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Abstract

Background. Despite recent evidence supporting the use of neuromuscular training to reduce anterior cruciate ligament injury
risk, female athletes continue to show an increased anterior cruciate ligament injury rate in collegiate basketball and soccer when
compared to males. The purpose of the current study was to identify gender and task differences in measures that may increase the
risk of anterior cruciate ligament injury in female basketball and soccer athletes.

Methods. Eleven female and 11 male collegiate basketball and soccer athletes were height (female mean 176 (SD 8 cm), male
mean 176 (SD 8 cm)) and weight (female mean 73 (SD 7 kg), male mean 74 (SD 6 kg)) matched. Three-dimensional motion analysis
was used to calculate differences in total coronal plane angular joint excursion (maximum-minimum) between male and female
athletes when performing a series of medially and laterally directed drop landings.

Findings. Female athletes demonstrated increased total coronal plane excursion for the hip, knee and ankle (P < 0.05) during the
medial drop landing. During the lateral drop landing females displayed increased excursion at the hip and knee. When comparing
tasks, the lateral drop landing resulted in greater coronal plane excursion at the hip (P < 0.05) while the knee showed no differences
between movements. In contrast, females demonstrated increased ankle excursion during the medial drop task (P < 0.05).

Interpretation. Female athletes demonstrate increased lower extremity coronal plane excursion when performing single leg drop
landing in both the medial and lateral direction when compared to height/weight matched male athletes. This increased coronal
plane oscillation of lower extremity joints may be related to the increased risk of anterior cruciate ligament injury for female
basketball and soccer athletes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction at a 4- to 6-fold greater rate than males participating
in the same landing and pivoting sports (Malone et al.,

Females who participate in pivoting and jumping 1993; Arendt and Dick, 1995). Specifically, collegiate
sports suffer anterior cruciate ligament (ACL) injuries basketball and soccer athletes over the past decade show
consistent gender differences in non-contact ACL inju-

ries (Agel et al.,, 2005). The combination of greater

" * Corresponding author. ACL injury risk and dramatically larger number of
E-mail address: kevin.ford@cchme.org (K.R. Ford). female sports participants over the last 30 years has

0268-0033/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.clinbiomech.2005.08.010


mailto:kevin.ford@cchmc.org

34 K.R. Ford et al. | Clinical Biomechanics 21 (2006) 33—40

increased public awareness and led to both mechanistic
and intervention-related investigations into the cause
and prevention of the increased rate of ACL injuries
in female basketball and soccer players (NCAA, 2002).

A recent prospective study identified several biome-
chanical risk factors that were predictive of ACL injuries
in female athletes (Hewett et al., 2005). Hewett et al.
found that coronal plane angles at the knee (initial con-
tact and maximum) were greater during a landing task
in athletes who subsequently sustained an ACL injury
than those that did not (Hewett et al., 2005). In the same
group of athletes, coronal hip measures at landing di-
rectly correlated to knee abduction measures used to
predict future ACL injury risk (Hewett et al., 2005).

Examination of lower extremity coronal plane mo-
tion or the angular excursion of hip and knee abduc-
tion—adduction and ankle eversion—inversion motion
in female athletes appears to be valuable for the iden-
tification of ACL injury risk in female athletes (Hewett
et al., 2005; Ford et al., 2003, 2005; McLean et al.,
2004a). Coronal plane excursion is operationally de-
fined in this study as the angular displacement in the
coronal plane of the lower extremity joints during land-
ing. Coronal plane excursion is especially evident at the
knee, which often can be visually identified as medial
knee motion, although multiple joints and joint rota-
tions may be involved (Myer et al., 2000, 2002, 2004;
Olsen et al., 2004). Repeated performance of high risk
maneuvers, with large coronal plane excursion, may in-
crease the tendency for lower extremity valgus collapse
and ACL rupture (Myer et al., 2005a; McLean et al.,
2004a; Hewett et al., 2005; Olsen et al., 2004; Boden
et al., 2000).

Previous studies that identified kinematic variables
associated with coronal plane motion often only re-
ported the extreme values (maximum, minimum) or val-
ues at a certain event (initial contact, maximum force
etc.) during the observed maneuver. Several authors
have reported the increased tendency of female athletes
to demonstrate dynamic lower extremity valgus (hip
adduction, knee abduction and ankle eversion) when
performing athletic maneuvers (Malinzak et al., 2001;
McLean et al., 2004b; Ford et al., 2003, 2005; Hewett
et al., 2004). Hurd et al. reported that females demon-
strated increased coronal plane knee excursion com-
pared to males during normal and perturbed gait.
Their calculation of excursion was from the point of per-
turbation to the absolute maximum during the stance
phase of gait and did not represent the oscillation
through abduction and adduction as during gait this
typically would displace angularly in one direction.
McLean et al. first described the visual representation
of an oscillatory pattern in total knee adduction—abduc-
tion that occurred in females during more dynamic tasks
(McLean et al., 2004b). This coronal plane oscillatory
knee pattern was demonstrated in angle measures as-

sessed during unanticipated cutting (Ford et al., 2005)
and in moments during jump landings (Hewett et al.,
2005). Thus this rapid lower extremity coronal plane
excursion or oscillation may play a role in gender related
mechanisms of ACL injuries in female athletes suffered
during sports participation (Ford et al., 2005; Hewett
et al., 2005; McLean et al., 2004b).

The injury mechanism most often related to ACL
injuries involves single leg landings or quick changes
of direction (Olsen et al., 2004; Boden et al., 2000;
McNair et al.,, 1990). Non-contact ACL injuries ac-
count for up to four-fifths of ACL injuries (McNair
et al., 1990; Boden et al., 2000; Griffin et al., 2000)
A detailed video analysis of ACL injuries showed that
95% of the plant and cut injuries occurred while the
athlete was moving in a lateral direction and attempt-
ing to change direction medially (Olsen et al., 2004).
Olsen et al. reported that the other common ACL in-
jury mechanism occurred during single leg landing,
with all the injuries occurring on the same leg used
to takeoff (Olsen et al., 2004). Although they do not
report the direction of the landing (medially or later-
ally), their representative figure shows a medially direc-
ted landing during this injury mechanism. Hewett et al.
demonstrated that measures of lower extremity coronal
plane motion during landing were highly sensitive and
specific to predicting ACL injury risk in female ath-
letes (Hewett et al., 2005). Therefore, it appears salient
for ACL mechanistic studies to investigate the poten-
tial gender and task related differences in measures re-
lated to ACL injury (Hewett et al., 2005; Olsen et al.,
2004). Specifically, to investigate the effects of single
leg deceleration tasks involving a medially or laterally
directed motion of the body and to determine the ef-
fects gender has on lower extremity coronal plane mo-
tion related to increased ACL injury risk in females
(Hewett et al., 2005; Olsen et al., 2004). Increased
ability to detect high risk motions demonstrated by
athletes during tasks related to the ACL injury mech-
anisms may identify individual athletes at increased
risk of injury. Identification of high risk athletes may
help target those in need of training to reduce their
tendency toward these motions and reduce their risk
of injury during sports competition (Hewett et al.,
2005; Myer et al., 2005b).

The purposes of this study were to assess gender dif-
ferences in coronal plane excursion between matched
male and female athletes and to identify whether the
direction of motion of the landing would influence
the magnitude of measured coronal plane excursion. The
first hypothesis was that female athletes would demon-
strate increased hip, knee and ankle coronal plane excur-
sion during both medial and lateral drop landings. The
second hypothesis was that the lateral directed drop
landing would increase the amount of lower extremity
coronal plane excursion in both genders.
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2. Methods
2.1. Subjects

Eleven females and 11 males collegiate athletes were
height (female mean 176 (SD 8 cm), male mean 176
(SD 8 cm)) and weight (female mean 73 (SD 7 kg), male
mean 74 (SD 6 kg)) matched (15 soccer, 7 basketball).
All subjects read and signed the informed written con-
sent, approved by the Institutional Review Board, prior
to participation. After the informed consent was
obtained, the dominant leg was determined for each
subject by asking which leg they would use to kick a ball
for distance (Ford et al., 2003).

2.2. Procedures

Each subject was instrumented with 37 retroreflective
markers placed on the sacrum, left PSIS, sternum and
bilaterally on the shoulder, elbow, wrist, 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
(fifth metarsal) and toe (between second and third met-
atarsals) (Fig. 1). A static trial was first collected in
which the subject was instructed to stand still and was
aligned as closely with the laboratory coordinate system
as possible. This measurement was used as each subject’s
neutral (zero) alignment; subsequent kinematic measures

were in relation to this position. Each subject was shown
the single leg landings and allowed to practice the move-
ments prior to testing. The landings consisted of balanc-
ing on one leg on top of a 13.5cm block positioned
adjacent to an embedded force plate (AMTI, Water-
town, MA, USA). They were then randomly instructed
to drop off the block either medially or laterally and
land on the same leg (Online Supplement File 1). Imme-
diately after landing they had to balance on that leg for
~2 s before placing their contralateral leg down. Three
trials were collected on each leg for each direction (12
total trials). Before the data collection session, the
motion analysis system was calibrated according to
manufacturer recommendations.

2.3. Data analysis

An 8 camera, high-speed motion analysis system
(Eagle, Motion Analysis Corp., Santa Rosa, CA, USA)
with a force platform (AMTTI) was used for data collec-
tion. Video and force data were time synchronized and
collected at 240 Hz and 1200 Hz, respectively. The kine-
matic data were low-pass filtered with a cubic smoothing
spline at a 15 Hz cut-off frequency (Woltring et al.,
1985). A kinematic model was defined from a standing
static trial using Mocap Solver (Motion Analysis Corp.)
(McLean et al., 2003). The model consisted of nine
skeletal segments including the pelvis and bilateral foot,
talus, shank and thigh segments. The kinematic analysis

Fig. 1. Locations of the reflective markers during data collection. Medial knee and ankle markers (yellow) were removed after collection of the static
trial. Sacrum, left PSIS, left mid tibia and right heel markers are not visible in this view. (For interpretation of colours in this figure legend the reader

is referred to the web version of this article.)
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used in this study incorporated the global least-squares
optimization approach and has been previously detailed
elsewhere (Lu and O’Connor, 1999). Coronal plane joint
rotations at the hip, knee and ankle were calculated and
expressed relative to a neutral position where all seg-
ment axes were aligned. By convention, hip and knee
abduction-adduction (valgus-varus) angles were pre-
sented as negative numbers representing abduction
while negative ankle eversion—inversion angles represent
an everted position.

The vertical ground reaction force (VGRF) data were
utilized to calculate initial contact (IC) with the ground
immediately after the subject dropped from the box. IC
was determined when VGREF first exceeded 10 N. Joint
rotations at IC, as well as the maximum and minimum
values between IC and 500 ms, were determined for each
trial. Total joint excursion (maximum-minimum) was
calculated for each joint rotation.

2.4. Statistical analyses

Statistical means and standard deviations for each
variable were calculated for each subject. A three-way
MANOVA was utilized to determine the effect of gender
(male and female), landing task (medial and lateral) and
side (dominant and non-dominant) on each dependent
variable. No significant interactions or effects of side
were found, therefore the dominant and non-domi-
nant data were pooled and analyzed with a two-way

Table 1
Coronal plane hip, knee and ankle kinematics

MANOVA (gender x landing task). A Pearson correla-
tion coefficient was calculated to determine the relation-
ship between joint kinematic variables during each
landing (all dependent variables). An alpha level of
0.05 was selected to identify statistical significance.
Statistical analyses were conducted in SPSS (Version
12.0, Chicago, IL, USA).

3. Results

3.1. Comparison of height and weight matched
males and females

A summary of lower extremity coronal plane kine-
matics is presented in Table 1. Ensemble averaged knee
joint angles (abduction—adduction) during each landing
are shown in Fig. 2. There was a significant multivariate
difference  between gender groups (Fo . =4.1,
P=0.013) and between the type of Ilanding
(Fo12 =513, P<0.001). Total coronal plane knee
excursion was significantly larger in female athletes
(medial mean 6.6 (SD 2.1°), lateral mean 6.1 (SD
1.8°)) compared to height and weight matched males
(medial mean 5.1 (SD 1.2°), lateral mean 4.8 (SD
1.1°); gender main effect Fy = 6.2, P =0.02, Fig. 3).
A group main effect for gender was found for knee
abduction angle at initial contact (P < 0.001). Females
had greater knee abduction at initial contact compared

Lateral Medial Univariate statistical significance
Female Male Female Male Task Gender

Hip abductionladduction (°)

Initial contact -16.7 —15.2 —6.7 —6.7 Fl50=167, P <0.001* F150=02,P=0.7
(5.4) (4.1 (6.2) (4.3)

Maximum adduction (+) 1.9 -1.5 7.3 4.0 Fy50=284.5, P <0.001* F50=3.7, P=0.07
(6.7) (4.0 (6.2) (3.7)

Maximum abduction (—) -17.0 —15.9 -7.6 -7.6 Fi 0= 180, P <0.001* Fi20=0.1, P=0.7
(5.4) (4.0 (5.9) (4.2)

Knee abductionladduction (°)

Initial contact -2.4 1.7 -0.5 3.0 Fi0=62.3,P<0.001* Fi 20 =20.0, P <0.001°
(2.0) (2.3) (2.2) (2.8)

Maximum adduction (+) 1.1 5.0 2.4 5.6 Fy5=11.1, P =0.003* Fi50=10.0, P =0.005"
(3.4) (2.9) (3.2) (3.1)

Maximum abduction (—) —4.9 0.1 —4.2 0.5 Fi,0=4.2, P=0.054 Fi0=14.5, P<0.001°
(3.1) (3.1) (3.9) (3.9)

Ankle eversionlinversion (°)

Initial contact -1.2 2.3 6.4 6.4 Fi5 =118, P<0.001* Fy50=3.0, P=10.097
(3.6) (3.0) (2.9) (4.2)

Maximum inversion (+) 2.1 52 6.8 6.9 Fy 50 =252, P<0.001* Fi0=22,P=0.155
(4.2) (3.3) (3.0 (3.6)

Maximum eversion (—) -15.0 —12.4 -19.2 —14.3 Fi20=36.5, P <0.001* Fi20=83,P= 0.009°
(4.5) (3.1) (5.1 (3.7)

# Significant task main effect P < 0.05.
® Significant gender main effect P < 0.05.
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Fig. 2. Ensemble average of hip, knee and ankle coronal plane kinematics during medial and lateral landings in male and female athletes.
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Fig. 3. Knee abduction-adduction excursion collapsed across landing
conditions, I Significant gender main effect P < 0.05.

to male athletes during both landings (Fig. 2). A main
effect of gender was also found for maximum knee
abduction angle (P < 0.001) and maximum knee adduc-
tion angle (P =0.005) during the first 500 ms of each
landing.

Fig. 2 displays male and female ensemble averaged
hip abduction—adduction angles during medial and lat-
eral landings. Female athletes demonstrated increased
coronal plane hip excursion compared to males (female:
medial mean 14.9 (SD 5.5°), lateral mean 18.9 (SD 5.4°);
male: medial mean 11.5 (SD 2.2°), lateral mean 14.5 (SD
3.4°); gender main effect F) 5o = 6.8, P =0.017, Fig. 4).
There were, however, no gender differences for hip
abduction at IC, maximum hip abduction or maximum
hip adduction (Table 1). Female athletes showed signif-
icant correlations between coronal plane hip and knee
initial contact angles during both types of landings
(medial r=—-0.682, P =0.021; lateral r= —0.749,
P =0.008) while no similar correlations were found in
males (medial r=0.023, P =0.95; lateral r = —0.145,
P=0.7).

Ankle eversion—inversion angles during landing are
displayed in Fig. 2. A significant difference between male
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Fig. 4. Hip abduction-adduction excursion collapsed across landing
conditions. I Significant gender main effect P < 0.05.
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Fig. 5. Hip abduction—adduction excursion collapsed across male and
females. 1 Significant task main effect P <0.05.

and female athletes was found for maximum ankle ever-
sion, with females going into greater eversion compared
to males (Table 1). There was no gender difference in the
total ankle eversion—inversion excursion (female: medial
mean 26.0 (SD 3.7°), lateral mean 17.2 (SD 3.9°); male:
medial mean 21.2 (SD 4.0°), lateral mean 17.5 (SD 4.4°);
gender main effect Fy 5o = 2.6, P =0.121.

3.2. Comparison of medial versus lateral landing

The lateral landings had greater total hip abduction—
adduction excursion (main effect landing, Fj o= 66.3,
P <0.001; Fig. 5) while no differences were found in to-
tal knee abduction excursion (main effect landing,
Fi50=2.4, P=0.14). In contrast, the ankle eversion—
inversion excursion were significantly larger during the
medial landings (main effect landing, Fj,=75.6,
P <0.001). Female athletes showed significant correla-
tions between medial and lateral landings in both knee
(r=0.791, P=0.004) and hip (r=0.809, P =0.003)
abduction—adduction excursion while no similar correla-
tions were found in males (knee: r = 0.284, P = 0.4; hip:
r=-0.309, P=0.4).

4. Discussion

The purpose of this study was first, to determine if
gender differences in lower extremity joint kinematics

would be observed during medial and lateral landings
and second, to elucidate which type of landing would
result in greater total excursion. Female athletes had
greater knee coronal plane excursion measures during
landing from both the medial and lateral directions than
height and weight matched males. Increased knee
abduction angles were also found at initial contact and
at the maximum knee abduction angle during landing
in females. Gender differences in knee abduction angles
have been reported during numerous sports maneuvers.
For example, it has previously been observed that fe-
male athletes show increased knee abduction (valgus)
angles during drop vertical jumps (Ford et al., 2003;
Hewett et al., 2004), unanticipated cutting and the ath-
letic ready position (Ford et al., 2005). McLean et al.
found similar results during side step cutting in both rec-
reational athletes (McLean et al., 1999) and in collegiate
athletes (McLean et al., 2004b).

Females in the current study had greater levels of hip
coronal plane excursion during both types of landing
compared to males. We did not, however, find gender
differences in other hip abduction measures. This is in
contrast to gender differences in peak hip abduction pre-
viously observed during cutting maneuvers (McLean
et al., 2004b). Correlations between hip and knee coro-
nal plane kinematics were observed during athletic
maneuvers in female athletes who subsequently ruptured
their ACL (Hewett et al., 2005). Specifically, hip adduc-
tion moment and knee abduction moment, as well as
knee abduction angle and peak vertical ground reaction
force were significantly correlated with one another
(Hewett et al., 2005). In the current study, female ath-
letes demonstrated significant correlations between hip
adduction and knee abduction angle at initial contact
during both types of landings. Padua et al. reported that
athletes with greater hip adduction and rotation and re-
duced gluteus medius strength exhibited greater knee
abduction (valgus) angles (Padua et al., 2005). There-
fore, hip abduction motion and strength appear to be
important variables potentially related to increased
ACL injury risk in females (Hewett et al., 2005; Padua
et al., 2005).

During the medial landings, increased ankle ever-
sion—inversion excursion was found as well as greater
maximum eversion in females compared to males. In-
creased ankle eversion may be a potential factor related
to the gender differences in ACL injury rates. Increased
valgus stress on the knee and a preloading effect on the
ACL may result from excessive eversion or pronation
(Nyland et al., 1999; Loudon et al., 1996). This may
be due in part to a coupling of foot eversion and internal
tibial rotation and anterior tibial translation (Munder-
mann et al., 2003; Nyland et al., 1999; Bellchamber
and van den Bogert, 2000). Loudon et al. reported sig-
nificantly increased subtalar joint pronation in ACL
injured patients compared to controls (Loudon et al.,
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1996). A potentially injurious valgus position prior to
and during landing may be amplified when combined
with ankle eversion and tibial rotation.

Identification of an oscillatory varus—valgus (adduc-
tion—abduction) pattern has been observed and re-
ported in the literature during cutting maneuvers and
landings (McLean et al., 2004b; Ford et al., 2005; Hew-
ett et al., 2005). This rapid coronal plane knee motion
(total excursion) may play an important role in mech-
anisms of an ACL injury, but had not previously been
calculated and reported. Female hip, knee and ankle
coronal plane excursion were significantly greater than
males during medial landings and females demon-
strated greater hip and knee excursion during the lat-
eral landings. This tendency in female athletes to
exhibit larger excursion in the coronal plane may be di-
rectly related to increased risk of ACL injury (McLean
et al., 2004b; Ford et al., 2005; Hewett et al., 2005).
Neuromuscular training that reduces ACL injury in fe-
male athletes, also reduces the maximum coronal plane
moments at the knee (Hewett et al., 1996, 1999). While
knee abduction measures can predict increased risk of
ACL injury in female athletes, the results of the current
study combined with previous training data indicate
that total coronal knee excursion and moments may
also be a critical measure related to the reduction risk
of injury through neuromuscular training (Hewett
et al., 1996, 1999, 2005). Use of coronal plane excur-
sion may be a valuable tool to assess the effectiveness
of training to reduce potential injury risk, and warrants
future investigation. Recently, a two-dimensional method
of identifying excessive valgus in individual athletes
was presented (McLean et al., 2005). These techniques
may be incorporated with coronal plane excursion
measures and potentially used on a more wide-spread
basis.

A secondary purpose of this study was to determine
whether the medial landing or lateral landing would in-
duce greater total excursion. We hypothesized that the
medial landing would involve greater coronal plane
excursion. This hypothesis was not supported at the
knee as no differences between movements in abduc-
tion—adduction coronal excursion were found between
these two types of single leg landings. Although hip
and ankle excursion were different between the move-
ments, the lateral landing had greater excursion at the
hip while the medial landing had greater excursion at
the ankle. Increased excursion at both the hip and ankle
is likely to relate to the initial contact position of each
joint that would result in possibly more total angular
motion. Non-contact ACL injuries occur from both
medially and laterally directed movements, but neither
has been identified to result in more injuries (Olsen
et al., 2004). Further investigations into the effects of
these separate maneuvers should be pursued, but it ap-
pears that coronal plane excursion at the knee is similar

between medial and lateral movements and is greater
overall in female athletes than male athletes.

5. Conclusion

Female athletes demonstrate increased lower extrem-
ity coronal plane excursion when performing single leg
drop landings from both the medial and lateral direction
when compared to height and weight matched male ath-
letes. This increased coronal plane oscillation of the lower
extremity joints may be related to the increased risk of
ACL injury in female basketball and soccer players.
An enhanced ability to detect high risk motions demon-
strated by athletes during tasks related to the ACL in-
jury mechanisms may identify athletes at increased risk
of injury. Identification of high risk athletes may help
target those in need of training to reduce their tendency
to employ these identified motions and reduce their risk
of injury during competition (Hewett et al., 2005; Myer
et al., 2005b). In addition, the results of this study sug-
gest that measures of total excursion may be useful for
the assessment of the effectiveness of neuromuscular
training interventions to reduce kinematic risk factors
for ACL injuries.
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