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Obijectives: To quantify the changes in work done by lower limb joint moments during maximal speed
running following a sports-specific repeated running protocol.

Design: Observational with repeated-measures.

Methods: Recreational athletes (n=18 (9 females), age=26.2+6.2 years) performed 12 maximal 30-
metre sprints on a non-motorised treadmill. Three-dimensional kinematics and ground reaction forces
were subsequently recorded during a 10-metre maximal overground sprint before and immediately after
the repeated running protocol, from which we calculated work done by sagittal plane hip, knee, and
ankle moments. Relative work (J/kg) was reported as a percentage of positive and negative work done
by the sum of joint moments.

Results: Following the repeated running protocol, maximal sprint speed decreased by 19% and was
accompanied by reductions in total positive (-1.47 J/kg) and negative (-0.92 J/kg) work, in addition to
work done by hip (-0.43 to -0.82 J/kg) and knee (-0.28 J/kg) moments during swing. Compared to before
the repeated running protocol, less relative work was done by hip extension (-9%) and knee
flexion/extension (-3%) moments during swing. Reductions in work done by hip and knee joint
moments during swing were significantly correlated with reductions in maximum running speed
(r=0.61-0.89, p<0.05).

Conclusions: A sports-specific repeated sprint protocol resulted in reductions in mechanical work done
by sagittal plane hip and knee joint moments during maximal overground sprinting. Interventions
focused on maintaining positive work done by the hip flexors/extensors and negative work done by
knee flexors/extensors during the swing phase of running may help prevent reductions in speed
following repeated sprinting.

Keywords: biomechanics; performance; sprinting; power.

Abbreviations

Al = negative work done by the ankle plantarflexors during early stance;
A2 = positive work done by the ankle platarflexors during late stance;

CIl = confidence interval;

H1 = positive work done by the hip extensors during early stance;
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H2 = negative work done by the hip flexors during late stance;

H3 = positive work done by the hip flexors during early swing;

H4 = positive work done by the hip extensors during early swing;

K1 = negative work done by the knee extensors during early stance;
K2 = positive work done by the knee extensors during mid/late stance;
K3 = negative work done by the knee extensors during early swing;
K4 = negative work done by the knee flexors during late swing;

K4 = negative work done by the knee flexors during late swing;

MD = mean difference.

Introduction

Field and court sports typically require repeated bouts of high intensity running (i.e. sprinting).>?
Kinematic and kinetic alterations following repeated sprinting discriminate player performance level®*
and potentially relate to risk of musculoskeletal injury.®> Although physiological responses to repeated
sprinting are well studied,®® body mechanics has received less attention and is often simplified to a
point-mass model.>%*3 Point-mass models have revealed phase fluctuations of kinetic and gravitational
potential energies, but do not resolve the mechanical work done by muscles. Alternatively, joint work
quantifies the change in mechanical energy produced by the net moments acting about each joint'* and
is used as a surrogate of mechanical energy produced by muscle.® Quantifying work done by joint
moments may reveal the biomechanics underpinning reductions in running speed following repeated
sprints.

The work done by lower limb joint moments varies non-linearly with increased running speed.'®8
Studies have investigated the effects of repeated sprints on ground reaction forces, leg stiffness, and
spatiotemporal parameters (e.g. stride length, frequency).>81%-1% Edouard et al.® reported decreased
gluteus maximus and vastus lateralis myoelectric activity during late swing but not stance phase of
running following 12 repeated 6-second sprints. Previous studies have also suggested that work

produced by hip and knee moments during swing are the main mechanisms for increasing running
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speed.t61920 It remains unclear how mechanical work performed by lower limb joint moments is altered
following repeated sprints.

In this study we determined the effects of a sports-specific repeated running protocol on the 1) absolute
and relative changes in work done by moments about the hip, knee, and ankle, and 2) relationship
between changes in mechanical work and changes in running speed. We hypothesised that mechanical
work done by lower limb joint moments would decline following the repeated running protocol,
particularly at the hip. We also hypothesised the reduction in sprint speed following the repeated

running protocol would be correlated with changes in work done by the hip moments.
Methods

Eighteen recreationally active individuals (9 females and 9 males; age=26.2+6.2 years;
stature=1.73+0.08m; mass=70.5+9.4 kg) participated. Participants were engaged in moderate to
vigorous exercise at least three times per week. Exclusion criteria included: medical or self-reported
contraindications to performing strenuous exercise; lower limb musculoskeletal injury in the last six
months; illness within the last week; and any clinically diagnosed neuromuscular disorder. Participants
attended a single laboratory session where they were asked to perform a sports-specific repeated running
protocol wearing standardised minimal cushioning footwear (Dunlop Volley, Pacific Brands,
Australia). Participants were asked to refrain from strenuous lower limb exercise and alcohol
consumption for 24-hours prior to testing. Caffeine consumption was not restricted to avoid impairing
participant running performance.? Ethical approval was obtained from the institutional Human
Research Ethics Committee. Participants were informed of the procedures and provided their written
informed consent, consistent with the Declaration of Helsinki.??

Participants were familiarised with the non-motorised treadmill, equipped with reflective markers, and
then performed a warm-up consisting of 10 bilateral and 20 unilateral bodyweight squats, 5 squat jumps,
one 30-metre sprint (on the treadmill), one overground 10-metre sprint and one side-step cut to each
side. Participants performed two maximal 10-metre overground straight sprints and four side-step cuts
(two to both left and right sides) to establish baseline values. Subsequently, they performed 12 maximal

30-metre sprints on a non-motorised treadmill (Woodway Curve 3.0, WOODWAY USA, Waukesha,
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USA). After each 30-metre treadmill sprint, participants performed one maximal 10-metre overground
sprint, followed by two side-step cuts (one to each side) (Figure 1A). All overground tasks began from
an upright stationary bipedal stance. Participants performed 10-15 seconds of slow jogging between
overground tasks. Each treadmill sprint was separated by approximately 60 seconds. This protocol was
designed based on previous studies”*!, though modified to a non-motorised treadmill given the space
limits in our laboratory. All spatiotemporal parameters and mechanical work estimations were taken
from overground trials to ensure treadmill familiarisation did not affect the assessment of running
mechanics.

Participants were equipped with a full-body marker set consisting of 33 retroreflective markers (14 mm
diameter) and eight marker clusters (3-4 markers each). Three-dimensional marker positions were
obtained using a 12-camera motion analysis system (Vicon, Oxford, UK) sampling at 250 Hz and
capture volume of ~2 m x 5 m x 2 m (width, length, height). Ground reaction forces were recorded
using three ground-embedded force plates (Advanced Mechanical Technology, MASS, USA) sampling
at 2000 Hz. Force plates were positioned 5.5-8.2 metres from the starting position for overground sprints
and cuts, and participants were asked to accelerate until they passed the last force plate (10 metre). A
static trial was recorded with the participant in a standardised standing position and used to define joint
centres and scale a generic musculoskeletal model.% The limb for analysis was randomly selected prior
to the baseline sprints and cuts, and analysed again following the repeated running protocol.

Marker coordinates were labelled and gap filled using Vicon Nexus (version 2.7). The MOtoNMS
(version 2.2) toolbox?* was used to process marker and force plate data in MATLAB (R2018b, The
MathWorks) for subsequent use in OpenSim (version 3.3).25 Marker trajectories were low-pass filtered
using a 2" order, dual-pass, zero-lag Butterworth filter with a cut-off frequency of 10 Hz. Ground
reaction forces were unfiltered.?® Gait cycles were visually inspected to identify ground contact and toe-
off events based on foot marker positions and vertical ground reaction forces. Maximal running speed
was determined by averaging maximal horizontal speed (m/s) of three sacral markers across the gait
cycle. Stride length (m) was calculated as the horizontal displacement between two consecutive toe-
offs determined by the marker placed atop the first metatarsal. Stride frequency (Hz) was calculated as

the inverse of stride time.
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For each participant, a generic full-body model?® was linearly scaled to match individual anthropometry
based on marker positions and regression-estimated joint centres.? The model consisted of torso
(including head), arms, pelvis, and lower limbs, as well as hip, knee, and ankle joints with three, one,
and one degrees of freedom, respectively. The scaled model was then used to determine sagittal plane
joint kinematics and moments using inverse kinematics and inverse dynamics, respectively. Joint
moments were normalised to body mass (Nm/kg). Normalised joint powers (W/kg) were calculated for
the hip, knee, and ankle as the dot product between normalised joint moments and joint angular
velocities (rad/s). Individual power bursts at each joint were identified based on the direction of the net
moment (i.e. flexion or extension), direction of angular velocity (i.e. flexing or extending), and sign of
power (i.e. + or -). Four bursts were observed for the hip (H1-4), four for the knee (K1-4), and two for
the ankle (A1-2) (Figure 1B).?” Work done by the net hip, knee, and ankle joint moments were
calculated using trapezoidal numerical integration of joint power-time series (J/kg). Total positive and
negative limb work were calculated as the sum of positive and negative work done at the hip, knee, and
ankle across the gait cycle. Relative work associated with each power burst was expressed as a
percentage of total positive or negative limb work.

Data were inspected for normality using Shapiro-Wilk tests. The effect of the repeated running protocol
(post versus pre) on absolute and relative work metrics were assessed using univariate analyses of
variance or Mann-Whitney tests, as appropriate. All spatiotemporal parameters showed no deviation
from normality and therefore were compared using paired t-tests. Given the trend observed in trial-to-
trial variation was captured in a post-pre comparison (Supplementary Figures 1-4) and our sample was
not appropriately powered for 12 comparisons, only baseline (pre) and 12" (post) overground sprints
were directly compared. One pre- and one post-trial were used for each participant. Mean differences
(MD) were calculated as the average of the differences between post- and pre-trials for each individual
and reported with 95% confidence intervals (95% CI). Effect sizes were calculated as partial eta squared
(np?) for normally distributed variables?® and as eta squared (n?) for non-normally distributed variables.?®
Effect sizes for the spatiotemporal parameters were calculated as Cohen’s dz as recommended for paired
samples.?® Cohen’s dz can be interpreted as small (dz=0.2), medium (dz=0.5), large (dz=0.8), and very

large (dz=1.2).>° However these thresholds should be interpreted with caution.®® The relationship
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between change in maximal running speed and change in work done during each power burst was
assessed using the Pearson product-moment correlation coefficient (r). The association between
variables was classified as small (r=0.1), medium (r=0.3), or large (r=0.50).! Statistical analyses were
performed using Statistical Package for the Social Sciences (SPSS), version 25.0 (IBM, New York,

USA). Significance was accepted for p<0.05.
Results

The sports-specific repeated running protocol resulted in significant decreases in maximal speed (MD
-19%, 95%CI -15 to -24%, p<0.001, dz=-2.01) and step frequency (MD -18%, 95%CI -13 to -23%,
p<0.001, dz=-2.17) during the 10-metre overground sprints. Further, early changes in maximal running
speed were observed starting from the first repeated sprint (MD -5.9%, 95%CI -4.3 to -7.5%, p<0.001,
dz=1.56) (Supplementary Figure 5).The repeated running protocol also resulted in significant increases
in contact time, both absolute (MD 27%, 95%CI 20-33%, p<0.001, dz=1.95) and normalised to stride
time (MD 1.6%, 95%CI 0.14-3.1%, p=0.034, dz=0.55). No significant differences were found for step
length (MD -2%, 95%CI -4 to 7%, p=0.890, dz=-0.16).

Ensemble averages for hip, knee, and ankle external biomechanics are displayed in Figure 1B. Relative
to baseline, total positive (MD -1.47 J/kg, 95%CIl -2.33 to -0.06, p=0.002, n,?=0.258) and negative (MD
-0.92 J/kg, 95%CI -1.59 to -0.25, p=0.002, ny>=0.258) work decreased significantly following the
repeated running protocol (Figure 2, left). Relative to baseline, positive work done by the hip flexion
joint moment during early swing (H3, MD -0.43 J/kg, 95%CIl -0.69 to -0.18, p=0.001, n,>=0.266) and
positive work done by the hip extension joint moment during late swing (H4, MD -0.82 J/kg, 95%ClI -
1.19 to -0.46, p<0.001, np?=0.381) were significantly reduced following the repeated running protocol
(Figure 2, right). Relative to baseline, negative work done by the knee extension joint moment during
early swing (K3, MD -0.28 J/kg, 95%CI -0.43 to -0.13, p=0.02, n?=0.262) and negative work done by
the knee flexion joint moment during late swing (K4, MD -0.40 J/kg, 95%CI -0.65 to -0.15, p=0.003,
np?=0.234) were significantly reduced following the repeated running protocol. In contrast, work done
by the knee extension moment during early (K1, MD 0.15 J/kg, 95%CI 0.02 to 0.29, p=0.71, n?>=0.090)

and late (K2, MD 0.04 J/kg, 95%CIl -0.19 to 0.28, p=1.00, n?<0.001) stance did not change relative to
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baseline (Figure 2, right). No significant changes in work done by the ankle plantarflexors moment
were observed during early (A1, MD -0.01 J/kg, 95%CI -0.18 to 0.16, p=0.874, ny>=0.001) or late (A2,
MD -0.11 J/kg, 95%CI -0.36 to 0.14, p=0.374, n,>=0.023) stance.

Relative to baseline, the contribution of positive work done by the hip extension moment during late
swing to total positive work decreased following the repeated running protocol (H4, MD -9.10%,
95%Cl -13.36 to -4.85%, p<0.001, n,>=0.381) and was accompanied by an increase in the contribution
of positive work done by the ankle plantarflexion moment during late stance (A2, MD 6.43%, 95%ClI
2.02 to 10.84%, p=0.374, n,>=0.023) (Figure 3, shaded region). Relative to baseline, the contribution
of negative work done by the knee extension moment during early swing to total negative work was
significantly reduced following the repeated running protocol (K3, MD -3.08%, 95%CI -5.43 to -0.73%,
p=0.025, n?=0.140) and was accompanied by an increased contribution from the negative work done
by the knee extension moment during early stance (K1, MD 5.37%, 95%CI 1.83 to 8.91%, p=0.009,
n?=0.187). (Figure 3, unshaded region).

The reduction in running speed relative to baseline following the repeated running protocol was
significantly correlated with change in positive work done by the hip flexion (H3: r=0.77, p<0.001) and
extension (H4: r=0.61, p=0.007) moments during swing and with the change in negative work done by
the knee extension (K3: r=0.89, p<0.001) and flexion (K4: r=0.79, p=0.007) moments during swing

(Supplementary Figure 6).
Discussion

Consistent with our hypothesis, the repeated running protocol resulted in reductions in total positive
(generation) and negative (absorption) work compared to baseline, mainly due to reductions in positive
and negative work done by the hip and knee joint moments during the swing phase of running. Relative
to baseline, the decrease in contribution from the positive work done by the hip extension moment to
total positive work at the end of swing was accompanied by an increase in the relative work done by
the ankle plantarflexion moment at the end of stance. Reductions in running speed following the
repeated running protocol were significantly correlated with reductions in work done by the hip and

knee moments during swing, corroborating our second hypothesis. Although causality cannot be
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inferred from our analysis, these findings suggest that reduced work by the hip and knee moments
during swing could be one of the mechanisms leading to reductions in performance following repeated
running.

Total positive and negative work done by the lower limb joint moments decreased by 26% and 19%,
respectively, following the repeated running protocol. The reduction in total work was explained by the
decrease in positive work done by the hip flexor (H3) and extensor (H4) moments, and the decrease in
negative work done by the knee extensor (K3) and flexor (K4) moments, during the swing phase. The
large reduction (~50%) in energy generation (i.e. positive work) from the hip extensors (H4) following
the repeated running protocol is consistent with previously observed decreases in gluteus maximus
activation.® Further, the reductions in work done by the hip extensors and knee flexors at the end of
swing suggest reduced mechanical work done by the hamstrings, since these muscles are primary
contributors to both hip extension and knee flexion moments.® The reduced involvement of the
biarticular knee flexor muscles is further supported by the observed decrease in biceps femoris activity
following repeated sprint exercise.'? In contrast, the work done by the ankle plantarflexors (Al and A2)
during stance was preserved following the repeated running protocol. Collectively, the abovementioned
findings suggest that work done by hip and knee spanning muscles declines following a repeated
running protocol, similar to what has been observed when comparing different steady-state running
speeds.121516.18.19 However, as previously suggested,*? it remains unclear whether the observed changes
relate to differences in running speed or neuromuscular fatigue.

Relative to baseline, decreases in total positive and negative lower limb joint work following the sports-
specific repeated running protocol were accompanied by redistribution of work done by the joint
moments. The contribution of the work done by the hip extension moment to total positive work
decreased by ~10% (30% (pre) to 20% (post)), whereas the contribution from ankle plantarflexors
during push-off (A2) increased by ~8% (25% (pre) to 33% (post)). Similar reductions in hip
contribution to total positive work have also been reported when individuals run at slower steady-state
speeds.’ Our results indicate that muscles contributing to hip extension during late swing may
experience the greatest reduction in work done following a repeated running protocol, and the ankle

plantarflexors may compensate by producing a greater proportion of total positive work. In order to
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minimise the deleterious effects of repeated sprints on running mechanics, efforts should focus on
maintaining work done by the hip extensors during late swing.

We observed large correlations between decline in maximal sprint speed and decrease in positive work
done by the hip flexor/extensor moments during swing (r=0.61-0.77), and negative work done by the
knee extensor/flexor moments during swing (r=0.79-0.89) (Supplementary Figure 6). Our findings
suggest that reductions in step frequency following repeated sprints may be regulated by changes in
work done by hip and knee spanning muscles during the swing phase of running.*® The reductions in
step frequency (18%) and speed (19%) observed in the present study were larger than those previously
reported (11-14% and 13-17%, respectively),**'? possibly reflecting differences in experimental design
between studies (i.e. length of the protocol or tasks involved). Although previously discussed,®? our
results show for the first time, experimentally, a possible link between changes in segment mechanics
during swing and spatiotemporal variables following repeated sprint exercise.

The study of joint mechanics® has successfully informed physical training,® suggesting the potential
for similar approach to improve repeated sprint performance. However, optimal methods to improve
knee and hip muscle function in the swing phase of running remain unclear. Short-term resistance
training interventions (5-8 weeks) involving on isolated exercises targeting knee3**® or hip% flexor
strength, or more complex multi-joint movements®’*® (e.g. squat, deadlift, plyometrics) showed
significant improvements in sprint acceleration®3® or repeated sprint performance.?** Studies
assessing joint mechanics during repeated sprints before and after resistance training interventions are
required to confirm whether maintaining work done by the hip and knee moments during swing is a
mechanism by which resistance training benefits repeated sprint performance.

Several limitations of our research should be acknowledged. First, participants were asked to perform
repeated 30-metre sprints on a non-motorised treadmill due to space limitations in our laboratory.
However, their running mechanics were assessed overground. We assessed the overground mechanics
because the task is likely more familiar to participants and the results may be more relevant for field
and court sports. Second, the number of tasks participants were required to perform and the short
interval between tasks may have caused some degree of pacing by participants, which was not directly

assessed during the experiment. Nonetheless, this effect seems unlikely given that two researchers
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encouraged participants vigorously at all times and reductions in speed at the beginning of the protocol
are within an acceptable range for (~6%) for recreationally active individuals (Supplementary Figure
1).Third, the effect of the repeated running protocol on running mechanics was evaluated by examining
the work done by net joint moments, which does not reflect the work done by individual muscle-tendon
units, neglects muscle co-contraction, and the mechanics of series elastic components and biarticular
muscles.® Irrespective, our approach provides insight into the nature and extent of changes in running
mechanics at the joint level. Future research exploring contributions of individual muscle-tendon units
to changes in joint mechanics following a sports-specific repeated running protocol using computational
modelling is recommended.*® Fourth, our analysis was restricted to work done by joint moments in the
sagittal plane thereby neglecting effects on mechanical work done in frontal and transverse planes.
Further, although maximal voluntary muscle activation and/or strength have likely decreased due to the
running protocol,”3® these parameters were not assessed, thus the observed changes in mechanical work
cannot be directly associated with neuromuscular fatigue, commonly defined as a transient decrease in
the muscle force production capacity.*’ Finally, this study evaluated the effect of a sport-specific
repeated running protocol performed on a non-motorised treadmill,* thus caution should be taken when

generalizing results to other sporting contexts or different sporting populations.
Conclusions

A sports-specific repeated running protocol resulted in an overall reduction in, and redistribution of,
mechanical work done by sagittal plane hip and knee joint moments during maximal overground
sprinting. Efforts to prevent the decline in maximum running speed following repeated sprints should
focus on maintaining positive work done by the hip flexors/extensors and the negative work done by

knee flexors/extensors during the swing phase of running.

Practical implications
o \Work done by lower limb joint moments is redistributed following repeated sprints, suggesting
a change in joint-specific contribution to movement.

o Work done by ankle plantarflexors showed no association with running speed decrements.
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e Maintaining work done by hip and knee joint moments during swing phase of running has
potential to attenuate decrements in maximal running speed following repeated sprints.
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Figure legends

Figure 1. (A) Schematic representation of the sports-specific repeated running protocol (12 x 30-metre
maximal sprints). (B) Ensemble averages (n=18) of hip, knee, and ankle angle angular velocities,
moments, and powers for a gait cycle pre (solid brown) and post (dashed blue) the protocol. Shaded
regions indicate 95% confidence intervals and vertical lines denote foot contact pre (solid black) and
post (dashed grey) the protocol. Gait cycles are defined from toe-off to toe-off and all data were
normalised to the gait cycle. absor = absorption; ext = extension (extending for angular velocity); flex
= flexion (flexing for angular velocity); gener = generation. Individual power bursts are labelled (H1-

4, K1-4, and Al-2). See text for full description of power bursts.

Figure 2. Work done by sagittal plane total (left) and hip, knee, and ankle (right) moments pre (brown)
and post (blue) sports-specific repeated running protocol. Shaded variables represent positive work and
unshaded represent negative work. Data are presented as mean and standard deviation. Black lines are
individual data (n=18). *indicates significant different between pre and post values (p<0.05). H3-4 =
work done by hip moments during swing; H1-2 = work done by hip moments during stance, K3-4 =
work done by knee moments during swing; K1-2 = work done by knee moments during stance; A1-2 =

work done by ankle moments during stance. See text for full description of power bursts.

Figure 3. Work done by sagittal plane hip, knee, and ankle joint moments pre (brown) and post (blue)
sports-specific repeated running protocol expressed as a percentage of either total positive or negative
work. Shaded variables represent positive work and unshaded represent negative work. Data are
presented as mean and standard deviation. Black lines represent individual participant data (n=18).
*indicates significant different between pre and post values (p<0.05). H3 = hip flexion during initial
swing, H4 = hip extension during late swing, H3-4 = work done by hip moments during swing; H1-2 =
work done by hip moments during stance, K3-4 = work done by knee moments during swing; K1-2 =
work done by knee moments during stance; Al-2 = work done by ankle moments during stance. See

text for full description of power bursts.
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