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ABSTRACT
Imwalle, LE, Myer, GD, Ford, KR, and Hewett, TE, Relationship
between hip and knee kinematics in athletic women during
cutting maneuvers: a possible link to noncontact anterior
cruciate ligament injury and prevention. J Strength Cond Res
23(8): 2223–2230, 2009—The purposes of this study were to
compare lower-extremity kinematics during a 45° and 90°
cutting maneuver and to examine the relationships between
lower-extremity rotations during these maneuvers. The hypotheses tested were that greater internal hip and knee rotation
angles would be observed during the cutting maneuver at a 90°
angle (90° cut) compared with the maneuver performed at
a 45° angle (45° cut) and that the increased internal hip and
knee rotation would be related to increased knee abduction
measures. Nineteen athletes from women’s soccer teams
(17.6 6 2.1 yr, 165.6 6 8.2 cm, 60.2 6 5.6 kg) were instructed
to jump across a line and cut at the appropriate angle (either
45° or 90° side-step cut) and in the appropriate direction.
Lower-extremity kinematic measures were taken at peak force
during the stance phase. Hip internal rotation and knee internal
rotation (p = 0.008) were increased during the 90° cut compared with the 45° cut. Mean hip flexion (p , 0.001) was also
greater in the 90° cut. The only significant predictor of knee
abduction during both tasks was hip adduction (R = 0.49). The
findings indicate that the mechanisms underlying increased
knee abduction measures in athletic women during cutting tasks
were primarily coronal plane motions at the hip. Trunk and hip
focused strength neuromuscular training may improve the ability
of athletic women to increase control of lower-extremity alignment.
Therefore, these women may decrease dangerous knee loads
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that result from increased hip adduction during dynamic tasks,
thus decreasing anterior cruciate ligament injury risk.

KEY WORDS female sports, knee injury prevention, high risk
biomechanics, reaction cutting, agility
INTRODUCTION

A

nterior cruciate ligament (ACL) injuries have
significant traumatic short-term (i.e., 1–5 yr)
effects on academic achievement, sports performance, and psychosocial well being (12), as well
as long-term (i.e., 5–50 yr) consequences to the health of the
knee joint (21,33). Long-term knee problems are detrimental
to overall health and activity of the individual, specifically
with regard to the development of chronic osteoarthritis (33).
Athletic women demonstrate a 3- to 3.6-fold higher rate of
sustaining an ACL injury relative to athletic men competing
in the same sports (1). With this increased risk of injury for
women athletes as well as the ever increasing amount of
women of all ages competing in sports, the current literature
has been focused to investigate the multiple etiologies of the
ACL injury. One potential underlying mechanism of the
ACL rupture is associated with lower-extremity motions in
the coronal, sagittal, and transverse planes (4,35). However, it
appears that motions and torques in the coronal plane may
be more sensitive and specific to predict increased risk of
noncontact ACL injury risk factors and the inciting
mechanism as compared with other planes (15,18,24,35).
Two common maneuvers, landing from a jump and
pivoting with a rapid change in direction while running
(i.e., cutting), may be related in part to high-risk coronal plane
mechanics and resultant ACL injury (4,8,11,35). Hewett et al.
(15) demonstrated that increased measures of lowerextremity valgus, specifically knee abduction, during landing
were related to increased risk of future ACL injury. Similar
predictive models during cutting maneuvers have not yet
been identified. When performing cutting maneuvers, young
women use increased knee valgus kinematics when
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compared with young men (25). These data lead to the
possibility that prospective testing of cutting techniques,
combined with landing evaluations, may provide a more
comprehensive screen for athletic young women at high risk
for ACL injury (11,15,25). A combination of testing measures
that includes landing and cutting may increase the sensitivity
and specificity of predictive models for ACL injury and
increase their general use to a wider range of athletes (15).
Rotations at the hip may also contribute to dangerous
coronal plane kinematics that lead to knee ligament injuries.
Decreased hip abduction strength may be related to injury
status in athletes (20). Athletic men demonstrate greater hip
abduction angles than athletic women during sport maneuvers that challenge core stability (20). Compared with
running tasks, cutting maneuvers increase lower-extremity
coronal and transverse plane loads that can place the knee
ligaments at increased risk of injury in young men (3).
Athletic women, however, demonstrate greater maximum
hip adduction angles, torques, and excursions during agility
and landing maneuvers compared with young men (10,13)
The increased external hip adduction moment may indicate
that young women have difficulty controlling coronal plane
motion of the hip, especially resisting adduction, during
dynamic sports movements. Thus, considering the dynamic
relationship between segments of the kinetic chain, particularly the hip and knee, asymmetry of abductor/adductor
muscle activation at the hip may lead to the dynamic valgus
position at the knee exhibited in landing patterns of young
women (3,7,8,11,16,17,25).
Although the evaluation of coronal plane motion is
important for the determination of relative ACL injury risk
in athletes, it also appears important for the determination of
the related motions in the sagittal and transverse planes. For
example, Olsen and colleagues (35) reported that a noncontact cutting maneuver with a forceful valgus motion,
coupled with lower-extremity rotation, was the most
common mechanism of ACL injury in their study cohort
of athletic women. Markolf et al. (3,15,35) demonstrated that
valgus moments combined with anterior tibial force in the
flexed knee increased ACL loading and potential injury risk.
In addition, coupled lower-extremity rotations, especially
those that increase during cutting in the coronal and
transverse plane, may underlie resultant motions and loads
associated with ACL injury risk during dynamic tasks. An
enhanced understanding of the associated coupled lowerextremity joint motions in all planes of movement may help
to determine distinct movement strategies that can predict
increased ACL injury risk in athletic women. The determination of those athletic women at high risk for ACL injury
may allow them to be directed to interventions that can
reduce the potential for risk of future injury.
The current literature indicates that unanticipated maneuvers, in comparison with the anticipated tasks, may increase
the risk of injury by inducing greater varus/valgus and
internal/external rotation moments applied to the knee (2).

2224

the

TM

Journal of Strength and Conditioning Research

However, it is unknown whether the cutting angle of
unanticipated maneuver induces different hip or knee
mechanics. Pollard et al. (37) reported that men and women
collegiate soccer players showed no difference in hip and
knee mechanics except that young women had less peak hip
abduction during an unanticipated 45° cutting task. It is not
clear whether this sex difference is greater at higher cutting
angles. Thus, the purposes of this study were to compare
lower-extremity kinematics during a 45° and 90° cut and to
examine the relationship between increased cut angles on
resultant lower-extremity kinematics. The first hypothesis
tested was that greater internal hip and internal knee rotation
angles would be observed during the performed cutting
maneuver at a 90° angle (90° cut) compared with the
maneuver at a 45° angle (45° cut). The second hypothesis
tested in this study was that the increased internal hip and
knee rotations induced by the 90° cut would be related to
increased knee abduction measures.

METHODS
Experimental Approach to the Problem

The only prospective study (15) to demonstrate the
predictive measures for ACL injury using whole-body
biomechanical analysis techniques used outcome test
measures obtained during a box drop vertical jump. Prior
investigations indicate that the 2 main mechanisms of ACL
injury in young women during sport occur when landing
from a jump and when performing a deceleration and cut
maneuver (4,35). Because it is not clear whether cutting angle
is related to increased ‘‘high-risk’’ biomechanics (dynamic
valgus) (15), we chose to test young women athletes
performing cutting angles similar to those achieved during
sports competition. On the basis of experimental data of
valgus-angle differences between cutting maneuvers (25) and
internal rotation differences between cutting maneuvers (19),
2 different power analyses were performed to verify
appropriate sample size for the current project. These power
analyses indicated that a minimum of 13 (25) to 16 (19)
participants were required to achieve 90% statistical power in
the current study, with an exploratory alpha level of 0.05.

Subjects

Nineteen local area high school and college female soccer
players were recruited for three-dimensional biomechanical
testing. All athletes were competing at the varsity level, either
high school or college, with varying degrees of strength
training experience. They were tested during off-season
training. Subjects with a prior history of knee injury or surgery
were excluded from the study, and all participants indicated
no lower-extremity injury at the time of data collection.
After signing a consent approved by the institutional review
board, each participant’s age, height, and weight were
assessed (17.6 6 2.1 yr, 165.6 6 8.2 cm, 60.2 6 5.6 kg).
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Procedures

The same investigator placed the 37 retroreflective markers
on each athlete on the sacrum, left posterior superior iliac
spine (PSIS), and sternum and then bilaterally on the
shoulder, elbow, wrist, anterior superior iliac spine (ASIS),
greater trochanter, mid thigh, medial and lateral knee, tibial
tubercle, mid shank, distal shank, medial and lateral ankle,
heel, dorsal surface of the midfoot, lateral foot (5th metatarsal),
and toe (between 2nd and 3rd metatarsals) (Figure 1). A static
trial was first collected as the participant was instructed to
stand still and was aligned as closely with the laboratory
coordinate system as possible. This postition was designated
as the participant’s neutral (zero) alignment, and subsequent
kinematic measures were related back to this position.
Each participant was then shown the 2 maneuvers (the 45°
cut and the 90° cut) and allowed to practice each movement.
Figure 2 presents the joint rotation profile during the cutting
maneuvers. The athlete was instructed to line up behind

Figure 2. Joint rotation profile during cutting maneuvers.

Figure 1. Static trial conducted to align participant with laboratory
coordinate system. This alignment was designated as participant’s
neutral position, and subsequent kinematic measures were related back
to this position.

a black line with feet 36 cm apart in an athletic position.
At this time, they were informed as to which randomly
selected cut to make, the 45° or the 90° cut. A custom
computer program (KRF) simulated a stoplight on a monitor
(red, yellow, green) and was used to cue the participant when
to initiate the forward jump (0.4 m) (Figure 3, A and B). The
same computer monitor displayed a randomized unanticipated arrow, shown 0.3 seconds after initiation of jump,
directing the participant to cut in the appropriate direction.
The athlete jumped across the designated line when signaled
by the stoplight and then completed the appropriate sidestep cut in the direction according to the arrow. The 2 force
plates were situated beyond the black line and 8 cm apart
so that each foot would contact a different platform during
the tasks.
After performing each maneuver, the participant was to run
as quickly as possible at the predetermined angle through a
61 cm gate 2.5 m away. The course was chosen to control the
cutting technique for all subjects and was restricted by the
motion area capture volume. The athlete was instructed to
complete these tasks as quickly as possible to achieve the
fastest potential time through the ending gate as to simulate
game situations. The cutting direction and the angle of
the maneuvers were randomized over 12 trials (3 in each
VOLUME 23 | NUMBER 8 | NOVEMBER 2009 |
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direction and cut). Trials were excluded if the participant
performed a crossover cut, if the entire foot did not land on
the force plate, or if the athlete cut in the wrong direction.
Prior reliability analyses indicate that similar biomechanical
testing techniques provide reliable data (9).

Data Analysis

An 8-camera, high-speed motion analysis system (Eagle,
Motion Analysis Corp., Santa Rosa, CA, USA) with a force
platform (AMTI) was used for data collection. Video and
force data were time synchronized and collected at 240 Hz
and 1,200 Hz, respectively. The kinematic data were low-pass
filtered with a cubic smoothing spline at a 15 Hz cut-off
frequency (39). A kinematic model was defined from
a standing static trial using Mocap Solver (Motion Analysis
Corp.) (26). The model consisted of 9 skeletal segments
including the pelvis and bilateral foot, talus, shank, and thigh
segments. The kinematic analysis used in this study
incorporated a global least-squares optimization approach
and had been previously detailed elsewhere (22). Sagittal,
coronal, and transverse plane joint rotations at the hip and

Figure 3. Unanticipated reaction to directional cueing device.
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knee were calculated and expressed relative to a neutral
position where all segment axes were aligned.
The vertical ground reaction force (VGRF) data were used
to calculate initial contact (IC) with the ground immediately
after the participant landed from the jump across the line. The
IC was defined when VGRF first exceeded 10 N. Toe off (TO)
was subsequently calculated after IC when the VGRF fell
below 10 N. Kinematic data were normalized to 100% of
stance phase (between IC and TO). The following discrete
dependent variables were calculated at peak VGRF during
landing phase for each trial: knee flexion-extension, knee
abduction-adduction, knee internal-external rotation, hip
flexion-extension, hip abduction-adduction, and hip internal-external rotation. The described kinematic variables
demonstrate reliable measures when quantified during similar
dynamic task (9).
Statistical Analyses

A repeated measures multivariate analysis of variance
(MANOVA) was used to determine the effect of cutting
angles on the dependent variables (p , 0.05). A post hoc
univariate analysis was then performed to determine which
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Figure 4. Kinematic stance curves for all 3 axes of motion at hip during both cutting maneuvers.

dependent variables were significantly different between cuts.
Stepwise multiple linear regression was used to determine the
biomechanical variables knee flexion-extension, knee internalexternal rotation, hip flexion-extension, hip abductionadduction, and hip internal-external rotation and if they
significantly predicted knee abduction during both the 90°
and 45° cut (criteria F , 0.100). Statistical analyses were
conducted in SPSS (SPSS, Version 12.0, Chicago, IL, USA).

RESULTS
A significant difference was measured between the 45° cut
and the 90° when all the dependent variables within the
repeated measure MANOVA were examined (F(6,32) = 21.7,
p , 0.001). The kinematic motions during stance phase for all
3 axes of rotation at the knee and hip for both cutting
maneuvers are shown in Figures 4 and 5. Both hip and knee
internal rotation angles at peak VGRF were significantly
higher at the 90° cut as compared with the 45° cut (F(1,37) =

87.0, p , 0.001 and F(1,37) = 8.0, p = 0.008, respectively)
(Figures 4 and 5). Mean hip flexion angle during the 90° cut
was significantly greater than the 45° cut at peak force
(F(1,37) = 52.34, p , 0.001) (Figure 5).
A stepwise multiple linear regression model was used to
examine the potential biomechanical predictors of knee
abduction (Figure 6). The sole significant predictor of knee
abduction was hip adduction at peak force for both cutting
maneuvers. Figure 6 shows the scatter plot of the relationship
between knee and hip abduction for both cutting maneuvers.
Hip adduction alone predicted 25% of knee abduction angles
in the 45° cutting maneuver (R2 = 0.240, SEE = 4.732) as well
as 25% in the 90° cutting maneuver (R2 = 0.242, SEE =
4.718). The increased internal hip rotation was not associated
with increased abduction at the knee. Internal and external
rotation of the hip was not a significant predictor of
abduction angle at the knee, and knee abduction/adduction
did not differ between the 45° and 90° cutting maneuvers.

Figure 5. Kinematic stance curves for all 3 axes of motion at knee for both cutting maneuvers.
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significantly correlated to knee
abduction positions during both
the 90° and 45° cutting tasks.
The correlation of hip adduction to knee abduction is an
important finding given that
knee abduction is a common
mechanism of ACL injury and
is related to increased risk of
ACL injury in athletic women
(15,18,35). As supported by the
current study findings, when
the hip adducted, knee abduction increased during both 45°
and 90° unanticipated cuts. The
sole significant predictor of
knee abduction motion during
both of these cuts was coronal
plane hip adduction. Therefore,
hip adduction increases a potential inciting mechanism
(knee abduction) for increased
knee load and noncontact ACL
injury during side-step cutting
maneuvers. Previous studies
Figure 6. Linear regression between knee abduction and hip adduction during each cut. Hip adduction alone
have also shown that knee
predicted approximately 25% of variance in knee abduction angles in 45° cut (dotted line) as well as 25% in 90° cut
abduction is an important mea(solid line).
surement for predicting injury
risk during landing (15,18,35).
For example, Chaudhari and
There were no significant differences observed in the other
Andriacchi (6) suggested that a non-neutral alignment places
kinematic measures.
the participant at increased risk of knee injury. In addition,
Leetun et al. (20) reported that athletes who demonstrated
significantly greater hip abduction strength were less likely to
DISCUSSION
sustain a lower-extremity injury.
Recent investigations that have indicated a potential
The purposes of this study were to determine whether there
association of hip abduction strength to dynamic valgus
are differences in lower-extremity kinematics during a 45° and
alignments that increase ACL injury risk underline the
90° cutting maneuver and to examine the relationship
importance of hip abduction strength (15,34,36,38). Brent and
between lower-extremity motions during these maneuvers.
colleagues (5) recently demonstrated that hip abduction
The study findings supported the hypothesis that greater
strength relative to body mass in boys is increased as they age
internal hip and internal knee rotation angles would be
during adolescence. In contrast, hip abduction strength
observed during the cutting maneuver at a 90° compared with
showed no similar change in young women across the same
the 45° angle. Previous authors have hypothesized that
age groups (5). The absence of increased hip abduction
increased internal rotation may be related to increased knee
strength in adolescent girls as they mature may be related to
abduction, resultant increased force on the ACL, and
their emergent increased risk of ACL during adolescence
increased risk of injury (15,18,23,35). The increased transverse
(14,15). These findings may indicate that strength and
plane rotation at the hip and knee may initiate high-load knee
conditioning protocols that include hip abduction strengthpositions when athletes perform cutting movements at
ening should be implemented for young girls beginning at
sharper angles. These increased rotations and resultant knee
age 12 to 13, when the divergence between girls and boys
loads may increase the risk for injury. However, knee abducbegin to occur. Hip abduction strengthening can be achieved
tion did not increase with the 90° cut. Thus, these findings
through a variety of methods, including dynamic balance
did not support our second hypothesis that the increased
exercises, as well as resistance training exercises specifically
transverse plane rotation induced by the 90° cut would relate
aimed at strengthening the muscles primarily responsible for
to increased knee abduction. Knee abduction did not correlate
hip abduction (27). Future research is needed to determine
with hip internal rotation; however, hip adduction was

2228

the

TM

Journal of Strength and Conditioning Research

the

TM

Journal of Strength and Conditioning Research
the direct relationship between hip abduction strength
measures and ACL injury incidence and to isolate the best
training methods for increasing hip abduction strength in
athletic women.
The current findings indicate that lower-extremity kinematics in the transverse plane are not associated with
knee abduction during cutting activities. Although the transverse plane rotations increase as the cut angle increases,
there were no associated increases in knee abduction angles.
Because increased hip rotation may not correlate with
increased knee abduction, transverse plane kinematics at
the hip may not play a central role in predictive models of
noncontact ACL injury risk.
A potential limitation to this study is that only women
soccer players were included in the participant population.
Since there is a sex difference in the relative rate of ACL
rupture, inclusion of young men into our study design may
have delineated more generalized sex differences in hip
abduction measures related to cutting angle. In addition,
including athletes from different sports in the current study
may have helped to show sports-specific associations with
increased risk of ACL tears. These data may have provided
more insight into the high-risk cutting techniques demonstrated by athletic women. Another potential limitation to
this study is the lack of joint moment (torque) and
electromyographic data to examine the relationship between
relative torque and muscle recruitment of the prime movers at
each joint. These studies are ongoing in our laboratory.
Future study directions should include examination of
movements that increase hip adduction, using combined
measures of hip abduction and external rotation strength,
along with electromyography measurements to examine
muscular recruitment patterns. Longitudinal studies could
determine how growth and development affect the association between proximal and distal kinematics and kinetics.
Future investigations should also aim to use the cutting
maneuvers outlined in the current study to identify potential
‘‘high-risk’’ athletic women from their knee abduction and hip
adduction measures during dynamic tasks (11,16). When
identified, the goal should be to target the ‘‘high-risk’’ young
women with the most appropriate neuromuscular training
for her specific deficits (27,30). Pilot work indicates that
athletic women categorized as ‘‘high risk’’ on the basis of
previous coupled biomechanical and epidemiologic studies
(15) are more responsive to neuromuscular training (29).
Thus, if future research could identify the high-risk women
athletes, then coaches and practitioners could use neuromuscular training that incorporates plyometric and dynamic
stabilization training components to target both hip
adduction and knee abduction to reduce their potential risk
of noncontact ACL injury (16,30).

| www.nsca-jscr.org

with a 45° cut. The findings also indicate that the mechanisms
underlying knee abduction angles demonstrated by athletic
women during cutting tasks are not primarily associated with
lower-extremity transverse plane rotations. On the contrary,
coronal plane motions at the hip (adduction) were the sole
significant predictors of knee abduction. Strategies to prevent
knee abduction in athletic women should focus in part on the
control of hip adduction with training protocols that include
plyometrics, dynamic stabilization, and trunk focused neuromuscular training (27,28,31,32).
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