh, tibial and foot segments, with segment co-ordinate system axes
(P= pelvic, S= shank, T = tibia and F = foot)

Results

Figure 2 and Tables 1-2 present the mean + standard deviation coronal plane angulations from
the stance phase of running. The overall regression model yielded an R= 0.64, R? = 0.41 and Adj
R?=0.37, p < 0.01. Two biomechanical parameters were obtained as significant predictors of the
instantaneous loading rate. Peak ankle eversion (B =0.56, t = 3.96) Adj R?=0.22, p <0.01 and
peak eversion angular velocityof the ankle(B = 0.42, t = 2.96) Adj R? = 0.15, p < 0.01 were found to
be significant predictors of instantaneous loading rate.
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Fig. 2. Mean and standard deviation angulations about the a. hip, b. knee and c. ankle joints
in the coronal plane

Table 1. Mean and standard deviation angulations of hip, knee and ankle joints in the coronal plane

Angulation Hip Knee Ankle
Angle at footstrike (°) 2.95+4.61 1411244 5.84 +4.03
Angle at toe-off (°) 247 £5.04 -1.61+£292 0.74 £4.29
Range of motion (°) 6.42 + 3.16 1.74 £0.95 5.67 + 3.86
Relative range of motion (°) 545+ 2.68 4.38 +3.50 14.29 + 3.59
Peak angle (°) 8.40 £ 4.01 -5.80+4.23 -8.45+4.25

Table 2. Mean and standard deviation angular velocities of hip, knee and ankle joints in the coronal plane

Angular velocity Hip Knee Ankle
Angular velocity at footstrike (°/s) 165.23 £ 76.76 62.36 £ 113.15 -142.89 + 83.73
Angular velocity at toe-off (°/s) -25.85 £ 57.66 -42.14 £ 38.82 116.73 £ 65.49
Peak adduction/inversion angular velocity (°/s) 22.34 + 4598 176.97 £ 109.06 176.15 + 60.56
Peak abduction/eversion angular velocity (°/s) -112.57 £ 42.42 -117.06 + 60.83 -276.45 + 119.80
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Fig. 3. Temporal synchronization of the vertical ground reaction force (black line) and ankle eversion angular
velocity (grey line)

Discussion

The aim of the current investigation was to determine the influence of coronal plane kinematic
parameters on instantaneous loading mechanics. This study represents the first to consider the
effects of lower extremity coronal plane movements on the passive regulation of impact loading
during running.

The primary observation of this study was that rear-foot eversion parameters served as
significant regulators of the instantaneous loading rate. This finding opposes Yingling et al., [21]
and Perry and Lafortune [22] who both noted that increases in rearfoot eversion did not
significantly influence impact loading during running. There are several potential explanations for
this lack of continuity between studies. Firstly, Yingling et al., [21] and Perry and Lafortune [22]
utilized a two dimensional method with four markers (positioned in the middle of the heel, on the
upper part of the calcaneus, on the Achilles tendon at the height of the malleoli, and 15 cm above
in the middle of the gastrocnemius) for the quantification of rearfoot kinematics in the coronal
plane. This is in contrast to the current investigation in which a three-dimensional technique was
utilized, whereby coronal plane angulation is considered to occur about the segment co-ordinate
axes of the foot segment relative to those of the tibia. Secondly, both Yingling et al., [21] and Perry
and Lafortune [22] performed comparative analyses using modified footwear designed to increase
rearfoot eversion in order to determine whether impact loading was subsequently reduced. This
differs from the statistical approach utilized in the current study. Regression looks for weighted
relationships between multiple variables and a criterion variable rather than statistical differences
between conditions.

Whilst the results of the current investigation appear to confirm that coronal plane angulation
about the ankle joint can significantly influence impact loading magnitude, there remains a large
proportion of unexplained variance. Therefore, the remaining variance with regard to
understanding the mechanisms behind the regulation of impact remain unknown. Future research
may wish to consider the non-coronal regulation of impact loading in an attempt to determine
where the remaining variance lies. Whilst previous analyses have been conducted examining the
influence of lower extremity kinematics on the regulation of impact forces their criterion variable
was impact peak of the vertical ground reaction force as opposed to the loading rate which was
used in the current study. Shorten and Mientjes [33] determined that the impact peak of the vertical
ground reaction force is not a reliable indicator of impact magnitude, as it does not comprise any
temporal elements of the load being experienced by the lower extremities.

A number of investigations and authors have discussed the influence of both ankle plantar
flexion and knee flexion to attenuate the impact load following footstrike. However, despite these
propositions ankle plantar flexion occupies 80 ms and the peak of stance phase knee flexion
occurs 50 ms after initial contact, whereas the high frequency transient component of the vertical
ground reaction force occurs during the first 20 ms of the stance phase. Therefore, whilst it
appears reasonable to suppose that these sagittal plane mechanisms may reduce the rate at
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which body weight is transferred to the lower extremities, it is unlikely that they provide sufficient
protection on their own against the heelstrike transient. However, if the vertical ground reaction
force and ankle angular velocity curves are plotted together (Figure 3), there is clear temporal
synchronization between the two modalities in terms of the peak eversion angular velocity and the
transient element of the stance phase. This leads to the notion that coronal plane ankle motion
may act as an initial regulator of impact loading during the early stance phase, although more
analyses are required using prediction modelling in order to fully corroborate this suggestion.

That rearfoot eversion serves as a significant regulator of impact loading may confound
footwear manufacturers, as rearfoot eversion (in addition to high impact loading) has also been
linked to the development of overuse injuries in runners, such as tibial stress syndrome, plantar
fasciitis and anterior knee pain [34, 35, 36, 37]. Therefore, the concept of a general running shoe
proposed by Nigg [38] that serves the needs of all runners in terms of their protection from both
impact loading and rearfoot eversion appears to be invalid. As reductions in impact rearfoot
eversion would place runners at a greater risk from loading related injuries, allowing increases in
eversion would subsequently place runners at risk from injuries due to a lack of rearfoot stability.

Limitations

This study did not evaluate the electromyographical potentials of the lower extremity muscles.
This may serve as a limitation of the current study as muscle pre-activation particularly in the
period prior to footstrike has been proposed as one of the mechanism by which loading of the
lower extremities during running may be attenuated [39]. It is recommended that future analyses
examine this pre-activation mechanism in conjunction with 3-D kinematic analyses. In addition, the
current investigation quantified only the time domain characteristics of impact loading. Shorten and
Winslow [40] noted that impact loading either from a tibially mounted accelerometer or from the
vertical ground reaction force can be transformed from the time into the frequency domain using a
fast fourier transform function, allowing the frequency content of the signals to be examined. It has
been documented that both the time and frequency characteristics of impact loading are pertinent
to the development of chronic injuries in runners [30, 31, 39]. Therefore, it is further recommended
that additional investigations consider the regulation of frequency domain properties in addition to
the conventionally measured time domain measures.

A final limitation which future research may wish to resolve is the all-male sample utilized in the
current investigation. Previous analyses have demonstrated that loading mechanics differ between
genders. Heinng [41] and Stefanyshyn et al. [42] found that at matched running velocities females
were associated with significantly greater loading rates than males; thus it is unlikely that the
results of the current investigation can be generalized to females. Furthermore, it has previously
been documented that females exhibit different coronal plane kinematics in comparison to males at
all of the lower extremity joints [30, 43, 44, 45]. Therefore, it is unlikely that female runners regulate
impact loading using coronal plane mechanics in the same manner as males. Future research
should therefore repeat the current investigation using a female sample.

Conclusion

In conclusion this study appears to confirm the notion that rear-foot eversion can influence
impact loading during running. Therefore, it may be possible to implement training / technique
adaptations for runners in order to maximize their passive shock attenuation. However, future
research aimed at identifying the mechanisms governing these regulation processes is needed in
order to further understand their implications for runners.
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