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ABSTRACT

There are currently a multitude of tests used to assess readiness to return to sport (RTS) following
anterior cruciate ligament reconstruction (ACLR). The aim of this study was to establish the extent to
which movement strategies transfer between three common assessment tasks to help improve design of
athlete testing batteries following ACLR. A cohort of 127 male patients 8-10months post-ACLR and
45 non-injured controls took part in the study. Three movement tasks were completed (unilateral and
bilateral drop jump, and 90° pre-planned cut), while ground reaction forces and three-dimensional
kinematics (250 Hz) were recorded. Compared to the bilateral drop jump and cut, the unilateral drop
jump had a higher proportion of work done at the ankle (d=0.29, P<0.001 and d=-1.87, P<0.001,
respectively), and a lower proportion of work done at the knee during the braking phase of the task
(d=0.447, P<0.001 and d=1.56, P<0.001, respectively). The ACLR group had higher peak hip moments
than the non-injured controls, although the proportion of work done at the ankle, knee and hip joints
were similar. Movement strategies were moderately and positively related at the ankle (rs=0.728,
P<0.001), knee (rs=0.638, P<0.001) and hip (rs=0.593, P<0.001) between the unilateral and bilateral
drop jump, but there was no relationship at the ankle (rs=0.10, P=0.104), knee (rs=0.106, P=0.166) and
hip (rs=-0.019, P=0.808) between the unilateral drop jump and the cut. Clinicians could therefore
consider omitting one of the drop jumps from assessment batteries but should include both jumping and

cutting tasks.
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INTRODUCTION

Rupture of the anterior cruciate ligament (ACL) is one of the most debilitating injuries within landing,
cutting and jumping-based sports[1-3]. The primary function of the ACL, particularly during landing
and cutting manoeuvres, is to prevent anterior translation of the tibia relative to the femur[4]. The
majority of ACL ruptures have been found to occur during non-contact events[5 6], specifically during
unilateral landings, which involve sudden decelerations such as landing from a jump or planting the
foot during a cutting manoeuvre[7 8]. The braking phase after initial contact with the ground is
highlighted as a key phase to examine possible risk factors and mechanisms responsible for non-contact
ACL injuries[5 9]. During the braking phase of unilateral stop-jump tasks, higher knee extension
moments result in increased proximal tibia anterior shear forces[10]. Consequently, the use of tests to
assess neuromuscular control during the braking phase to measure progress and inform the
rehabilitation process prior to return to sport (RTS) is recommended[11]. However, there are currently
a multitude of functional tests used to assess readiness to RTS following ACL reconstruction (ACLR)
with little understanding of how the movement strategies employed by individuals change in each test.
This makes it difficult for clinicians to determine the optimal testing battery to inform the readiness of
patients to RTS post-ACLR.

Anterior cruciate ligament reconstruction surgery is typically followed by an extensive course of
rehabilitation to restore the function of the knee. However, persistent neuromuscular alterations in lower
limb joint kinetics may be observed among athletes who have undergone ACLR, which may contribute
to an increase in ACL re-injury risk[12]. Negative work is performed by the lower extremity muscles
to dissipate the kinetic energy gained from the descent during landing[13]. Following ACLR, lower
sagittal plane energy absorption and moments at the ankle and knee, and higher sagittal plane hip
moments have been reported compared to healthy controls for a bilateral vertical drop jump[14].
Differences in sagittal plane lower limb joint mechanics during drop jump tasks, in male participants,
have been shown to be an important factor to distinguish between those who were likely to sustain a
secondary injury following ACLR, and to those that were not [15]. The distribution of mechanical work,
as well as joint moments, between the lower limb joints can be used to characterise an athlete’s
movement strategy for the task[13], and therefore provides an opportunity to investigate the loading
strategies employed when absorbing the energy of landing across different tasks and joints. The
movement strategy employed can be used to quantify an athlete’s rehabilitation response when
undertaking jumping, landing and cutting tasks. For example, Decker and colleagues[16] reported that
while the knee contributed the greatest proportion of work done during a bilateral landing task for both
ACLR patients and healthy controls, ACLR patients performed 39% less hip extensor work and 37%
more plantar-flexor work than healthy controls. This may indicate that either the lower extremity
compensates following ACLR to protect the involved limb or that insufficient rehabilitation has been

undertaken.
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As females are at higher risk of ACL injury than males the majority of literature has focussed on the
female athlete[17]. However, the incidence of ACL injuries is also high in males [18], and will possibly
affect more male than female athletes due to the high overall number of male athletes. Understanding
movement strategies employed following rehabilitation in male ACLR athletes therefore warrants
attention. Bilateral and unilateral tasks have been used to quantify movement strategies post ACLR in
order to assess the effectiveness of the rehabilitation programme. A recent study on unilateral tasks in
healthy male participants found that the ankle, knee and hip joints contributed similar proportions of
work done when landing a vertical hop (~33% each), whilst the knee joint contributed the highest
proportion of work done (~65%), followed by the hip and then the ankle (~24% and ~11%, respectively)
when landing a horizontal hop[19]. This may also be the case for a cutting manoeuvre, which has shown
a similar knee dominant strategy being present[20]. However, there is currently no evidence to suggest
whether these same movement strategies are present following ACLR. Additionally, the same task
performed bilaterally appears to show a different movement strategy is employed than when it is
performed unilaterally. For example, Yeow et al.[21] reported substantial increases in hip extensor and
ankle plantarflexor moments, as well as increases in proportions of work done at the hip and ankle joint
in a unilateral landing compared to those of a bilateral landing in healthy male participants. Furthermore,
in line with previous research, these authors showed that, unlike a unilateral landing, in the sagittal
plane the knee joint was the dominant energy dissipater during a bilateral landing [21 22]. Comparing
movement strategies in a selection of movement tasks typically included in post-ACLR RTS
assessments, in both post-ACLR and non-injured individuals, may improve the design of these
assessments by identifying task redundancies and hence increasing the efficiency of athlete testing, data

analysis and data interpretation.

A clearer understanding of the extent to which movement strategies transfer between bilateral and
unilateral tasks, and within different unilateral tasks, would help guide the design of athlete
biomechanical assessments and ACLR rehabilitation programme delivery. The first aim of this study
was to investigate the effect of task on movement strategy by examining differences in joint work
distribution when the same vertical drop jump task was performed bilaterally and unilaterally, and when
two different unilateral tasks (the unilateral drop jump and a 90° pre-planned cut) were performed. It
was hypothesised that the bilateral drop jump task and 90° pre-planned cut would display a knee
dominant strategy, whereas the unilateral drop jump would demonstrate a similar proportion of work
done between the ankle, knee and hip joints. A second aim was to examine the effect of group on
movement strategy by examining differences in joint work distribution between ACLR and non-injured
individuals. It was hypothesised that ACLR patients would demonstrate a reduced proportion of work
done at the knee, and increased proportion of work done at the hip and peak hip moments compared to
the non-injured controls. The final aim was to examine the level of correspondence in movement

strategies employed by ACLR and non-injured participants when performing a bilateral and unilateral
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drop jump, and two different unilateral tasks (unilateral drop jump and 90° pre-planned cut). It was
hypothesised there would be a correlation in joint work distributions between the same task performed

bilaterally and unilaterally, but not between the two unilateral tasks.
METHOD
Participants

A total of 172 male participants between the ages of 18 and 35 years were recruited and each provided
written, informed consent prior to data collection to take part in the study. The ACLR group consisted
of 127 male participants (height: 1.81 + 0.06 m; mass: 82.7 = 9.3 kg) and the non-injured control group
consisted of 45 male participants (height: 1.82 + 0.07 m; mass: 81.4 + 7.8 kg). The control group were
matched to the ACLR cohort on limb dominance and were locally recruited from multidirectional field
sports teams. Ethical approval was obtained from the Sports Surgery Clinic, Dublin Hospital Ethics

committee.

To be included in the ACLR group, participants were required to be male multidirectional field sports
athletes, who stated an aim to return to their pre-injury level of sporting participation after surgery. All
participants underwent primary ACLR approximately 9 months before experimental testing (8-10
months inclusive). All participants underwent guided rehabilitation with their locally referred
physiotherapist and were reviewed by their orthopaedic surgeons at 2 weeks, 3 months, and 6-9 months
after surgery. Participants took part in a physical testing protocol at approximately 9 months post-
surgery as part of their final clinical review. All patients in the ACLR group had undergone either a
hamstring graft (semitendinosus and gracilis tendons) or a bone patellar tendon bone graft from the
ipsilateral side during surgery. Different graft types are expected to affect joint kinetics in the early and
mid-term postoperative phases, yet the difference in joint kinetics between graft types in the later phases
are negligible[23]. Participants in the non-injured control group were excluded if they had a previous
ACL injury, previous knee injury which required surgery, or a lower limb injury within 12 weeks of

testing.
Experimental Procedure

All testing took place at the Sports Surgery Clinic, Dublin. During one laboratory visit participants
undertook a standardised warmup: 2-minute jog, five body weight squats, two submaximal and three
maximal double-legged countermovement jumps. Participants then performed the following three
movement tasks (in order): a bilateral drop jump from 30 cm, a unilateral drop jump from 20 cm and a
90° pre-planned cut. The drop jumps and 90° pre-planned cut followed the protocols previously
described[24 25]. Briefly, during the drop jumps participants placed their hands on their hips and were
told to roll from the step and upon hitting the ground, to jump as high as they could, whilst spending as

little time as possible on the force plate. For the bilateral drop jump, participants began with their feet
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approximately hip width apart and landed with one foot on each of the force plates[25]. For the pre-
planned cut, participants were required to start at a distance of 5 m from the force plates, run as quickly
as possible towards the force plates, cutting left or right whilst planting their contralateral foot on the
force plate, and then to accelerate away after changing direction[24]. The non-ACL reconstructed limb
or the dominant limb (the limb with which the participant stated that he could kick a ball the furthest
distance) were assessed first for each test for the ACLR patients and non-injured controls, respectively.
Participants completed two submaximal practice trials of each movement before test trials were
captured. A 30-second recovery was provided between trials. Three valid attempts (maximal effort and

full foot contact on force platform) were recorded for each limb.
Biomechanical data

All kinetic and kinematic data were collected using an eight-camera motion analysis system (200 Hz;
Vicon Motion Systems Ltd, Oxford, UK), synchronised with two force platforms (1000 Hz; BP400600,
AMTI, USA) recording 24 reflective markers (14-mm diameter) and ground reaction forces (Vicon
2.10.0, Oxford Metrics, UK), respectively. Participants wore their own athletic footwear and non-
invasive reflective markers were secured to the shoe and skin with tape based on a modified Plug-in-
Gait marker set[26]. The Plug-in-Gait model was used to determine kinematics and kinetics, and the
chord function (Vicon 2.10.0, Oxford Metrics, UK) was used to define joint centres. Only data collected
from the braking phase, and from the operated limb of the ACLR group were analysed. The braking
phase was defined as the time between initial contact (determined by the instant when the vertical
ground reaction force exceeded a threshold of 20 N[22]) to the frame preceding the lowest vertical
centre of mass (CoM) displacement. All data was processed using Vicon Nexus Software (Vicon 2.10.0,
Oxford Metrics, UK). Motion and force data were low-pass filtered using a fourth order zero-lag
Butterworth filter with a cut-off frequency of 15 Hz. Standard inverse dynamics was used to calculate
joint moments (reported as internal moments) at the ankle, knee and hip joints in all three planes, and
the instantaneous body CoM position was estimated based on segment inertial properties. Positive
sagittal plane internal joint moments relate to ankle plantarflexion, knee extension and hip extension.
All variables were calculated relative to body mass. Kinematic and kinetic analyses were carried out
for the first landing in the bilateral and unilateral drop jumps, and for the 90° pre-planned cut in
MATLAB (R2019b; MathWork, Inc, USA). Joint power was calculated to be the product of joint
moment and joint angular velocity. Joint work was computed as the integral of joint power over time,
in which negative work represented energy dissipation. The relative contribution of the hip, knee and
ankle work to total lower extremity joint work in the sagittal plane was calculated. Trials were excluded
from analysis when there was missing or invalid kinematic (missing marker) or kinetic (full contact on

force plate not made) data. All variables were expressed relative to body mass.

Statistical Analysis
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Means of all three trials for each participant were computed. All data are reported as mean (M) %
standard deviation (SD). Relationships and differences were investigated between the unilateral and
bilateral drop jump as a comparison between the same task, and between the cut and the unilateral drop
jump as two different unilateral tasks. For statistical analysis the Kolmogorov-Smirnov test was used
to test normality for all variables in each condition between groups. A Mann-Whitney test was
performed for independent groups on variables which were not normal, whilst a Wilcoxon test was
performed for dependent groups on variables which were not normal. A two-way mixed ANOVA was
performed on the variables which satisfied the normality and homogeneity of variance assumptions to
identify interactions, task effects or group effects. For significant interactions, follow up t-tests were
conducted on all four simple main effects. Due to the non-normality of data Spearman’s correlations
were run to determine the relationship between the bilateral and unilateral tasks, and the two unilateral
tasks for proportion of work done at the ankle, knee and hip joints, and reported as negligible (rs <0.3),
weak (0.3 < rs< 0.5), moderate (0.5<rs<0.7), strong (rs> 0.7)[27]. Cohen’s d standardised effect size
was calculated and interpreted as small (d = 0.2), medium (d = 0.5), and large (d = 0.8)[28]. Statistical
analysis was performed using SPSS Statistics (SPSS 27, IBM, Hampshire, UK). The level of

significance was set at P<0.05.
RESULTS
Bilateral and unilateral leg drop jump

In the unilateral drop jump a higher proportion of work done was recorded at the ankle (d=0.29,
P<0.001) and hip (d=0.59, P<0.001) joints, and a lower proportion of work done was observed at the
knee (d=0.447, P<0.001) compared to the bilateral drop jump (Figure 1).

The unilateral drop jump recorded higher peak ankle (d=0.90, P<0.001) and hip moments (d=-1.11,
P<0.001) compared to the bilateral drop jump. Results revealed interactions for peak knee moment
between the tasks (see Table 1 for M and SD’s and Table 2 for a summary of the two-way ANOVA).
Post-hoc T-tests showed a higher peak knee moment in the unilateral as opposed to the bilateral drop
jump for the ACLR group (d=-0.22, P<0.001), whilst the bilateral compared to the unilateral drop jump
recorded higher peak knee moments for the non-injured controls (d=0.28, P<0.001). Higher peak knee
moments were found in the non-injured controls for both the unilateral (d=0.49, P=0.01) and bilateral
(d=0.10, P<0.001) drop jump compared to the ACLR group.

***FIGURE 1 HERE***
***TABLE 1 HERE***

***TABLE 2 HERE***
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There was a moderate, positive correlation between the bilateral and unilateral drop jumps for the
proportion of work done at the ankle (rs=0.728, P<0.001), knee (rs=0.638, P<0.001) and hip (rs=0.593,
P<0.001) joints (Figure 2a-c).

***FIGURE 2 HERE***

Proportion of work done at the ankle, knee and hip joints, and peak ankle moment were similar between
groups (Figure 1). The ACLR group produced higher peak hip moments (d=0.47, P<0.001) than the

non-injured controls.
Unilateral drop jump and cut

The unilateral drop jump had a higher proportion of work done at the ankle (d=-1.87, P<0.001), and
lower proportions of work done at the knee (d=1.56, P<0.001) and hip (d=0.49, P<0.001) compared to
the cut. The cut had higher peak knee and hip moments and lower peak ankle moments than the
unilateral drop jump (see Table 3 and Table 4).

***TABLE 3 HERE***
***TABLE 4 HERE***

There was no correlation between the unilateral drop jump and the cut at the ankle (rs=0.10, P=0.104),
knee (r,=0.106, P=0.166) or hip (r,=-0.019, P=0.808) joints (Figure 2d-f).

The ACLR group had lower peak knee moments (d=0.50, P=0.001), and higher peak hip moments (d=-
0.21, P=0.011) than the non-injured controls. However, peak ankle moment and proportion of work

done were similar between groups (see Table 3 and Table 5).
***TABLE 5 HERE***

DISCUSSION

In support of our first hypothesis, the unilateral drop jump produced a higher proportion of work done
at the ankle, and lower proportion of work done at the knee compared to the cut and the bilateral drop
jump. A second aim was to examine the effect of group on movement strategy by examining differences
in joint work distribution between ACLR and non-injured individuals. The ACLR patients and non-
injured controls produced similar proportions of work done at the ankle, knee and hip joints, yet ACLR
patients produced higher peak hip moments compared to the non-injured controls. Our final aim
examined the level of correspondence between movement strategies employed by ACLR and non-
injured controls when the same vertical task was performed bilaterally and unilaterally, and when two
different unilateral tasks were performed. There was a moderate, positive correlation between the

unilateral and bilateral drop jump, but not between the unilateral drop jump and the cut.



225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258

Classified according to highest proportions of work done at respective joints, an ankle dominant strategy
was utilised for both drop jump tasks, whereas a knee dominant strategy was displayed during the cut.
An ankle dominant strategy has been associated with increased ankle plantarflexion via active
musculature contractions about the ankle, which may reduce the load on this joint[29]. It has been
suggested that increased ankle plantarflexion lessens the demand of muscular contractions about
proximal joints, thus there is decreased energy dissipation at the hip[29 30]. Compared to the bilateral
drop jump, the unilateral drop jump had a higher proportion of work done and peak internal
plantarflexion moment at the ankle, and a lower proportion of work done at the knee. In line with
previous research, these findings emphasise that the knee is used to a greater extent to dissipate impact
energy in the bilateral drop jump[31-33], whilst the ankle joint is utilised to a greater extent during the
unilateral drop jump[21]. Furthermore, the cut recorded higher peak internal knee extensor moments
and proportion of work done at the knee compared to the unilateral drop jump. In order to resist rapid
joint flexion by impact forces during landing, the lower extremity extensor muscles must use internally
generated extensor moments[32]. An internal extensor moment at the knee is produced by a quadriceps
contraction, which has been suggested as the primary contributor to anterior tibial shear force[34]. The
increased mechanical demand placed on the knee during the cut compared to the unilateral drop jump
shows that the cut requires greater quadriceps strength, thus potentially loading the knee to a greater

extent during rehabilitation.

In all movement tasks, the ACLR and non-injured groups had similar inter-joint work distribution but
different peak moments. Higher internal peak hip extensor moments and lower internal peak knee
extensor moments in ACLR patients compared to the non-injured group may indicate that the ACLR
patients have adopted a movement strategy to utilise the hip musculature to a greater extent, potentially
to reduce loads on the reconstructed knee[35]. The hamstring muscles act to flex the knee and extend
the hip[36] and a greater internal hip extensor moment denotes an increase or maintenance of hamstrings
muscle contraction demand. During landing, the hip extensors, in particular the gluteus maximus, work
eccentrically to control the femur in all three cardinal planes by decreasing the rate of hip flexion and
stabilising femoral adduction and internal rotation[37]. During early rehabilitation stages these slight
changes in movement strategy may have been consciously or subconsciously adopted to protect the
injured knee, and most likely represent the commonly observed knee extension strength deficits and
reduced capacity to produce knee extension forces, indicating that it may take longer than 9 months
post-ACLR to re-programme the neuromuscular system[38]. Unloading of the knee could potentially
be due to psychological and/or mechanical factors, thus this supports the notion that time elapsed since
surgery alone does not reflect the condition of the knee, and rehabilitation may still be ongoing at nine
months post-ACLR.
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A moderate, positive correlation was observed between the unilateral and bilateral drop jump for
proportion of work done at the ankle, knee and hip joints. However, there was no correlation in the
proportion of work done at the ankle, knee and hip joints between the unilateral drop jump and the cut.
Nigg et al. [39] proposed the ‘preferred movement path’ concept, which may help to explain these
findings. The ‘preferred movement path’ suggests that for a given task, muscle activity ensures the
skeleton of an individual stays in the same movement path, however, the amplitude of this path may
vary depending on the differing levels of demands of the task[39]. An extension of this theory may also
apply on an individual level given that when the same task (drop jump) was performed bilaterally and
unilaterally, individuals employed the same preferred movement strategy. Conversely, both the
unilateral drop jump and the change-of-direction step of the cutting task are unilateral movements but
the different constraints, performance criteria and coordination demands of the two tasks gave rise to a
lack of movement strategy correspondence. Based on individuals employing similar movement
strategies for each type of drop jump, clinicians could consider omitting one of the drop jumps from
assessments if using them to help inform readiness to RTS after ACLR. Compared to both bilateral and
unilateral drop jumps, the unique insight gained from assessing movement strategies during a 90° pre-

planned cut supports the separate inclusion of this movement task in post-ACLR RTS assessments.

A limitation of this study is that unlike a pre-planned cut, during games cutting manoeuvres often
involve unanticipated movements to quickly react to external stimuli, for example avoiding another
player[40]. It has been proposed that a knee dominant strategy is employed in tasks that do not allow
an athlete to pre-plan their movement strategy[41]. Subsequently, movement strategies employed
during a pre-planned cut may not wholly represent those used during matches, hence it would be
recommended that future studies also examine unanticipated cuts. Another limitation is sex bias as only
males were recruited for the study. Female athletes are two to eight times more likely to tear their ACL
than males due to differences in intrinsic risk factors compared to their male counterparts, including but
not limited to anatomical differences and hormones[42]. Therefore, it would be beneficial for future
studies to investigate female responses during these movement tasks. As this study only examined the
sagittal plane, it would not be appropriate to use these findings to comment upon the effect of group or
task on movement strategy when examining differences in joint work distribution or moments in any
other plane. Future cross-sectional studies could consider non-sagittal plane joint work using marker
set-ups that are valid and reliable in these planes, alongside muscle strength and electromyography
(EMG) data. Such studies may provide valuable insights into neuromuscular control during jumps and
cutting manoeuvres following ACLR. Finally, the rate at which ACLR athletes returned to playing sport
was also not assessed. Longitudinal monitoring of ACLR athletes with an increased number of repeated
assessments may have been beneficial to understand whether specific movement strategies are present

following ACLR that are not detrimental to participating at the same sporting level prior to injury.



294

295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

310

311
312
313

314

315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

11

Perspectives

Our findings indicate a movement strategy correspondence between the bilateral and unilateral drop
jump, but not between the unilateral drop jump and the cut. The bilateral and unilateral drop jump both
demonstrated an ankle dominant strategy, whilst a knee dominant strategy was utilised in the cut. Due
to a similar preferred movement strategy being present during bilateral and unilateral drop jumps, when
assessing movement strategies following ACLR, clinicians could consider omitting one of the drop
jumps from assessment batteries to avoid task redundancy. However, the 90° pre-planned cut should be
included as this provides additional information using a sport-specific movement frequently
encountered in training and matches. A between-group comparison found that ACLR patients adopted
a knee avoidance strategy, using the hip musculature to a greater extent and reducing knee extensor
muscle requirements to potentially reduce load on the reconstructed knee. Further studies are needed to
understand whether the differences present are a safety mechanism employed to reduce the risk of re-
injury of the ACL, or a compensatory strategy that may increase the risk of injury. Findings from this
work may help improve the delivery of assessments to help inform readiness to RTS following ACLR
by reducing the amount of data clinicians will need to analyse and decreasing the number of different

tests athletes need to complete.
Acknowledgments

The authors would like to acknowledge the Biomechanics team at Sports Surgery Clinic for assistance
with data collection and processing. The authors would also like to thank Dr Hans Von Lieres Und

Wilkau and Ms Rebecca Straker for their critical comments on earlier versions of the manuscript.
References

1. Fortington LV, Donaldson A, Finch CF. Self-reported worst injuries in women's Australian football
identify lower limb injuries as a prevention priority. BMJ Open Sport & Exercise Medicine
2016;2(1):e000112

2. Ardern CL, Webster KE, Taylor NF, Feller JA. Return to the Preinjury Level of Competitive Sport
After Anterior Cruciate Ligament Reconstruction Surgery:Two-thirds of Patients Have Not
Returned by 12 Months After Surgery. The American Journal of Sports Medicine
2011;39(3):538-43

3. Bourne MN, Webster KE, Hewett TE. Is Fatigue a Risk Factor for Anterior Cruciate Ligament
Rupture? Sports Medicine 2019;49(11):1629-35

4. Rudolph K, Eastlack M, Axe M, Snyder-Mackler L. Movement patterns after anterior cruciate
ligament injury: a comparison of patients who compensate well for the injury and those who
require operative stabilization. Journal of Electromyography and Kinesiology 1998;8(6):349-
62

5. Boden BPMD, Dean GSMD, Feagin JAJMD, Garrett WEJMDP. Mechanisms of anterior cruciate
ligament injury. Orthopedics 2000;23(6):573-78

6. Waldén M, Krosshaug T, Bjgrneboe J, Andersen TE, Faul O, Hagglund M. Three distinct
mechanisms predominate in non-contact anterior cruciate ligament injuries in male
professional football players: a systematic video analysis of 39 cases. British Journal of Sports
Medicine 2015;49(22):1452-60



334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384

12

7. Boden BP, Torg JS, Knowles SB, Hewett TE. Video Analysis of Anterior Cruciate Ligament Injury.
The American Journal of Sports Medicine 2009;37(2):252-59

8. Alentorn-Geli E, Myer GD, Silvers HJ, et al. Prevention of non-contact anterior cruciate ligament
injuries in soccer players. Part 1: Mechanisms of injury and underlying risk factors. Knee
Surgery Sports Traumatology Arthroscopy 2009;17(7):705-29

9. Cochrane JL, Lloyd DG, Buttfield A, Seward H, McGivern J. Characteristics of anterior cruciate
ligament injuries in Australian football. Journal of Science and Medicine in Sport
2007;10(2):96-104

10. Wang L-1. The lower extremity biomechanics of single- and double-leg stop-jump tasks. Journal of
sports science & medicine 2011;10(1):151-56

11. Barber-Westin SD, Noyes FR. Objective Criteria for Return to Athletics After Anterior Cruciate
Ligament Reconstruction and Subsequent Reinjury Rates: A Systematic Review. The
Physician and Sportsmedicine 2011;39(3):100-10

12. Paterno MV, Schmitt LC, Ford KR, et al. Biomechanical measures during landing and postural
stability predict second anterior cruciate ligament injury after anterior cruciate ligament
reconstruction and return to sport. American journal of Sports Medicine 2010;38(10):1968-
78

13. Zelik K, Kuo A. Mechanical work as an indirect measure of subjective costs influencing human
movement. PLoS One 2012;7(2):e31143

14. Mueske NM, Vandenberg CD, Pace JL, et al. Comparison of drop jump landing biomechanics and
asymmetry among adolescents with hamstring, patellar and quadriceps tendon autografts
for anterior cruciate ligament reconstruction. The Knee 2018;25(6):1065-73

15. King E, Richter C, Daniels K, et al. Can Biomechanical Testing After Anterior Cruciate Ligament
Reconstruction Identify Athletes at Risk for Subsequent ACL Injury to the Contralateral
Uninjured Limb? The American Journal of Sports Medicine 2021;49(3):609-19

16. Decker MJ, Torry MR, Noonan TJ, Riviere A, Sterett WI. Landing adaptations after ACL
reconstruction. Medicine & Science in Sports & Exercise 2002;34(9):1408-13

17. Renstrom P, Ljungqvist A, Arendt E, et al. Non-contact ACL injuries in female athletes: an
International Olympic Committee current concepts statement. British Journal of Sports
Medicine 2008;42(6):394-412

18. Mountcastle SB, Posner M, Kragh JFJ, Taylor DC. Gender differences in anterior cruciate ligament
injury vary with activity: epidemiology of anterior cruciate ligament injuries in a young,
athletic population. American Journal of Sports Medicine 2007;35(10):1635-42

19. Kotsifaki A, Korakakis V, Graham-Smith P, Sideris V, Whiteley R. Vertical and Horizontal Hop
Performance: Contributions of the Hip, Knee, and Ankle. Sports Health 2021;13(2):128-35

20. Chinnasee C, Weir G, Sasimontonkul S, Alderson J, Donnelly C. A biomechanical comparison of
single-leg landing and unplanned sidestepping. International Journal of Sports Medicine
2018;39(8):636-45

21. Yeow C, Lee P, Goh J. An investigation of lower extremity energy dissipation strategies during
single-leg and double-leg landing based on sagittal and frontal plane biomechanics. Human
Movement Science 2011;30(3):624-35

22. Weinhandl J, Joshi M, O’Connor K. Gender Comparisons between Unilateral and Bilateral
Landings. Journal of Applied Biomechanics 2010;26(4):444-53

23. Schroeder M, Krishnan C, Dhaher Y. The influence of task complexity on knee joint kinetics
following ACL reconstruction. Clinical Biomechanics 2015;30(8):852-59

24. King E, Richter C, Franklyn-Miller A, et al. Biomechanical but not timed performance asymmetries
persist between limbs 9 months after ACL reconstruction during planned and unplanned
change of direction. Journal of Biomechanics 2018;81:93-103

25. King E, Richter C, Franklyn-Miller A, et al. Whole-body biomechanical differences between limbs
exist 9 months after ACL reconstruction across jump/landing tasks. Scandinavian Journal of
Medicine & Science in Sports 2018;28(12):2567-78



385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424

425

26.

27.
28.
29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

13

Marshall BM, Franklyn-Miller AD, King EA, Moran KA, Strike SC, Falvey EC. Biomechanical Factors
Associated With Time to Complete a Change of Direction Cutting Maneuver. Journal of
Strength and Conditioning Research 2014;28(10):2845-51

Hinkle DE, Wiersma W, Jurs SG. Applied statistics for the behavioral sciences, 2003.

Cohen J. Statistical power analysis for the behavioral sciences: Academic press, 2013.

Lee J, Song Y, Shin CS. Effect of the sagittal ankle angle at initial contact on energy dissipation in
the lower extremity joints during a single-leg landing. Gait & Posture 2018;62:99-104

Prilutsky B, Zatsiorsky V. Tendon action of two-joint muscles: Transfer of mechanical energy
between joints during jumping, landing, and running. Journal of Biomechanics
1994;27(1):25-34

Decker MJ, Torry MR, Wyland DJ, Sterett WI, Richard Steadman J. Gender differences in lower
extremity kinematics, kinetics and energy absorption during landing. Clinical Biomechanics
2003;18(7):662-69

Devita P, Skelly W. Effect of landing stiffness on joint kinetics and energetics in the lower
extremity. Medicine & Science in Sports & Exercise 1992;24(1):108-15

Zhang S, Bates B, Dufek J. Contributions of lower extremity joints to energy dissipation during
landings. Medicine & Science in Sports & Exercise 2000;32(4):812-19

Yu B, Garrett WE. Mechanisms of non-contact ACL injuries. British Journal of Sports Medicine
2007;41(1):i47-i51

Tsai LC, Powers CM. Increased Hip and Knee Flexion During Landing Decreases Tibiofemoral
Compressive Forces in Women Who Have Undergone Anterior Cruciate Ligament
Reconstruction. The American Journal of Sports Medicine 2013;41(2):423-29

Yanagisawa O, Fukutani A. Muscle Recruitment Pattern of The Hamstring Muscles in Hip
Extension and Knee Flexion Exercises. Journal of Human Kinetics 2020;72(1):51-59

Taylor J, Nguyen A, Shultz S, Ford K. Hip biomechanics differ in responders and non-responders
to an ACL injury prevention program. Knee Surgery, Sports Traumatology, Arthroscopy
2020;28(4):1236-45

Gokeler A, Hof A, Arnold M, Dijkstra P, Postema K, Otten E. Abnormal landing strategies after ACL
reconstruction. Scandinavian Journal of Medicine & Science in Sports 2010;20(1):12-19

Nigg B, Baltich J, Hoerzer S, Enders H. Running shoes and running injuries: mythbusting and a
proposal for two new paradigms: ‘preferred movement path’ and ‘comfort filter’. British
Journal of Sports Medicine 2015;49(20):1290-94

Kim JH, Lee K-K, Kong SJ, An KO, Jeong JH, Lee YS. Effect of Anticipation on Lower Extremity
Biomechanics During Side- and Cross-Cutting Maneuvers in Young Soccer Players. The
American Journal of Sports Medicine 2014;42(8):1985-92

Almonroeder TG, Garcia E, Kurt M. The effects of anticipations on the mechanics of the knee
during single-leg cutting tasks: a systematic review. International Journal of Sports Physical
Therapy 2015;10(7):918-28

Ireland ML. The female ACL: Why is it more prone to injury? Journal of Orthopaedics
2016;13(2):A1-A4



14

*4+ hip *E hip
=¥ mea 8% bnes
=k grla 2% ankls
I | | I
Unilataral drop jump
100
ED
2 " e
g o0 -
% o Ankls
= 40
20
a
ACLE Non- ACLE MNon- ACLE MNon-
myured injured injured
controls conitrols comtrols

Figure 1. Proportion of work done at the ankle, knee and hip for ACLR patients and non-injured controls in the bilateral and unilateral drop jump, and the cut. White bars
represent the ankle, grey bars represent the knee and black bars represent the hip.***P<0.001
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Table 1. Means (SD) of the biomechanical measures for each condition per group

Variable Group Cut Unilateral drop Bilateral drop
jump jump
Peak hip moment ((N.m)/kg) ACLR -3.94 (0.95) -3.34 (0.81) -2.50 (0.69)
Non-injured controls | -3.98 (1.08) -2.89 (0.61) -2.18 (0.56)
Peak knee moment ((N.m)/kg) ACLR -2.52 (0.67) -2.35 (0.60) -2.22 (0.58)
Non-injured controls | -2.86 (0.59) -2.65 (0.67) -2.83 (0.59)
Peak ankle moment ((N.m)/kg) ACLR -2.07 (0.44) -3.21 (0.68) -2.36 (0.77)
Non-injured controls | -1.90 (0.50) -3.33(0.73) -2.78 (0.84)
Hip work done (kJ/kg) ACLR 0.00 (0.02) -0.02 (0.02) -0.02 (0.02)
Non-injured controls | 0.00 (0.02) -0.02 (0.02) -0.01 (0.01)
Knee work done (kJ/kg) ACLR -0.06 (0.02) -0.05 (0.03) -0.05 (0.03)
Non-injured controls | -0.06 (0.03) -0.06 (0.02) -0.06 (0.03)
Ankle work done (kJ/kg) ACLR -0.04 (0.02) -0.10 (0.02) -0.07 (0.02)
Non-injured controls | -0.04 (0.01) -0.10 (0.02) -0.07 (0.02)
Total work done (kJ/kg) ACLR -0.10 (0.04) -0.17 (0.04) -0.14 (0.04)
Non-injured controls | -0.09 (0.04) -0.18 (0.03) -0.15 (0.03)
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Table 2. Summary of two-way mixed ANOVA (2x2; Condition x Group) results for each dependent variable (unilateral and

bilateral drop jump)

Measure Effect F-value p-value np? Cohen’sd | Follow up t-test for
interaction
Peak knee moment Interaction 14.425 <0.001 0.078 1.0.486 1.0.01
Task 0.305 0.582 0.002 2.1.040 2.0.001
Group 21.930 <0.001 0.114 3.-0.220 3.<0.001
4.0.280 4. <0.001
Peak ankle moment Interaction 0.805 0.371 0.005 - -
Task 1466.183 <0.001 0.896 -1.023 -
Group 0.145 0.704 0.001 0.322 -
Hip work done % Interaction 2.656 0.105 0.015 - -
Task 243.838 <0.001 0.589 0.164 -
Group 2.179 0.101 0.016 0.098 -
Knee work done % Interaction 1.979 0.161 0.012 - -
Task 137.223 <0.001 0.447 -0.828 -
Group 1.679 0.197 0.010 -0.188 -
Ankle work done % Interaction 0.104 0.748 0.001 - -
Task 68.271 <0.001 0.287 0.544 -
Group 0.387 0.535 0.002 0.097 -

Bold indicates P<0.05. 1. Unilateral drop jump (ACLR vs non-injured controls) 2. Bilateral drop jump (ACLR vs non-injured

controls) 3. ACLR (Unilateral vs bilateral) 4. Healthy (unilateral vs bilateral)
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Table 3. Summary of two-way mixed ANOVA (2x2; Condition x Group) results for each dependent variable (Cut and

unilateral drop jump)

Measure Effect F-value p-value Np? Cohen’s d | Follow up
t-test for

interaction
Peak knee moment Interaction 0.032 0.654 0.001 - -
Task 14.850 <0.001 0.080 -0.275 -
Group 10.645 0.001 0.059 0.504 -
Knee work done % Interaction 0.407 0.524 0.002 - -
Task 119.113 <0.001 0.529 1.559 -
Group 1.722 0.191 0.010 -0.135 -

Bold indicates P<0.05.



Table 4. Summary of Wilcoxon results for Cut vs unilateral drop jump and unilateral vs bilateral drop jump (ACLR and non-injured control data combined)

19

Measure Bilateral vs z Cohen’s d Unilateral drop Z Cohen’s d
unilateral drop jump jump vs cut p-value
p-value
Peak hip moment <0.001 -10.495 -1.105 <0.001 -7.488 -0.825
Peak ankle moment - - - <0.001 -11.322 2.065
Hip work done % - - - <0.001 -4.172 0.494
- - <0.001 -10.791 -1.866

Ankle work done %

Bold indicates p < 0.05



Table 5. Summary of Mann-Whitney results for ACLR vs non-injured controls (Cut and unilateral drop jump data combined, and unilateral and bilateral drop jump data combined)

20

Measure ACLR vs non-injured Mann- Cohen’s d ACLR vs non- Mann- Cohen’s d
controls (bilateral and Whitney U injured Whitney U
unilateral drop jump) p- controls
value (unilateral

drop jump &

cut) p-value
Peak hip moment <0.001 8454.5 -0.470 0.011 9372 -0.209
Peak ankle moment - - - 0.666 11080.5 -0.026
Hip work done % - - - 0.079 10008 -0.186
Ankle work done % - - - 0.060 9903 0.225

Bold indicates p < 0.05



