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Abstract

Cutting manoeuvres can be executed at a range of angles and speeds, and these whole-body
task descriptors are closely associated with lower-limb mechanical loading. Asymmetries in
angle and speed when changing direction off the operated and non-operated limbs after
anterior cruciate ligament reconstruction (ACLR) may therefore influence the interpretation
of inter-limb differences in joint-level biomechanical parameters. We hypothesised that
athletes would reduce centre of mass (COM) heading angle deflection and body rotation
during the change of direction stance phase when cutting from the operated limb, and would
compensate for this by orienting their COM trajectory more towards the new intended
direction of travel prior to touchdown. 144 male athletes 8-10 months post-ACLR performed

a maximum-effort sidestep cutting manoeuvre while kinematic, kinetic and ground reaction

force data were recorded. COM heading angle deflection during stance phase was reduced for
cuts performed from the operated limb and was negatively correlated with heading angle at
touchdown. Between-limb differences in body orientation and horizontal velocity at
touchdown were also observed. These systematic asymmetries in cut execution may require
consideration when interpreting joint-level inter-limb asymmetries after ACLR, and are
suggestive of the use of anticipatory control to co-optimise task achievement and mechanical

loading.
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Introduction

In order to change direction while running it is necessary to rotate the body and
deflect the trajectory of the centre of mass towards the new direction of travel. Cutting
manoeuvres, in which this change of direction takes place rapidly and over only a small
number of steps, are ubiquitous in many field sports ! and the task most-commonly associated
with non-contact anterior cruciate ligament (ACL) rupture 4. ACL rupture is a common
sporting knee injury, often requiring reconstruction surgery (ACLR) and extensive
rehabilitation >8. In the period from six to twelve months after surgery, during which most
athletes return to sport 7, asymmetries in kinematic and kinetic variables related to deficits on
the operated limb have been noted during cutting manoeuvres &° as well as other jumping and
landing tasks 114, Objective assessment of these asymmetries may present a useful approach
for monitoring later-stage rehabilitation after ACLR and in assessing readiness to return to
sport %%,

Cutting manoeuvres can be performed at a variety of angles and speeds, and these
whole-body task descriptors are major determinants of knee joint loading during the
movement 61°. At more-acute angles, larger changes to the direction in which the centre of
mass (COM) is travelling (COM heading angle) and the direction in which the body is facing
(body orientation angle) are necessitated. Greater deceleration in the original direction of
travel is thus required, and braking impulses, peak ground reaction forces and external knee
extension and abduction moments increase *82-24 At higher running speeds, ground contact
time is reduced so less time is available for the required COM deflection and body rotation,
and braking forces also increase alongside knee frontal and sagittal plane moments 82325,
Athletes appear to trade off velocity and angle when maximum-effort manoeuvres are
attempted 252, reducing the executed change of direction angle if higher velocities are

enforced 8 and vice versa 222, In these studies the observed modifications to both approach



speed and direction of travel occurred before the instant of touchdown so it is evident that this
modulation arises, at least in part, from anticipatory control prior to foot contact.

If approach speeds and change of direction angles differ when cutting from the
operated and non-operated legs, between-limb asymmetries in joint mechanics after ACLR
would be expected to reflect this non-equivalence in the completed task rather than being
solely indicative of different movement patterns within an identical task. In order to interpret
joint-level differences in change of direction mechanics after ACLR it is thus necessary to
understand how these basic whole-body determinants of mechanical demand differ between
limbs. Lower approach velocities for cuts performed from the operated limb have previously
been reported nine months after surgery 8. However, it is not known whether inter-limb
differences are also found in the magnitude of COM heading angle deflection and body
orientation rotation during the cut step. Such differences - which may reflect reduced ability
to tolerate the demands of the task, an altered post-injury motor strategy and/or reduced
confidence in the operated limb - would indicate the presence of asymmetries in the whole-
body manoeuvre and suggest that any identified joint-level differences between the operated
and the non-operated leg should be interpreted in this context.

The aim of this study was to investigate asymmetries in whole-body change of
direction task execution 8-10 months after ACLR, which is around the time of return to sport
2829 \We hypothesised that post-ACLR athletes would reduce COM heading angle deflection
and body rotation during the stance phase of the change of direction step when cutting from
the operated limb, concomitant with reduced lower limb loading. As we imposed boundary
constraints on the overall change in angle required to complete the task by requiring
participants to run through fixed entry and exit gates, we expected to find that these reduced
deflections and rotations during stance phase would be associated with compensatory body

rotation and COM deflection towards the new intended direction of travel prior to



touchdown. We thus hypothesised that body rotation and COM deflection angle in the
intended new direction of travel at touchdown would be greater on the operated side, and that
negative correlations between angle at touchdown and change in angle during stance phase

would be present.

Methods

One hundred and forty-four male multidirectional field sport athletes (mean+SD age
254 years, height 179+7 cm, body mass 83+14 kg) participated in the study. All had
undergone primary ACLR surgery using a bone-patellar tendon-bone (n=110) or hamstrings
tendon (semitendinosus and gracilis; n=34) autograft from the ipsilateral limb 8-10 months
prior to testing and had reported pre-surgery that they intended to return to multidirectional
sport. Those who had concurrent meniscal repair, concurrent multiple ligament
reconstructions, previous ACL reconstructions or did not intend to return to multidirectional
sport were excluded. The study received ethical approval from the Sports Surgery Clinic
Hospital Ethics Committee and informed written consent was obtained from all participants.

Retroreflective markers of 14 mm diameter were positioned on the lower limbs, pelvis
and trunk of the participant in accordance with a modified Plug-In Gait (Vicon Motion
Systems Ltd, UK) marker set 3. This included markers placed on the left and right anterior
superior and posterior inferior iliac spines to define the pelvis segment orientation, and
markers placed on the 7™ cervical vertebra, 10" thoracic vertebra, xiphoid process of the
sternum and suprasternal notch to define the thorax segment orientation. Additional markers
were placed on the iliac crests to facilitate interpolation of the pelvis marker trajectories using
rigid-body assumptions if the target markers were temporarily obscured from camera view.
Participants completed a standardised warm-up comprising a two-minute jog, five body-

weight squats and five counter-movement jumps. They then performed an assessment battery



of double-leg and single-leg drop jumps, mediolateral hurdle hops and single leg hops for
distance prior to testing of cutting manoeuvres. The cutting manoeuvre testing comprised
three practice trials followed by three maximum-effort trials in each direction. Trials in which
the participant cut from their non-operated limb were performed first: Pilot testing in healthy
controls indicated that there was no systematic learning effect on any of the examined
variables introduced by standardising limb testing order, nor any effect of limb dominance.
For each trial, the participant ran straight through an entry gate positioned 2 m from the
centre of a force platform and performed a side-step cut turn, planting the limb on the
contralateral side to the intended direction of travel (i.e. planting the left foot on the force
platform to cut to the right, rotating the body towards the new direction of travel). They then
continued running straight through a second 1.5 m wide exit gate positioned 2 m from the
force platform at 90° to the angle of the start gate. Participants had a 3 m run-up approach to
the first gate and were instructed to complete the task as quickly as possible.

A 10-camera optical motion capture system (200Hz; Bonita B10, Vicon Motion
Systems Ltd, UK) synchronised with two force platforms (1000 Hz, AMTI, USA) recorded
ground reaction forces (GRFs) and marker positions during each trial. Data were filtered
using a fourth order zero-lag Butterworth filter with corner frequency 15 Hz (Kristianslund et
al., 2012) then processed using the Vicon Plug-in Gait model to calculate segment
kinematics, knee external joint moments and the position of the centre of body mass (COM).
In this model the pelvis and thorax angles are defined as YXZ Cardan angles calculated from
the rotation transformation of the global laboratory coordinate system (Y aligned with the
initial target approach direction, Z vertical, X orthogonal to Y and Z) onto the segment
orientation. Stance phase of the cut step, from touchdown to toe-off, was identified using

GRF> 10 N.



COM heading angle in the horizontal plane, thorax rotation angle and pelvis rotation
angle at the start and end of the cut stance phase were extracted (Figure 1). The mean of the
three trials in each direction was used for analysis. Paired Student’s t-tests were used to test
for differences between the operated and non-operated limbs at touchdown and for
differences in the magnitude of change in the variables from touchdown to toe-off. Between-
limb differences in COM heading angle at toe-off were also analysed, as this ‘exit angle’ is
relevant to whether or not the task can be successfully completed by passing through the exit
gate. Finally, horizontal velocity of the COM at the instant of touchdown was analysed for
completeness, although inter-limb asymmetries in this variable have previously been
published in an overlapping cohort 8. Cohen’s d standardised effect size (ES) was reported for
all group comparisons and interpreted as trivial (d<0.2), small (0.2<d<0.5), medium
(0.5<d<0.8) and large (d>0.8) 3. Pearson’s correlation coefficients were interpreted as small
(0.1<r<0.3), moderate (0.3<r<0.5) or moderate (r>0.5) 3!, Significance was accepted at a=.05.

The final angle of heading or body segment orientation at toe-off is the sum of the
angle at touchdown and the change in angle during stance. Pearson’s correlation was used to
analyse whether these two variables were negatively correlated, i.e. whether participants with
the largest heading or orientation angle in the direction of travel at the instant of touchdown
were also those with the smallest changes in the relevant angle during stance. Cuts from the
operated and non-operated limbs were analysed separately.

In order to verify previously-published differences in lower-limb loading between the
operated and non-operated limb for this task &, peak resultant GRF and peak knee moment in
each plane (sagittal, frontal and transverse) were extracted as metrics of lower limb loading.
These variables were divided by body mass and the mean of the three trials in each direction
calculated prior to further analysis. Paired Student’s t-tests were used to test for differences

between the operated and non-operated limbs.



Results

COM heading angle was more oriented towards the new intended direction of travel at
touchdown when cutting from the operated limb (p<.001, ES 0.50), and less deflection took
place during the cut stance phase (p<.001, ES 0.46). COM heading angle at toe-off was
greater for the non-operated than for the operated limb but with a trivial effect size (p=.006,
ES 0.19). The pelvis (p=.001, ES 0.27) and thorax (p<.001, 0.40) were less oriented towards
the new direction of travel at touchdown when cutting from the operated limb, but no
differences were identified in the rotation of either segment during stance phase (pelvis
p=.22, ES 0.09; thorax p=.67, ES 0.03). Horizontal velocity at touchdown was lower when
cutting from the operated limb (p<.001, ES 0.38; Table 1).

When cutting from both the operated and the non-operated limbs, angle at touchdown
and change in angle during stance phase were negatively correlated for COM heading angle
(operated limb r=-.60, p<.001; non-operated limb r=-.58, p<.001; Figure 2) and for pelvis
orientation angle (operated limb r=.39, p<.001; non-operated limb r=-.50, p<.001).
Participants who had already deflected their COM or oriented their pelvis more towards their
new direction of travel by the instant of touchdown were those who deflected or rotated less
during stance phase. No correlation was identified for thorax orientation angle.

Peak resultant GRF (p<.001, ES 0.25) and peak knee moments in all three planes
(sagittal p<.001, ES 0.72; frontal p<.001, ES 1.16; transverse p<.001, ES 0.75) were greater

when cutting from the non-operated limb than from the operated limb (Table 2).

Discussion
Centre of mass heading angle deflection and body rotation characterise cutting

manoeuvres and are key determinants of lower-limb joint loading. Both differed in post-



ACLR athletes when cutting from the operated versus the non-operated limb, demonstrating
small systematic asymmetries in basic whole-body task execution. Corresponding
differences, indicative of reduced loading on the operated limb, were identified in knee joint
moments and GRF.

Differences in COM heading angle were evident at initial contact: heading angle was
oriented more in the direction of the turn when cutting from the operated than from the non-
operated limb. Despite the reduced heading angle deflection during stance on the operated
limb, there was therefore a mean inter-limb difference of less than 1.5° between COM
heading angles at the end of stance phase (trivial effect; ES 0.19). In combination with the
negative correlation observed between heading angle at touchdown and deflection angle
during stance for both limbs (Figure 2), this suggests that the final heading angle at toe-off
was a controlled target parameter for the manoeuvre, and that participants manipulated
approach direction and deflection angle to ensure their desired exit angle was achieved.
Athletes may thus be using anticipatory control to modulate lower-limb joint loading, altering
their approach direction as well as their speed to reduce the demand of the task whilst still
ensuring that they exit the cut at the desired angle to pass through the final gate. Average pre-
contact deviations of up to eight degrees from the intended approach direction have
previously observed in healthy athletes when performing cutting tasks at faster speeds '8,
which may similarly demonstrate adaptation of the approach phase to modify the execution
of the manoeuvre in a way that co-optimises task achievement and mechanical loading.
Whether the participants’ primary target for regulation was approach speed or deflection
angle cannot be established from our data because of the covariance of the two parameters 8,
but is an interesting focus for future controlled experimental studies. Changing direction on
the sports field is often in response to an unanticipated stimulus such as movement of an

opponent or the ball, so this level of regulation is unlikely to be possible in a game situation



and some combination of reduced task achievement and increased mechanical loading might
thus be expected in comparison to pre-planned manoeuvres. Indeed, laboratory studies have
consistently found unplanned reactive cutting manoeuvres to have a higher rate of task failure
and greater stance limb joint mechanical loading than pre-planned manoeuvres 323,
Changing direction, particularly at higher speeds and through larger angles, takes
place over more than one step *°. The change in COM heading angle during stance when
cutting from either limb was much larger than the change in body (pelvis and thorax) rotation
angle (Table 1), and over a third of the total 90° pelvis rotation required for the complete
manoeuvre had already been completed by the time the stance foot landed on the ground.
This is in contrast to the behaviour exhibited when changing direction in walk, in which the
COM is deflected first and then the body rotated 3. The body rotation requirement for cutting
hence appears to be more evenly distributed over multiple steps than COM deflection, and
may present less of a localised demand on the operated limb during the main cut stance step.
The relative contribution of body rotation to lower-limb loading is unclear: cutting tasks
(COM deflection plus body rotation) have been reported to be associated with higher external
knee abduction, flexion *® and rotation *° moments than sidestep tasks (COM deflection
only), but deflection angles were not explicitly compared or controlled in these studies so the
differences may have resulted solely or partly from between-task disparities in COM
deflection. The temporal sequence of rotation and deflection within stance phase may also
affect knee loading, but no systematic differences in the orientation of the thorax relative to
the pelvis across stance phase were found in previous investigations of inter-limb differences
after ACLR ° so such differences do not appear to be evident in this population. While COM
heading angle at touchdown was oriented more towards the new direction of travel when
cutting from the operated than from the non-operated limb, the opposite was true for pelvis

and thorax orientation at touchdown. This is congruent with the previously-reported
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associations between reduced body rotation in the direction of travel at touchdown and lower
speeds or smaller cutting angles 3040,

Covert modifications to task execution to reduce the mechanical demands on the
operated limb after ACLR have been observed in a variety of other movements. When
instructed to perform an identical task on the operated and non-operated limbs, post-ACLR
athletes have been found to modify drop technique to reduce vertical velocity at landing on
the operated side 142, use the push-off from the non-operated limb to accelerate the body
upwards and to reduce landing velocity in a step-up task %2, and to reduce running speed in
the approach to a cut step to be performed from the operated limb 8. These anticipatory
modifications are presumably in response to awareness of reduced neuromuscular capacity
and/or confidence in the affected limb. Understanding the extent to which task modifications
influence the outcome measures of interest is key to the interpretation of inter-limb
differences in joint-level biomechanical variables, i.e. discerning whether the athlete is
performing the same task with a different movement pattern for each limb or whether the task
itself has been altered in a way that changes the mechanical demands on the body. As well as
the effect of injury, such considerations are also relevant in the context of understanding the
influence of training and rehabilitation interventions 35, anticipation > and gender *#’ on
joint-level cutting biomechanics.

Only male multi-directional field sports athletes were included in this study, so the
findings should not be assumed to generalise to other cohorts. Gender and skill level have
previously been reported to affect change of direction mechanics 4"~*° so different strategies
may be used by female athletes or by those unfamiliar with this type of manoeuvre. Graft
type is also known to influence knee strength and jump loading asymmetries at this post-
surgical timepoint %% so results may differ in alternative cohorts with disparate graft

selections. The absolute accuracy of the reported orientations is limited by soft tissue artefact
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and the use of generic scaled segment inertial parameters to calculate the position of the body
COM, but our conclusions regarding inter-limb asymmetries are expected to be robust to this
type of error due to the within-subject nature of the study design.

All the effects we identified for touchdown and stance phase inter-limb asymmetries
had small to medium standardised effect sizes (ES 0.27-0.50) and represented mean
asymmetries of 2.6-4.2°, similar to many of the joint-level inter-limb angle differences
previously reported &. To provide context, the difference in thorax orientation angle at
touchdown between cuts from the ACLR and from the non-ACLR limbs (3.7 £ 5.1°) was
similar to the difference between this metric when comparing cutting in a pre-planned
direction to cutting in a direction indicated by a light stimulus two steps prior to the cut
(mean 4.0°) >, Whether asymmetries of these magnitudes are sufficient to influence the
interpretation of limb mechanics during cutting manoeuvres is unknown: Further work is thus
needed to determine the clinical relevance of the established task execution differences and
identify contexts in which they may or may not need to be considered when interpreting
joint-level biomechanical variables after ACLR.

Our findings suggest that small systematic asymmetries in whole-body task execution
are present when sidestep cutting manoeuvres are performed from the operated versus from
the non-operated limb 8-10 months post-ACLR. These differences are likely indicative of the
use of anticipatory control strategies to co-optimise task achievement and mechanical
loading, and may require consideration when interpreting joint-level inter-limb asymmetries

in athletes returning to sport after ACL reconstruction.
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Figure 1 Variables defining COM heading and deflection angles (left) and pelvis and thorax

body segment orientation and rotation angles (right) during the change of direction stance

phase.
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Figure 2 Relationship between COM heading angle at touchdown and COM heading angle
deflection during the cut stance phase. Blue open circles and broken least-squares line represent

cutting manoeuvres from the operated limb (r=-0.60, p<0.001); blue filled circles and unbroken

least-squares line represent cutting manoeuvres from the non-operated limb (r=-0.58, p<0.001).
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Tables

Table 1 Change of direction stance phase centre of mass heading angle, horizontal velocity
and body segment orientation.

Operated Non-operated

Variable Mean SD Mean SD

B%ClI p ES

COM heading angle at touchdown
(®)

COM heading angle stance phase 575 g5 g14 g9 3056 <001* 046
deflection (°)

COM heading angle at toe-off (°)  71.7 74 732 7.3 0.5-2.6 .006* 0.19
Pelvis orientation —angle at 595 10 321 106 1145 .001* 027
touchdown (°)

Pelvis orientation angle stance
phase rotation (°)

Thorax orientation angle at
touchdown (°)

Thorax orientation angle stance
phase rotation (°)

COM horizontal “welocity at 55 o3 28 03 01-02 <001* 038
touchdown (m/s)

14.4 55 118 53 -36--1.9 <.001* 0.50

19.8 7.7 20.6 89 -0.5-23 219 0.09

14.8 95 185 9.3 2.0-54 <.001* 0.40

316 112 320 122 -14-21 .686 0.03

Note. A positive touchdown or toe-off angle represents a COM trajectory/body segment
oriented towards the new intended direction of travel; a positive stance phase deflection or
rotation represents a turn towards the new intended direction of travel during stance phase. CI
= confidence interval; ES = Cohen’s d standardised effect size. P values are followed by an
asterisk if the null hypothesis for the inter-limb comparison was rejected.

Table 2 Change of direction stance phase peak ground reaction force and knee moments

. Operated Non-operated 0
Variable Mean D Mean SD %% ClI p ES
Peak resultant GRF (N.kg™?) 163 33 171 34 04-14 <001* 0.25

Peak knee flexion moment
(N.m.kg})

Peak knee abduction moment
(N.m.kg})

Peak knee internal rotation
moment (N.m.kg?%)

24 0.6 2.9 0.7 0.3-0.6 <.001* 0.72

1.0 0.5 1.6 0.7 0.6-0.8 <.001* 1.16

0.2 0.1 0.3 0.2 0.1-0.2 <.001* 0.75

Note. GRF = ground reaction force; CI = confidence interval; ES = Cohen’s d standardised
effect size. P values are followed by an asterisk if the null hypothesis for the inter-limb
comparison was rejected.
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