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Background: Stiff landings with less knee flexion and high vertical ground-reaction forces have been shown to be associated with
an increased risk of anterior cruciate ligament (ACL) injury. The literature on the association between other sagittal plane measures
and the risk of ACL injuries with a prospective study design is lacking.

Purpose: To investigate the relationship between selected sagittal plane hip, knee, and ankle biomechanics and the risk of ACL
injury in young female team-sport athletes.

Study Design: Case-control study; Level of evidence, 3.

Methods: A total of 171 female basketball and floorball athletes (age range, 12-21 years) participated in a vertical drop jump test
using 3-dimensional motion analysis. All new ACL injuries, as well as match and training exposure data, were recorded for 1 to 3
years. Biomechanical variables, including hip and ankle flexion at initial contact (IC), hip and ankle ranges of motion (ROMs), and
peak external knee and hip flexion moments, were selected for analysis. Cox regression models were used to calculate hazard
ratios (HRs) with 95% CIs. The combined sensitivity and specificity of significant test variables were assessed using a receiver
operating characteristic (ROC) curve analysis.

Results: A total of 15 noncontact ACL injuries were recorded during follow-up (0.2 injuries/1000 player-hours). Of the variables
investigated, landing with less hip flexion ROM (HR for each 10� increase in hip ROM, 0.61 [95% CI, 0.38-0.99]; P < .05) and a
greater knee flexion moment (HR for each 10-N�m increase in knee moment, 1.21 [95% CI, 1.04-1.40]; P ¼ .01) was significantly
associated with an increased risk of ACL injury. Hip flexion at IC, ankle flexion at IC, ankle flexion ROM, and peak external hip
flexion moment were not significantly associated with the risk of ACL injury. ROC curve analysis for significant variables showed an
area under the curve of 0.6, indicating a poor combined sensitivity and specificity of the test.

Conclusion: Landing with less hip flexion ROM and a greater peak external knee flexion moment was associated with an increased
risk of ACL injury in young female team-sport players. Studies with larger populations are needed to confirm these findings and to
determine the role of ankle flexion ROM as a risk factor for ACL injury. Increasing knee and hip flexion ROMs to produce soft
landings might reduce knee loading and risk of ACL injury in young female athletes.

Keywords: anterior cruciate ligament; biomechanics; risk factors; female; team sports

An anterior cruciate ligament (ACL) injury is one of the
most common and severe knee injuries among young ath-
letes.1,20 While there is strong evidence on the effectiveness
of training interventions to reduce the risk of ACL inju-
ries,29 the incidence of such injuries, especially among

young female athletes, has still grown.20 Understanding
the cause of ACL injuries is an essential part of effective
injury prevention,35 but it is so far incomplete.30

A few prospective studies have examined the biomechan-
ical risk factors for ACL injuries.12,16,18,26,31 Proposed bio-
mechanical risk factors include knee valgus loading12 and
stiff landings with less peak knee flexion and high vertical
ground-reaction forces.12,18 However, the evidence gath-
ered from these investigations is inconclusive,30 and more
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prospective studies that include hip and ankle variables, in
addition to knee variables, are needed.

There is a strong body of evidence showing that sagittal
plane factors contribute to the ACL injury mecha-
nism.7,13,23,33,36 Higher lower extremity joint flexion during
landing will likely lead to higher energy absorption in mus-
cles and less energy transmission to passive elements of the
knee.1 Limited sagittal plane movement might also be asso-
ciated with increased frontal plane loading.28 Nevertheless,
only one prospective study has investigated knee and hip
flexion-extension moments.12 Those authors reported no
association between knee flexion moments and ACL injury
risk; however, they did show significantly greater hip flex-
ion moments in the ACL group compared with the unin-
jured group. Hashemi et al9 proposed that a high external
hip flexion moment might represent an important ACL
loading mechanism. Furthermore, sagittal plane ankle
kinematics may potentially also influence ACL injury risk
through its effect on the magnitude of the ground-reaction
force,6 but this has not been thoroughly investigated in
previous prospective studies.

This study was a hypothesis-driven, in-depth analysis
based on previously published data on the biomechanical
risk factors of ACL injury.18 The purpose of this study was
to investigate the relationship between selected sagittal
plane hip, knee, and ankle biomechanics and the risk of
ACL injury in young female team-sport athletes.

METHODS

Study Design

The current investigation extends earlier analyses on the
biomechanical risk factors of ACL injuries18 and is a part of
the PROFITS (Predictors of Lower Extremity Injuries in
Team Sports) study.27 This study was conducted in accor-
dance with the Declaration of Helsinki and was approved
by the Ethics Committee of the Pirkanmaa Hospital Dis-
trict (ETL code R10169).

Participants

Participants were recruited from 6 basketball and floorball
clubs of the Tampere region in Finland. In each study year
(2011, 2012, and 2013), players from the 2 highest junior
league levels were invited to participate. Female players
who were junior aged (�21 years) and official members of
the participating teams were eligible for participation.

Players with previous ACL injuries were eligible to partic-
ipate if they were fully recovered from their previous
injury. Final participation was based on a written informed
consent form from the player (including parental consent
for players aged <18 years).

A total of 189 players agreed to participate. Of these, 174
successfully completed the vertical drop jump screening
test and were observed prospectively for new ACL injuries
through April 2014. Complete data for the baseline screen-
ing tests as well as the prospective registration of injury
and match/training exposure were obtained from 171
players overall: 80 players started the study in 2011, 29
in 2012, and 62 in 2013. Three players were lost to follow-
up.

Test Protocol

At baseline, each participant underwent a vertical drop
jump test performed in a 3-dimensional motion analysis
laboratory. Detailed information about the test protocol is
described elsewhere.18 Players were instructed to drop off a
30-cm box, land with one foot on each of the adjacent force
platforms, and perform a maximal jump upon landing
(BP6001200; AMTI). Data from 3 successful trials were col-
lected from each participant.

Before the test, after a standardized warm-up (includ-
ing 5 minutes of bicycling), 16 reflective markers were
placed over anatomic landmarks on the lower extremities
according to the Plug-in Gait marker set (Vicon Nexus
v1.7; Oxford Metrics): on the shoe over the second meta-
tarsal head and over the posterior calcaneus, lateral mal-
leolus, lateral shank, lateral knee, lateral thigh, anterior
superior iliac spine, and posterior superior iliac spine.
All marker positions were carefully defined. Two physi-
cal therapists were responsible for placing markers
uniformly.

Motion Data Collection

Eight high-speed cameras (T40; Vicon Motion Systems) and
2 force platforms (BP6001200) were used to record marker
positions and ground-reaction force data synchronously at
300 and 1500 Hz, respectively. A static calibration trial was
completed before task to determine the anatomic segment
coordinate systems. Marker trajectories were identified
with Vicon Nexus v1.7 software. A fourth-order Butter-
worth filter with cutoff frequencies of 15 Hz was used to
filter movement and ground-reaction forces.15 The landing
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phase was defined as the period when the unfiltered
ground-reaction force exceeded 20 N.

In the current investigation, selected sagittal plane vari-
ables during the contact phase (the period when the unfil-
tered ground-reaction force exceeded 20 N) of the vertical
drop jump task were analyzed. The variables included hip
and ankle flexion at initial contact (IC), hip and ankle flex-
ion ranges of motion (ROMs), and peak external knee and
hip flexion moments. Variables were analyzed using the
Plug-in Gait model (Vicon Nexus v1.7). Hip and ankle flex-
ion ROMs were calculated from the flexion at IC with the
ground to the maximum flexion during the landing phase.
The inverse dynamics approach according to the Plug-in
Gait model was used to calculate knee and hip joint
moments. We report external knee and hip flexion
moments. An external knee flexion moment refers to the
torque (generated by the ground-reaction force and its
moment arm) that tends to flex the knee. If an external
knee flexion moment is reported, this is counterbalanced
by an internal knee extension moment, generated by the
quadriceps.

Injury and Exposure Registration

When entering the study, each player filled out a baseline
questionnaire regarding information such as demograph-
ics, injury history, and playing experience. During the pro-
spective follow-up, 5 study physicians were responsible for
collecting the injury data. The teams were contacted once a
week to check for possible new injuries. Each injured player
was interviewed by telephone by a study physician using a
structured questionnaire. In the current analysis, new ACL
injuries that occurred during a match or scheduled team
training were included. Only magnetic resonance imaging–
confirmed noncontact ACL injuries (ie, no direct contact or
strike to the involved knee) were included. The coaches
recorded player participation in team training and matches
using a team diary. Player attendance in a training session
(yes/no), duration of a training session (h), and attendance
in each period of a game (yes/no) were recorded for each
player.

Statistical Analysis

Descriptive data are presented as the mean ± SD. An
independent-samples t test was used to compare group
differences for normally distributed variables. The
Mann-Whitney U test was used for nonnormally distrib-
uted variables. The injury incidence was calculated as the
number of injuries per 1000 player-hours and was
reported with 95% CIs.

Six separate Cox mixed-effects models34 with a new non-
contact ACL injury as the outcome and the leg as a unit of
analysis were generated. The monthly exposure time from
the start of follow-up until the first ACL injury or the end of
follow-up was included in the models. The mean of 3 jump
trials was used for each biomechanical variable. Each
model included a similar set of predefined adjustment fac-
tors that might influence the risk of injuries: age, height,
weight, sport, dominant leg, playing at adult level, and

previous ACL injury (ACL injury of the ipsilateral or con-
tralateral leg). Sports club and leg were included as random
effects. The dominant leg was defined as the preferred leg
when kicking a ball.

Cox hazard ratios (HRs) with 95% CIs were calculated.
For improved interpretation, HRs were adjusted for a 10-
unit change. Variables that had a P value <.05 were con-
sidered significant. Statistical analyses were conducted in
SPSS for Windows (v20.0.0; SPSS), except the regression
analysis, which was conducted in R (v3.1.2; R Foundation
for Statistical Computing).

The combined sensitivity and specificity of significant
test variables were assessed by using a receiver operating
characteristic (ROC) curve analysis. The test outcome was
defined as excellent (0.90-1.00), good (0.80-0.89), fair (0.70-
0.79), poor (0.60-0.69), and fail (0.50-0.59).

RESULTS

Baseline and Injury Characteristics

The final sample with complete data for the baseline verti-
cal drop jump test as well as injury and exposure surveil-
lance comprised a total of 171 players (96 basketball and 75
floorball players). The basketball players were significantly
younger and taller compared with the floorball players
(Table 1).

In all, 17 new ACL injuries were registered, of which
15 were noncontact injuries and were included in the
present analysis. Three basketball players and 11 floor-
ball players were injured. One athlete sustained 2 sepa-
rate ACL injuries (different legs). The overall ACL injury
incidence was 0.2 injuries per 1000 player-hours (95%
CI, 0.1-0.4) (Table 2).

TABLE 1
Baseline Characteristics of Participantsa

Basketball
(n ¼ 96)

Floorball
(n ¼ 75) P Value

Age, y 14.6 ± 1.6 16.5 ± 1.8 <.01
Height, cm 168.6 ± 6.5 166.6 ± 5.6 .04
Weight, kg 60.6 ± 9.1 61.0 ± 6.6 .74
Body mass index, kg/m2 21.3 ± 2.7 22.0 ± 2.0 .06
Playing experience, y 6.4. ± 2.5 6.2 ± 2.5 .59

aData are presented as mean ± SD.

TABLE 2
Incidence of Anterior Cruciate Ligament Injuries

in Training and Matchesa

Basketball Floorball Total

Training injuries — 0.1 (0.0-0.3) 0.1 (0.0-0.2)
Match injuries 3.4 (0.0-7.2) 4.1 (0.8-7.3) 3.8 (1.3-6.3)

aData are presented as No./1000 hours of exposure (95% CI).
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Sagittal Plane Biomechanics
and the Risk of ACL Injury

Unadjusted group comparisons revealed no significant dif-
ferences between injured and uninjured knees regarding
the selected sagittal plane variables (Table 3). Of the sag-
ittal plane joint angles investigated (hip and ankle), only
hip flexion ROM was significantly associated with a new
ACL injury (Table 4). Landing with less hip flexion was
associated with an increased risk of ACL injury (HR for
each 10� increase in hip ROM, 0.61 [95% CI, 0.38-0.99];
P < .05). No significant association was observed between
hip flexion at IC (HR for each 10� increase in hip flexion,
1.11 [95% CI, 0.95-1.07]; P ¼ .73), ankle flexion at IC (HR
for each 10� increase in ankle (plantar) flexion, 0.67 [95%
CI, 0.38-1.18]; P ¼ .17), or ankle flexion ROM (HR for each
10� increase in ankle ROM, 0.62 [95% CI, 0.37-1.05]; P ¼
.07) and ACL injury.

Peak external knee flexion moment (quadriceps moment)
was significantly associated with ACL injury risk (HR for
each 10-N�m increase in knee moment, 1.21 [95% CI, 1.04-
1.40]; P ¼ .01). Peak external hip flexion moment (HR for
each 10-N�m increase in hip moment, 1.08 [95% CI, 0.98-
1.18]; P ¼ .14) was not associated with ACL injury risk.
ROC curve analysis for both hip flexion ROM and peak
external knee flexion moment showed an area under the
curve of 0.6, indicating a poor combined sensitivity and
specificity of the test.

DISCUSSION

This in-depth analysis was carried out to expand on our
previous findings on sagittal plane biomechanics and ACL
injury risk.18 In the current study, we included variables
that have not been thoroughly investigated in previous risk
factor studies. The findings of this study showed that lim-
ited hip flexion ROM and greater knee flexion-extension
moments are associated with an increased risk of ACL
injury in young female basketball and floorball players.
In this study, participants who landed with less hip flexion
and higher peak external knee flexion moments were at an

increased risk of ACL injury compared with players with
more hip flexion ROM and lower knee moments, thereby
supporting the current body of evidence that sagittal plane
hip and knee kinetics and kinematics have an influence on
ACL injury risk.

Many have emphasized the critical role of the hip in
proximal control of the knee joint during closed kinetic
chain maneuvers.10,11,22 Excessive hip motion in the frontal
or transverse plane, in particular, has been suggested to
contribute to valgus movement and loading of the knee
joint.11 Sagittal plane hip kinetics and kinematics, how-
ever, are less often considered as contributors of ACL
loading.9

In our previous study,18 we showed that decreased
peak knee flexion and increased vertical ground-
reaction forces are factors associated with a higher risk
of ACL injury. Thus, the current finding that less hip
flexion also increases ACL injury risk is expected.
Increasing knee and hip flexion during jump landings
has been a part of many successful intervention pro-
grams.19,25,32 Such modifications are associated with
reduced ground-reaction forces as well as external knee
flexion and internal quadriceps moments8,22 and thus
might reduce the risk of injuries.

In our study, landing with a high peak external knee
flexion moment was associated with an increased risk of
ACL injury, suggesting that athletes who suffered ACL
injuries likely had increased quadriceps forces. In our pre-
vious study,18 we additionally found that these players also
had less knee flexion. This finding is in line with several
previous studies implicating that the quadriceps are able to
produce significant ACL loading, especially at low knee
flexion angles.3,4,7,21,37

According to the hypothesis of Hashemi et al,9 an
increased internal hip extension moment may generate a
mismatch between hip and knee flexion and thereby increase
ACL loading. Although we found no significant association
between peak external hip flexion moments and ACL injury
risk, there was a trend for injured athletes having greater
peak external hip flexion moments. The unadjusted group
mean difference for the peak external hip flexion moment
was 11% greater for the injured compared with the unin-
jured athletes, but this was similar to the difference in the
peak external knee flexion moment (10%). Therefore,
although we observed higher hip stiffness in athletes with
a new injury, there did not seem to be such a mismatch in the
vertical drop jumps compared with uninjured athletes.

Limited ankle ROM during landing might lead to lower
absorption of ground-reaction forces that will subsequently
be transmitted to the knee.6 Boden et al6 reported in a case-
control video study that ACL-injured athletes landed with
reduced ankle plantar flexion at IC and with less ankle
ROM compared with uninjured controls. In a prospective
study by Padua et al26 using the Landing Error Scoring
System, ankle plantar flexion scores did not differ between
the ACL-injured and uninjured groups. Similarly, no sig-
nificant association between ankle kinematics and ACL
injury risk was found in our study. However, there was a
nonsignificant trend that the ACL-injured athletes landed
with smaller ankle plantar flexion at IC and with reduced

TABLE 3
Knee, Hip, and Ankle Biomechanicsa

ACL-Injured
Knees (n ¼ 15)

Uninjured
Knees (n ¼ 327)

P
Value

Angles, deg
Hip flexion at IC 45.4 ± 10.7 43.5 ± 9.2 .43
Hip flexion ROM 21.4 ± 13.2 24.6 ± 12.2 .22
Ankle flexion at ICb 7.4 ± 8.4 9.8 ± 9.6 .26
Ankle flexion ROM 47.2 ± 12.5 51.8 ± 9.1 .16

External moments, N�m
Peak knee flexion 134.7 ± 42.4 122.9 ± 40.0 .24
Peak hip flexion 214.0 ± 68.0 192.5 ± 57.7 .24

aData are presented as mean ± SD. ACL, anterior cruciate lig-
ament; IC, initial contact; ROM, range of motion.

bPositive values refer to ankle plantar flexion.
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ankle flexion ROM than the uninjured athletes. The lack of
significance could be caused by limited statistical power.
Modifying landing strategies with forefoot landings has
been shown to be associated with lower ACL loading14 and
does not impair performance.25 Hence, the role of ankle
ROM should be thoroughly investigated in future studies
with larger sample sizes.

This study focused on investigating biomechanical fac-
tors. However, it is important to bear in mind that certainly
other possible ACL injury risk factors exist.1 Interestingly,
playing at the adult league level seemed to have an impor-
tant role in all of the investigated risk factor models.
Junior-aged players who participated in adult league
matches were at an increased risk of ACL injury compared
with players competing at the junior level only (HR, 2.8-
5.1). Although this finding needs further investigation,
attention should be paid to determine when a young athlete
is ready to participate in adult matches. At the adult level,
the physical demands and workloads can be considerably
higher than at the junior level.

Injury prediction is a challenging issue,5 and currently,
there is no screening test capable of predicting ACL injury
with sufficient accuracy.2 Neither of the landing variables
investigated in the current study or our previous study18

appeared to be strong predictors of injuries, although there
were statistically significant associations (ROC area under
the curve, 0.6). Furthermore, it is not known if sagittal
plane hip and knee kinetics and kinematics have signifi-
cant associations with ACL injury risk in other tasks such
as cutting and changing directions.

This investigation has several strengths, including the
relatively long duration, prospectively collected injury and
exposure data, low dropout rate, and use of high-quality
data collection and analysis methods. Nevertheless, this
study has limitations. The statistical power was limited

because of the small number of injuries during the 3 years
of follow-up. Thus, less than strong risk factors might not
have been detected. In addition, it was not reasonable to
conduct a multivariate analysis with different combina-
tions of biomechanical factors with this sample size. More-
over, the accuracy of marker-based motion analyses is
limited by marker placement precision24 and soft tissue
movement artifacts.17 To avoid potential inconsistencies
in marker placement, all marker places were carefully
defined, and 2 physical therapists were trained to place
markers uniformly. Another limitation concerns the time
interval between the test and 3-year follow-up. Young ath-
letes might have changed their performance over the
course of the study as they matured, gained strength, or
became better at jumping and landing.

In conclusion, a landing strategy that includes limited
hip flexion ROM and high peak external knee flexion
moments may increase the risk of ACL injury in young
female team-sport players. Hence, increasing knee and hip
flexion ROMs to produce soft landings might reduce knee
loading and ACL injury risk.
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