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Background: An athlete who returns to sport after an anterior cruciate ligament (ACL) injury has a substantially high risk of sus-
taining a new secondary ACL injury. Because ACL injuries most frequently occur during cutting maneuvers, such movements
should be at the center of research attention.

Purpose: To investigate whether knee biomechanical parameters during side-step cutting maneuvers differ between female elite
athletes with and without a history of ACL injury and to evaluate whether such parameters are associated with future secondary
ACL injury.

Study Design: Cohort study; Level of evidence, 2.

Methods: A total of 756 female elite handball and soccer players, of whom 76 had a history of ACL injury, performed a sport-
specific cutting task while 3-dimensional kinematics and kinetics were measured. ACL injuries were registered prospectively
over an 8-year follow-up period. Seven knee-specific biomechanical variables were the basis for all analyses. Two-way analyses
of variance were applied to assess group differences, whereas logistic regression models served to evaluate associations
between the knee-specific variables and future secondary ACL injury.

Results: When players with a previous ACL injury performed the cutting maneuver with their ipsilateral leg, they exhibited lower knee
abduction angles (mean difference [MD], 1.4�-1.5�; 95% CI, 0.2�-2.9�), lower peak knee flexion moments (MD, 0.33 N�m/kg-1; 95% CI,
0.18-0.48 N�m/kg-1), lower peak knee abduction moments (MD, 0.27 N�m/kg-1; 95% CI, 0.12-0.41 N�m/kg-1), and lower peak knee
internal rotation moments (MD, 0.06 N�m/kg-1; 95% CI, 0.01-0.12 N�m/kg-1) compared with injury-free players. When players per-
formed the cut with their contralateral leg, no differences were evident (P \ .05). None of the 7 knee-specific biomechanical variables
was associated with future secondary ACL injury in players with an ACL injury history (P \ .05).

Conclusion: Approximately 4 years after ACL injury, female elite team-ball athletes still unloaded their ipsilateral knee during cut-
ting maneuvers, yet contralateral knee loading was similar to that of injury-free players. Knee biomechanical characteristics were
not associated with future secondary ACL injury.
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One of the most serious consequences of a primary anterior
cruciate ligament (ACL) injury is the substantially high
risk of sustaining yet another ACL injury, in both the ipsi-
lateral and the contralateral knee. In a meta-analysis from
2016, Wiggins et al53 concluded that an athlete who
returns to play after an ACL injury has a 20% chance of
sustaining a new ACL injury, with the contralateral knee
being slightly more susceptible than the ipsilateral knee.
This can make a young athlete who returns to sport after
ACL reconstruction 6 times more likely to sustain an
ACL injury than his or her uninjured counterpart (ACL

injury rates of 1.39 vs 0.24 per 1000 athlete-exposures,
respectively).44 Interestingly, the high risk of sustaining
a secondary ACL injury seems to be independent of sex,42

implying that the risk factors for a primary and secondary
ACL injury might differ. The consequences of a secondary
ACL injury are even worse than those of a primary ACL
injury, irrespective of whether the new injury affects the
ipsilateral or contralateral knee: The rate of return to pre-
injury level of sport is lower,9,15 the subjective9,14 and objec-
tive14 knee function is diminished, the health-related quality
of life is decreased,12 and, in case of an ipsilateral reinjury,
more radiographic evidence of osteoarthritis is present14 com-
pared with after primary unilateral ACL injury.

To prevent secondary ACL injuries, a logical first step is
to assess why players with a previous ACL injury are at
elevated risk of sustaining a new ACL injury.2 The risk

The American Journal of Sports Medicine
2024;52(5):1209–1219
DOI: 10.1177/03635465241234255
� 2024 The Author(s)

1209



of sustaining a secondary ACL injury is multifactorial,5,6

with adverse movement biomechanics likely being an
important intrinsic risk factor.18 Identifying such biome-
chanical risk factors, which are modifiable through train-
ing, can help us to develop successful, time-efficient, and
customized prevention programs. Risk factors and hence
effective prevention programs are likely to differ slightly
between primary and secondary ACL injury, warranting
distinct investigations. Because the biomechanical charac-
teristics of movement, even during simple tasks such as
walking,17 running,41 or stair negotiation,16 are altered
for years after an ACL injury, it seems likely that biome-
chanics may play a particularly important role in the
injury etiology of secondary ACL injuries. So far, we have
limited knowledge on biomechanical risk factors for sec-
ondary ACL injury in female athletes. To the best of our
knowledge, only 5 prospective studies22,23,28,45,48 have
investigated associations between biomechanical variables
and future secondary ACL injury. Two of those studies22,23

were exclusively performed in male athletes. The remain-
ing 3 studies, which tested participants in either a dou-
ble-leg vertical drop jump28,45 or a single-leg landing
task,48 showed divergent results. Because noncontact
ACL injuries in handball36,37 and soccer10,13 most fre-
quently occur during cutting maneuvers, biomechanical
analyses of such movements are of major importance and
might be the key to successful injury prevention. So far,
no prospective studies have assessed biomechanical risk
factors during side-step cutting maneuvers in female ath-
letes. Further, only 3 cross-sectional studies30,47,51 have
compared biomechanical variables during cutting maneu-
vers between female athletes with and without a previous
ACL injury. These studies had small sample sizes, and the
findings were conflicting. Studies with larger sample sizes
are required to provide clarity, as are studies assessing
whether those differences are present in elite athletes.

To assess potential risk factors for secondary ACL injury in
female elite athletes who play team-ball sports, this study had
2 aims. The first aim was to use a cross-sectional design to
assess whether knee biomechanical parameters during side-
step cutting maneuvers differ between players with and with-
out a history of previous ACL injury. Also, we wanted to com-
pare players who went on to sustain a secondary ACL injury
with 3 groups: injury-free players, players with a primary
ACL injury only, and players who went on to sustain a pri-
mary ACL injury. The second aim was to use a prospective
cohort design to determine whether knee biomechanical
parameters during side-step cutting maneuvers are associated
with an increased risk of future secondary ACL injury.

METHODS

Study Design and Participants

To gain a better understanding of the causes of secondary
ACL injury, we combined a prospective cohort design with
a cross-sectional design. This investigation is part of a large
prospective cohort study aimed at identifying risk factors
for noncontact ACL injuries among female elite handball
and soccer players.28,39,46,52 The results of the primary
a priori hypothesis have been reported previously.28 Sec-
ondary analyses should be considered exploratory but
valuable to better understand the multifactorial cause of
ACL injuries.

All data were collected over an 8-year period, starting in
2007, when all teams in the Norwegian female handball
premier league were invited to participate in a comprehen-
sive preseason baseline testing. To be included, players
were expected to play in the premier league during the
upcoming season and were required to have a first-team
contract. Between 2008 and 2013, players from new teams
joining the premier league and new players from already
included teams were enrolled in the same preseason base-
line screening. Between 2009 and 2014, female soccer play-
ers from the premier league were also included in the
study, based on the same inclusion criteria. Almost 90%
of the eligible players in the handball and soccer premier
leagues were enrolled in this study. In total, 880 athletes,
including 451 soccer players and 429 handball players,
were tested. Of the players, 14% had to be excluded from
the current study because of missing kinematic or kinetic
data in the cutting task, which was caused by technical
problems or illness or injury, or because they did not
undergo ACL reconstruction surgery after a previous
ACL injury (n = 5). Thus, the final sample consisted of
756 players (age, 20.8 6 4.0 years; body mass, 66.2 6 7.7
kg; height, 169.6 6 6.3 cm), including 680 injury-free play-
ers, including the 4 players with contact injury and 76
players with a history of a previous ACL injury, including
the 4 players with contact injury (Figure 1). The players
with a previous ACL injury had sustained their injury
a mean 3.6 6 2.5 years previously.

The study was approved by the Regional Committee for
Medical Research Ethics, the South-Eastern Norway
Regional Health Authority, and the Norwegian Social Sci-
ence Data Services. All participants provided written
informed consent before inclusion, including parental con-
sent for players aged \18 years. The study conformed to
the latest revision of the Declaration of Helsinki.
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Data Collection and Test Procedures

All players attended 1 day of comprehensive baseline test-
ing during the preseason, including a vertical drop jump
task, a cutting task, and a range of neuromuscular, mobil-
ity, clinical, and anthropometric measurements. We
obtained information about player demographic character-
istics, playing experience, and history of previous ACL
injuries through a detailed questionnaire.

The basis for this study was a biomechanical analysis of
sport-specific cutting tasks using 3-dimensional motion
capture. The players wore their own indoor shoes, shorts,
and a sports bra. A total of 35 reflective markers were
attached over uniquely defined marker positions.27 After
a static, standing calibration trial and a standardized
warm-up procedure, players commenced with the cutting
task. They were instructed to execute the cutting maneu-
ver as they would in a real match, with high intensity

and effort. The players accelerated for 6 meters and
arrived with matchlike, self-selected approach speeds at
an angle of approximately 30� to the long axis of the run-
way (Figure 2). The cutting angle was not predetermined.
For the handball-specific cut, the player received a lateral
pass from a teammate right before performing a matchlike
cutting maneuver to fake and pass a human static
defender (Figure 2A). For the soccer-specific cut, the player
received a pass forcing her to perform a sharp side-step
cutting maneuver (Figure 2B). The details of the cutting
test procedure were described previously.35 At least 5 suc-
cessful trials with maximal matchlike effort were recorded
for each leg, the first 3 of which were selected for analyses.
If 1 or more markers were obscured during parts of the cut-
ting movement or if the force platform was partially
missed, we considered trials 4 and 5 as viable alternatives.

After baseline testing, all complete ACL ruptures were
registered prospectively through May 2015, primarily

Analyzed

Injury-free

Analyzed Analyzed Analyzed

Figure 1. Flow diagram of the tested participants, including their injury status at baseline and follow-up and the number of ana-
lyzed participants in each group. All groups were included in the cross-sectional part of this study, whereas only the Prev/New
ACL group and the Prev ACL group were included in the prospective part. ACL, anterior cruciate ligament; Prev, previous.
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through regular contact with the manager, coach, or med-
ical staff of the participating teams. In case an acute knee
injury was reported, we contacted the injured player
directly to obtain medical data and a description of the
injury situation. The injury mechanism was self-
categorized as contact, indirect contact, or noncontact. All
complete ACL ruptures were verified by magnetic reso-
nance imaging and/or arthroscopy.

Measurements and Data Processing

All measurements were synchronously collected through
a 16-bit analog-to-digital conversion board (USB-2533;
Measurement Computing Corporation), integrated to
Qualisys Track Manager (Version 2.8; Qualisys AB) and
further processed and analyzed in Matlab (Version 2011;
MathWorks Inc). Between 2007 and 2012, the 3-dimen-
sional kinematic data were recorded with an 8-camera
motion capture system (ProReflex; Qualisys AB) sampling
at 240 Hz. Beginning in 2012, an upgraded 16-camera sys-
tem with a sample frequency of 480 Hz was used (Oqus 4;
Qualisys AB). Ground-reaction forces and center of pres-
sure were recorded using 2 force platforms (AMTI LG6-4-
1) collecting data at 960 Hz.

Kinematic and kinetic data were filtered and interpo-
lated using the same Woltring spline with a 15-Hz cutoff
frequency to minimize effect artifacts.27 For each cut, the
ground contact phase was defined as the period in which
the unfiltered vertical ground-reaction forces exceeded
20 N. The position of the hip joint center was estimated
using the method proposed by Bell et al,3 and the positions
of the knee and ankle joint centers were estimated to be
halfway between the epicondyle and malleoli markers,
respectively.28 Hip and knee joint angles were calculated
using the joint coordinate system convention, and joint
moments were determined using common inverse dynam-
ics calculations and reported as external joint moments.28

Approach speed was defined as the velocity of the center
of mass at initial contact (IC) and cutting angle as the

angle between the velocity vector of the center of mass
42 ms before IC and 42 ms after toe-off.26

To reduce the risk of type I errors, we limited our anal-
yses to the following 7 knee-related biomechanical varia-
bles measured during the ground contact phase of the
cutting task: knee flexion angle at IC, peak knee flexion
angle, knee abduction angle at IC, peak knee abduction
angle, peak knee flexion moment, peak knee abduction
moment, and peak knee internal rotation moment. For
each leg, the mean of the 3 cutting trials was used as the
basis for all analyses. Mok et al35 assessed the test-retest
reliability of these variables during a cutting maneuver
and demonstrated good to excellent within-session reliabil-
ity and fair to good between-session reliability: knee flex-
ion angle at IC (mean within-session intraclass
correlation coefficient, 0.90; mean between-session intra-
class correlation coefficient, 0.68), peak knee flexion angle
(0.75, 0.63), knee abduction angle at IC (0.92, 0.55), peak
knee abduction angle (0.95, 0.64), peak knee flexion
moment (0.94, 0.80), peak knee abduction moment (0.90,
0.72), and peak knee internal rotation moment (0.95,
0.74). Mok et al concluded that adequate reliability could
be attained from 3 trials. In addition to the 7 primary
knee-specific variables mentioned above, we analyzed
side-to-side differences for these variables where the asym-
metry magnitude between legs was calculated with the
root mean square difference between left and right leg.25

We chose to focus only on knee-specific variables in this
study because they are more closely related to ACL loading
than distant variables like trunk, hip, or ankle biomechan-
ics. If variables such as lateral trunk flexion or foot rota-
tion truly would be risk factors for ACL injury, their
effect had to be mediated through the knee biomechanical
variables that we analyzed in this study.

Statistical Analysis

Statistical analyses were performed in IBM SPSS Statis-
tics (Version 24; IBM Corporation).

Figure 2. Cutting task illustration for (A) the handball-specific cut and (B) the soccer-specific cut. (Reprinted with permission from
Mok KM, Bahr R, Krosshaug T. Reliability of lower limb biomechanics in two sport-specific sidestep cutting tasks. Sports Bio-
mech. 2018;17(2):157-167. 2018, Taylor & Francis Ltd.)
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For the cross-sectional part of this study, we performed
2 separate analyses. In the first analysis, we assessed dif-
ferences between both the ipsilateral and the contralateral
leg of players with an ACL injury history and a randomly
selected leg of injury-free players.39 Because players with
a previous ACL injury have an increased risk of a new
injury in both the ipsilateral and the contralateral leg,53

we chose to assess each leg individually. In the second
analysis, we compared players with a previous ACL injury
who went on to sustain a new, secondary ACL injury (Prev/
New ACL group) with the remaining 3 groups: that is,
players with a previous ACL injury only (Prev ACL group)
and players without a previous ACL injury who did (New
ACL group) or did not (No ACL group) sustain a new, pri-
mary ACL injury during follow-up (Figure 1). Because pre-
vious research suggests differences in risk factors for
ipsilateral reinjury and contralateral injury,5,6,22,23 we per-
formed separate analyses for the ipsilateral knee and ipsi-
lateral reinjury as well as for the contralateral knee and
contralateral injury. Hence, in one analysis, the Prev/
New ACL group included only players who went on to sus-
tain a new ipsilateral reinjury, and for the Prev ACL
group, we selected the ipsilateral leg. In the other analysis,
the Prev/New ACL group included only players who went
on to sustain a new contralateral injury, and for the Prev
ACL group, we selected the contralateral leg. In both anal-
yses, we used the leg that went on to sustain the new
injury as the unit of analysis for the New ACL group,
and we used a randomly selected leg for the No ACL
group. Direct contact–related new ACL injuries were
excluded from this analysis (n = 8). We performed 2-way
analyses of variance, with sport (2 levels: handball and soc-
cer) and injury status as independent variables and knee-
specific biomechanical variables as the dependent varia-
bles. In the first analysis, the independent variable ‘‘injury
status’’ comprised 2 levels (players with and without a pre-
vious ACL injury), and in the second analysis, it comprised
4 levels (all 4 groups presented in Figure 1). For the second
analysis, significant effects were followed by post hoc tests.
In the current study, main effects are the effects of injury
status on knee biomechanics for soccer and handball play-
ers combined, whereas simple main effects are the effects
of injury status on knee biomechanics for either soccer or
handball players alone. Interaction effects occurred when
the effect of injury status on knee biomechanics was differ-
ent for soccer and handball players. To detect statistically
significant differences between injury groups, non–
statistically significant interactions were followed by main
effects and significant interactions by simple main effects.
If an interaction effect was significant, simple main effects
but not main effects are reported.11,29 Main effects are pre-
sented in the tables, and simple main effects are reported
in the text. The level of significance was set a priori at P �
.05. Results are presented as mean 6 SD. For main effects
and simple main effects, the P value and mean difference
(MD) with 95% CI are reported.

For the prospective cohort part of this study, we investi-
gated whether the knee-specific variables were associated
with future, secondary ACL injury. Only players with a his-
tory of an ACL injury (ie, Prev/New ACL group and Prev

ACL group) were included in this analysis, and direct
contact–related new ACL injuries were excluded (n = 4).
We generated separate binomial logistic regression models,
one for each of the proposed knee-specific risk factors, with
new, secondary ACL injury as the outcome measure. This
approach was chosen rather than multivariable logistic
regression, because �10 new injuries are recommended for
each variable included in the model.49 We performed sepa-
rate analyses for the ipsilateral knee and ipsilateral rein-
jury as well as for the contralateral knee and contralateral
injury. In the primary analysis, we adjusted for the effect
of sport (handball and soccer), and in the secondary analysis
we generated a model adjusting for the effect of the time
that had passed from the injury to the testing day (in years).
Data are presented as odds ratio (OR) per 1-unit change
(corresponding to the change in the odds of sustaining a sec-
ondary ACL injury for each increase in 1 unit of the inde-
pendent variable) with 95% CI.

RESULTS

During the follow-up period, 15 players sustained a second-
ary noncontact ACL injury (7 ipsilateral and 8 contralat-
eral), including the players with missing data (n = 1),
and 51 players, including the players with missing data
(n = 5), sustained a primary noncontact ACL injury (Figure
1). The ACL injuries occurred a mean 1.8 6 1.7 years after
baseline testing with a range of 0.03 to 7.2 years (Prev/New
ACL group, 1.4 6 1.3 years; New ACL group, 2.0 6 1.8
years). The mean cutting angles were 68� 6 26� and 66�
6 14� for soccer and handball players, respectively.

Differences Between Players With
and Without a Previous ACL Injury

Players with a previous ACL injury were significantly
older and heavier than injury-free players, but no differen-
ces were found for height (Table 1). However, handball
players with a previous ACL injury were significantly
taller than injury-free handball players (MD, 2.0 cm; 95%
CI, 0.1-3.9 cm).

Comparing the ipsilateral leg of players who had a previ-
ous ACL injury versus the legs of injury-free players, we
found significant main effects for 5 of the 7 primary
knee-specific variables, revealing lower knee abduction
angles and knee joint moments in addition to lower
approach speeds in players with a previous ACL injury
(Table 2).

Comparing the contralateral leg of players who had a pre-
vious ACL injury versus legs of injury-free players, we
found no significant main effects for any of the variables
analyzed (Table 2). However, soccer players with a previous
ACL injury showed significantly larger knee flexion angles
at IC compared with injury-free soccer players (MD, 2.7�;
95% CI, 0.2�-5.2�), and handball players with a previous
ACL injury showed significantly larger peak knee internal
rotation moments than injury-free handball players (MD,
0.09 N�m/kg; 95% CI, 0.01-0.16 N�m/kg).
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Main effects for side-to-side differences showed that play-
ers with a previous ACL injury exhibited larger asymmetry
in knee flexion angle at IC (MD, 1.1�; 95% CI, 0.2�-2.1�),
peak knee flexion angle (MD, 1.4�; 95% CI, 0.5�-2.3�), and
cutting angle (MD, 3.4�; 95% CI, 1.2�-5.6�) than injury-free
players. Soccer players with a previous ACL injury had
larger asymmetry in knee abduction angle at IC compared
with injury-free soccer players (MD, 1.3�; 95% CI, 0.6�-2.5�).

Differences Between Players Who Went On to Sustain
a Secondary ACL Injury and Those Who Did Not

Comparing players with a previous ACL injury who went
on to sustain an ipsilateral reinjury during follow-up
(Prev/New ACL group) with the remaining 3 groups, we
found the Prev/New ACL group to be heavier and taller
than all other groups (Appendix Table A1, available in
the online version of this article). Moreover, the Prev/
New ACL group had significantly larger knee flexion
angles at IC as well as lower peak knee abduction moments
than the New ACL group (Appendix Table A1, available
online). Side-to-side differences were significant for knee
flexion angle at IC, showing larger asymmetry in the
Prev/New ACL group than the No ACL group (MD, 3.7�;
95% CI, 0.2�-7.1�).

Comparing players with a previous ACL injury who
went on to sustain a new contralateral injury during
follow-up (Prev/New ACL group) with the remaining 3

groups, we observed that the Prev/New ACL group was
older than the New ACL group and the No ACL group
(Appendix Table A2, available online). Also, the Prev/
New ACL group had lower approach speeds at IC than
the New ACL group (Appendix Table A2, available online).
Side-to-side differences were significant for knee flexion
angle at IC, showing larger asymmetry in the Prev/New
ACL group than the Prev ACL group and the No ACL
group (MD, 3.1�-3.2�; 95% CI, 0.1�-6.1�).

Association Between Knee Biomechanics
and Future Secondary ACL Injury

The 7 knee biomechanical variables (Table 3) as well as the
side-to-side differences in these variables were not signifi-
cantly associated with future secondary ipsilateral ACL
injury. Only body mass, height, and the adjustment factors
‘‘time since injury’’ and ‘‘sport’’ had significant odds ratios
in some of the models, indicating an increased risk with
increasing body mass and height, an increased risk when
playing soccer compared with handball, and a decreased
risk with increasing time since injury (Table 3).

None of the 7 potential knee biomechanical risk factors
was significantly associated with future secondary contra-
lateral ACL injury (Table 3). However, side-to-side differ-
ence in knee flexion angle at IC had a significant odds
ratio in both models (OR, 1.20-1.21; 95% CI, 1.02-1.44),
indicating an increased risk with increasing asymmetry.

TABLE 1
Comparison of Participant Characteristics Between Players With and Without a Previous ACL Injury (n = 746)a

Previous ACL Injury (n = 67) No Previous ACL Injury (n = 679) P MD (95% CI)

Age, y 23.2 6 4.1 20.6 6 3.9 \.001 2.6b (1.6 to 3.6)
Body mass, kg 68.0 6 7.8 66.1 6 7.7 .041 1.9b (0.1 to 3.7)
Height, cm 170.5 6 6.4 169.5 6 6.3 .158 1.1 (–0.4 to 2.6)

aValues are expressed as mean 6 SD unless otherwise noted. ACL, anterior cruciate ligament; MD, mean difference.
bSignificant mean difference (P � .05).

TABLE 2
Comparison of Knee Biomechanics and Cutting Technique Variables Between Players With

and Without a Previous ACL Injury (n = 744 for angles and approach speed; n = 702 for joint moments)a

Variable

Previous

ACL Injury,

Ipsilateral

Leg (n = 64)

No Previous

ACL Injury,

Random Leg

(n = 679) P MD (95% CI)

Previous

ACL Injury,

Contralateral

Leg (n = 65)

No Previous

ACL Injury,

Random Leg

(n = 679) P MD (95% CI)

Knee flexion angle at IC, deg 25.1 6 8.3 24.3 6 7.9 .310 0.9 (–0.8 to 2.5) 25.3 6 8.9 24.0 6 7.6 .121 1.3 (–0.3 to 2.9)

Knee flexion angle peak, deg 62.4 6 7.1 62.7 6 6.7 .743 0.3 (–1.5 to 2.0) 63.7 6 6.5 62.9 6 6.7 .335 0.8 (–0.9 to 2.6)

Knee abduction angle at IC, deg 3.4 6 4.4 4.8 6 4.3 .016 1.4b (0.3 to 2.5) 4.6 6 4.2 4.8 6 4.3 .634 0.3 (–0.8 to 1.4)

Knee abduction angle peak, deg 9.3 6 5.2 10.8 6 5.2 .028 1.5b (0.2 to 2.9) 10.2 6 4.9 11.0 6 5.1 .207 0.8 (–0.5 to 2.2)

Knee flexion moment peak, N�m/kg-1 2.56 6 0.62 2.89 6 0.58 \.001 0.33b (0.18 to 0.48) 2.87 6 0.71 2.89 6 0.59 .818 0.02 (–0.14 to 0.18)

Knee abduction moment peak, N�m/kg-1 1.40 6 0.50 1.67 6 0.55 \.001 0.27b (0.12 to 0.41) 1.59 6 0.52 1.67 6 0.54 .266 0.08 (–0.06 to 0.23)

Knee internal rotation moment peak, N�m/kg-1 0.18 6 0.19 0.24 6 0.21 .031 0.06b (0.01 to 0.12) 0.29 6 0.26 0.23 6 0.20 .056 0.06 (–0.00 to 0.11)

Approach speed at IC, m�s-1 2.96 6 0.43 3.11 6 0.50 .004 0.16b (0.05 to 0.26) 3.06 6 0.47 3.11 6 0.50 .327 0.05 (–0.05 to 0.16)

aValues are expressed as mean 6 SD unless otherwise noted. ACL, anterior cruciate ligament; IC, initial contact; MD, mean difference.
bSignificant mean difference (P � .05).
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DISCUSSION

This study aimed to assess potential knee-specific biome-
chanical risk factors for secondary ACL injury by means
of combining a prospective cohort design with a cross-
sectional design. When players with a previous ACL injury
performed a cutting maneuver with their ipsilateral leg,
they exhibited lower knee abduction angles, lower peak
knee joint moments around all axes of rotation, and lower
approach speeds, compared with injury-free players. When
players performed the cut with their contralateral leg, no
differences were evident. Side-to-side differences in knee
flexion angle were larger in players with a previous ACL
injury. Knee biomechanical variables in players who
went on to sustain a secondary ACL injury did not differ
substantially from players with a previous ACL injury,
players who went on to sustain a primary ACL injury,
and injury-free players. Notably, players who went on to
sustain an ipsilateral reinjury displayed larger knee flex-
ion angles at IC and lower peak knee abduction moments
than players who went on to sustain a primary ACL injury.
Finally, not knee biomechanical parameters, but body
mass, height, and the time that had passed since the injury
were significantly associated with future ipsilateral rein-
jury. The only variable associated with secondary contra-
lateral ACL injury was side-to-side difference in knee
flexion angle at IC.

Do Players With a Previous ACL Injury Cut Differently?

When players with an ACL injury history performed the
cutting maneuver with their ipsilateral leg, 5 of the 7
knee-specific biomechanical variables, as well as approach
speed, differed compared with injury-free players. Players
with a previous ACL injury exhibited slightly slower
approach speeds (5% difference compared with injury-
free players), implying that they still seemed to restrain
themselves when performing a cut with their ipsilateral
leg. In contrast, Lee et al30 did not find differences in
approach speed during a planned 45� cutting task between
injured and uninjured players approximately 2 years after
injury. However, the approach speeds in their study were
slower than those in our study (2.7-2.8 vs 3.0-3.1 m�s-1,
respectively), despite wider cutting angles (45� vs ~67�),
implying submaximal effort during cutting, which might
have masked between-group differences. In agreement
with our finding, previous studies on male athletes 9
months after ACL reconstruction revealed slower approach
speeds when the athletes performed a planned and
unplanned 90� cut with their ipsilateral leg compared
with their contralateral leg.7,24

Surprisingly, ipsilateral knee abduction angles at IC and
peak knee abduction angles were slightly lower in players
with an ACL injury history (1.4� and 1.5� difference com-
pared with injury-free players, respectively). Lower knee

TABLE 3
Adjusted Odds Ratios (per 1-unit change) for Participant Characteristics,

Knee Biomechanics, and Cutting Technique Variablea

Secondary Ipsilateral ACL Injury

(n = 55; 6 with a new

secondary ipsilateral ACL injury and 49 without)

Secondary Contralateral ACL Injury (n = 58;

8 with a new secondary contralateral ACL

injury and 50 without)

Adjusted

for Sport

Adjusted for Time

Since Injury

Adjusted

for Sport

Adjusted for Time

Since Injury

Risk

Factor

Adjustment

Factor

Risk

Factor

Adjustment

Factor

Risk

Factor

Adjustment

Factor

Risk

Factor

Adjustment

Factor

Age, y 0.84 (0.64-1.10) 3.43 (0.55-21.23) 0.81 (0.57-1.15) 0.24 (0.06-1.01) 1.07 (0.90-1.28) 0.99 (0.21-4.63) 1.11 (0.91-1.35) 0.83 (0.57-1.19)

Body mass, kg 1.16b (1.02-1.33) 9.39b (1.03-85.78) 1.09 (0.96-1.23) 0.32 (0.10-1.00) 1.10 (0.97-1.24) 2.06 (0.32-13.32) 1.07 (0.96-1.19) 0.89 (0.62-1.28)

Height, cm 1.36b (1.02-1.82) 28.99b (1.41-598.21) 1.13 (0.96-1.33) 0.28b (0.08-0.99) 1.03 (0.89-1.20) 1.19 (0.19-7.62) 1.03 (0.91-1.17) 0.87 (0.61-1.24)

Knee flexion angle at

IC, deg

1.14 (0.95-1.37) 0.81 (0.07-10.07) 1.11 (0.96-1.28) 0.26 (0.07-1.04) 0.94 (0.83-1.07) 1.87 (0.22-15.58) 0.96 (0.87-1.05) 0.86 (0.59-1.25)

Knee flexion angle

peak, deg

1.09 (0.96-1.23) 2.17 (0.32-14.66) 1.11 (0.98-1.27) 0.22b (0.05-1.00) 0.94 (0.83-1.06) 0.98 (0.21-4.66) 0.93 (0.82-1.05) 0.87 (0.62-1.24)

Knee abduction angle

at IC, deg

0.97 (0.79-1.18) 3.35 (0.54-20.71) 0.97 (0.76-1.22) 0.28b (0.08-0.98) 1.14 (0.93-1.39) 0.76 (0.16-3.68) 1.15 (0.94-1.41) 0.86 (0.61-1.23)

Knee abduction angle

peak, deg

1.00 (0.85-1.18) 3.15 (0.52-19.27) 0.98 (0.79-1.22) 0.29b (0.08-0.98) 1.08 (0.92-1.26) 1.09 (0.22-5.41) 1.09 (0.94-1.26) 0.86 (0.61-1.22)

Knee flexion moment

peak, N�m/kg-1

0.42 (0.07-2.41) 4.98 (0.51-49.14) 0.42 (0.07-2.60) 0.23 (0.05-1.14) 0.94 (0.33-2.68) 0.81 (0.17-3.85) 1.00 (0.33-3.00) 0.89 (0.63-1.26)

Knee abduction

moment peak,

N�m/kg-1

0.11 (0.01-2.85) 10.26 (0.73-144.28) 0.20 (0.01-4.36) 0.20 (0.04-1.13) 2.29 (0.57-9.23) 0.79 (0.17-3.79) 3.57 (0.68-18.90) 0.84 (0.59-1.19)

Knee internal

rotation moment

peak, N�m/kg-1

13.69 (0.43-434.12) 5.27 (0.52-53.04) 17.64 (0.22-1442.42) 0.20 (0.03-1.18) 0.70 (0.03-18.67) 0.79 (0.16-3.86) 1.15 (0.04-36.46) 0.89 (0.63-1.26)

Cutting angle, deg 1.06 (0.98-1.14) 0.89 (0.06-13.15) 1.04 (0.99-1.09) 0.32 (0.10-1.08) 1.00 (0.96-1.05) 0.90 (0.17-4.68) 1.00 (0.97-1.04) 0.88 (0.62-1.25)

Approach speed at

IC, m�s-1

0.64 (0.03-14.02) 2.54 (0.20-33.14) 0.55 (0.05-6.61) 0.29b (0.09-0.99) 0.30 (0.03-2.94) 0.45 (0.05-3.73) 0.68 (0.12-3.92) 0.90 (0.63-1.29)

aValues are expressed as odds ratio (95% CI). The analyses adjusted either for the effect of sport (handball or soccer) or for the effect of the time that had

passed from the injury to the testing day (in years). ACL, anterior cruciate ligament; IC, initial contact.
bOdds ratio significantly (P � .05) different from 1.
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abduction angles are commonly considered to be part of
a less risky movement pattern.1 It can be speculated that
these favorable knee kinematics might be related to rehabil-
itation training after the previous ACL injury or simply
attributable to unintentional movement modifications to
reduce ACL load. In contrast to our results, Stearns and Pol-
lard51 found larger mean knee abduction angles in female
soccer players performing a planned 45� cutting task 4 years
after ACL reconstruction compared with uninjured players,
whereas Lee et al30 found no differences between groups
during a planned 45� cutting task 2 years after ACL
reconstruction.

Further, we found 19% lower ipsilateral peak knee
abduction moments, 13% lower peak knee flexion
moments, and 33% lower peak knee internal rotation
moments in players with a previous ACL injury compared
with uninjured players. This indicates that there is likely
less loading on the ACL after injury. The reduced knee
joint moments might be explained by the lower approach
speed causing lower ground-reaction forces during the cut-
ting maneuver or by a change in the moment distribution
between the knee, hip, and ankle joints (ie, decreased
knee loading by compensatory increased loading on the
adjacent joints).40 Secondary analyses of our data indicated
that a combination of both a reduced peak vertical ground-
reaction force and increased peak hip flexion moment
(probably caused by increased trunk forward lean) might
be explanatory, even though these differences were not sig-
nificant. The reduced peak knee abduction moments can
likely also be explained by the reduced peak knee abduc-
tion angles. In contrast to our results, Stearns and Pol-
lard51 found larger peak knee abduction moments during
planned 45� cutting in previously injured players com-
pared with uninjured players. In agreement with our
results, Bush-Joseph et al4 found lower peak knee flexion
moments during a planned jog and cut task in participants
with ACL reconstruction 22 months after surgery com-
pared with healthy controls. Studies assessing between-
limb differences during planned and unplanned 90� cutting
after ACL reconstruction found reduced knee joint
moments in all 3 planes of motion as well as reduced resul-
tant ground-reaction forces in the ipsilateral limb com-
pared with the contralateral limb 9 months after
surgery.7,24,34 In agreement with our findings from
a sport-specific cutting task, recent systematic reviews
and meta-analyses reported reduced ipsilateral knee flex-
ion moments during single-leg landing,20 double-leg land-
ing,31 running,41 walking,21 and stair negotiation21 as
well as reduced vertical ground-reaction forces during sin-
gle- and double-leg landing tasks31 in patients with ACL
reconstruction compared with healthy controls, with differ-
ences still being present years after surgery. Differences in
transverse and frontal plane knee joint kinetics were less
marked and more conflicting. The unloading of the ipsilat-
eral knee joint in the sagittal plane after ACL reconstruc-
tion might be related to physical factors, such as reduced
ipsilateral quadriceps strength41,50 and quadriceps activa-
tion, which can persist for years after surgery,32 or psycho-
logical factors, such as fear avoidance or kinesiophobia.8

Quadriceps avoidance movement patterns have also been

postulated to be a compensatory strategy to decrease ante-
rior tibial translation and thus ACL loading.16

The results of this study imply that players with a previ-
ous ACL injury unload their ipsilateral knee, unintention-
ally or intentionally, even though the injury happened
a mean 3.6 years previously. On the basis of this finding,
one might assume that these players are less likely to sus-
tain a new ACL injury in their ipsilateral knee, but in fact
we know that they have an increased risk.53 This finding
intuitively questions the importance of movement biome-
chanics for ipsilateral reinjury risk. However, one might
speculate that knee unloading reflects reduced muscle
strength, reduced neuromuscular control, or increased
knee laxity after ACL reconstruction, which potentially
can cause unfavorable movement kinematics (eg, valgus
collapse) with high knee forces in uncontrolled, unantici-
pated, and high-intensity match situations, thus increas-
ing susceptibility to injury. In this sense, theoretically,
unloading of the knee might be a risk factor for ipsilateral
reinjury. Potentially, increasing match-specificity even
more during laboratory cutting test scenarios might reveal
such unfavorable movement patterns. However, previous
research does not support this notion.33

When players with an ACL injury history performed the
cutting maneuver with their contralateral leg, no differen-
ces were found compared with legs of injury-free players.
This implies that players with an ACL injury history load
their contralateral knee to a similar extent to injury-free
players. This finding might lead one to assume that these
players are similarly likely to sustain a new ACL injury in
their contralateral leg compared with injury-free players,
but we know that they have an increased risk.53 This find-
ing brings into question the importance of movement biome-
chanics for contralateral ACL injury risk. To our knowledge,
no studies have compared biomechanics of the contralateral
knee of ACL-injured players with those of healthy controls
during cutting maneuvers or other unilateral tasks, even
though contralateral ACL injury rates are as least as high
as ipsilateral reinjury rates.53 During bilateral tasks, such
as vertical drop jumps, athletes with ACL injury have dis-
played increased compensatory loading on the contralateral
leg compared with healthy controls.43,50 This might be a con-
tributing factor to the increased risk of contralateral ACL
injury. However, we could not replicate these findings dur-
ing cutting maneuvers in our data. We did note a tendency
toward increased peak knee internal rotation moments in
players with a previous ACL injury compared with injury-
free players (P = .056; 26% difference), a difference that
reached significance for handball players (P = .020; 35%
difference).

In agreement with previous research on male athletes
during unplanned 90� cutting,25 we found 1.1� to 1.4�
larger between-limb asymmetry in knee flexion angle in
previously injured players compared with healthy players.
This asymmetry in the players with ACL injury was
directed toward larger knee flexion angles in the contralat-
eral leg than in the ipsilateral leg (Table 2). Greater biome-
chanical between-limb asymmetry in athletes with ACL
injury versus uninjured athletes has commonly been
reported in the literature,19,25 but whether and how these
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alterations relate to future secondary ACL injury remains
unclear.

Do Players Who Go On to Sustain a Secondary
ACL Injury Cut Differently?

None of the 7 knee-specific biomechanical variables differed
between players who went on to sustain a secondary ACL
injury and those who remained with a primary ACL injury
only. However, players who went on to sustain a secondary
contralateral ACL injury displayed 3.1� larger asymmetry
in knee flexion angle at IC compared with players who
had a primary ACL injury only, most likely caused by larger
knee flexion angles at IC in the ipsilateral leg than the con-
tralateral leg (Appendix Tables A1 and A2, available
online). To our knowledge, only 2 previous studies have
compared cutting biomechanics between players with and
without a new secondary ACL injury. These 2 studies are
from the same large cohort of 1045 male, multidirectional
field sport athletes with unilateral ACL reconstruction
and were purposefully divided into ipsilateral reinjuries
and contralateral injuries.22,23 In correspondence with our
findings, the investigators found no differences in ipsilateral
knee biomechanics and knee asymmetry during unplanned
and planned 90� cutting tasks between the 31 players who
experienced an ipsilateral reinjury during follow-up and
57 matched controls without secondary ACL injury.23 Com-
paring contralateral leg biomechanics and leg asymmetry
during unplanned and planned 90� cutting tasks between
the 55 players who experienced a contralateral ACL injury
during follow-up and 60 matched controls without second-
ary ACL injury, the investigators found no differences in
knee biomechanics.22 Collectively, it appears that knee bio-
mechanical characteristics during cutting tasks do not differ
distinctly between previously injured players who sustain
a secondary ACL injury and those who do not.

To the best of our knowledge, this is the first study to
compare knee biomechanics between players who went
on to sustain a secondary ACL injury, players who went
on to sustain a primary ACL injury, and injury-free play-
ers. Interestingly, players who sustained an ipsilateral
reinjury during follow-up displayed 5.8� larger knee flexion
angles at IC and 68% lower peak knee abduction moments
than players who sustained a primary ACL injury during
follow-up, indicating that risk factors for secondary ipsilat-
eral and primary ACL injury might differ. Players who
sustained a secondary contralateral ACL injury did not
show differences in the 7 primary knee biomechanical var-
iables compared with the other groups yet had 12% slower
approach speeds than players who went on to sustain a pri-
mary ACL injury. This aligns with our previous findings
and might indicate that these players restrain themselves
when performing a cutting maneuver. Finally, players
with an ipsilateral reinjury and players with a new contra-
lateral injury displayed larger asymmetry in knee flexion
angle at IC than injury-free players (differences of 3.7�
and 3.2�, respectively), most likely caused by larger knee
flexion angles at IC in the ipsilateral leg than the contra-
lateral leg (Appendix Tables A1 and A2, available online).

Are Knee Biomechanical Parameters Associated
With Future Secondary ACL Injury?

The 7 primary knee-specific biomechanical variables were
not significantly associated with future secondary ACL
injury in our study. This coincides with previous research
on male athletes assessing the ability of biomechanical var-
iables during unplanned and planned 90� cutting maneu-
vers to predict future ACL reinjury22 and future
contralateral ACL injury.23 Further, King et al22 reported
limited ability (area under the curve, 0.75) of 3 biomechan-
ical variables to prospectively predict ACL reinjury during
unplanned 90� cutting; the 3 variables were symmetry of
center of mass position, pelvic drop, and trunk side flexion,
which were chosen per the largest effect sizes of the identi-
fied differences between groups. Unlike King et al,23 we
observed a significant association between side-to-side dif-
ference in knee flexion angle at IC and the risk of future sec-
ondary contralateral ACL injury, suggesting a 20% to 21%
higher risk for each degree of increased asymmetry. It
would be interesting to compare our results with the results
of prospective studies assessing associations between cut-
ting biomechanics and future primary ACL injury. How-
ever, to the best of our knowledge, there are no existing
studies in this specific context. Collectively, based on the
currently available research, knee biomechanical parame-
ters during cutting maneuvers do not seem to be distinctly
associated with an increased risk of future secondary ACL
injury in a controlled laboratory environment.

Interestingly, in the sport-adjusted model, body mass
and height were significantly associated with future second-
ary ipsilateral ACL injury, indicating a 16% and 36% higher
risk per 1-kg and 1-cm increase, respectively. This aligns
with our previous findings showing that players with an
ACL injury history were 3% heavier than injury-free play-
ers, and handball players with a previous ACL injury
were 1% taller than injury-free handball players. We also
performed secondary analyses of body mass index, finding
no differences among any of the groups and no associations
with future secondary ipsilateral ACL injury. This is consis-
tent with the findings from Cronström et al5 demonstrating
no association between body mass index and graft rupture.
Hence, height-driven increases in body mass seem to be
a risk factor for secondary ipsilateral ACL injury. Further,
the adjustment factor ‘‘time since injury’’ was significantly
associated with secondary ipsilateral ACL injury in 5 of
our models. Per year that had passed since the injury, the
risk to sustain an ACL reinjury decreased by 71% to 78%,
indicating that time seems to be a protective factor. This
coincides with the results of a review article by Nagelli
and Hewett38 ascertaining that secondary ACL injury risk
is greatest within the first 2 years after ACL reconstruction,
gradually abating over this time period.

Limitations

First, this study had a limited sample size with 14 players
in the Prev/New ACL group, including 6 ACL reinjuries
and 8 contralateral injuries, restricting the statistical
power of the analyses involving this group. This reduced
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the chance of detecting true differences between the groups
and true associations between knee biomechanics and
future secondary ACL injury. Second, our participants
with a previous ACL injury were heterogeneous with
respect to the time that had passed since the injury.
Although we accounted for this statistically in the binomi-
nal logistic regression, future research should investigate
whether and how cutting biomechanical parameters
change with time after ACL injury. Third, the significant
association between the time since injury and secondary
ipsilateral ACL injury might have been affected by a survi-
vor bias. Potentially, players who sustained their ACL
injury a long time ago were older and thus more likely to
end their sporting career sooner than those who became
injured within recent years, thereby reducing the occur-
rence of secondary ACL injuries in the former
group. Unfortunately, we do not have data on points in
time at which players ended their sporting career. Fourth,
our analyses were limited to discrete data points. Although
this may have led to the loss of potentially valuable infor-
mation compared with functional data analysis, it has the
benefit of reducing the risk of type I error. Fifth, during the
data collection we upgraded our camera system as
described in the Methods section. Although the newer sys-
tem is expected to provide slightly higher measurement
accuracy, it is unlikely to have affected the outcome of
this study. Sixth, although the data collection and biome-
chanical calculations were completed several years ago, it
is important to acknowledge that during this period tech-
nological advancements have introduced new computa-
tional biomechanics approaches that were not considered
in the current data set.

CONCLUSION

Knee biomechanics during side-step cutting maneuvers
could not be identified as a risk factor for secondary ACL
injury in female elite team-ball sport athletes. First, players
with a previous ACL injury showed favorable knee kinemat-
ics and reduced knee loading when performing the cutting
maneuver with their ipsilateral leg, and no differences
were evident when they cut with their contralateral leg
compared with injury-free players. Hence, players with
a previous ACL injury did not show a more unfavorable
movement or loading pattern of either knee. Second, none
of the 7 primary knee-specific biomechanical variables was
associated with future secondary ACL injury.
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