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Background: Anterior cruciate ligament (ACL) injury is a common sport injury and investigation of landing
biomechanics is helpful in injury prevention and rehabilitation. Recent study found a lateral single-leg drop
landing test resulted in the highest peak knee valgus angle (PKVA), but its reliability on patients who
received ACL reconstruction (ACLR) is unknown.
Objective: This study aimed to investigate the reliability in both within and between days on the normalized
vertical ground reaction force (NVGRF) and kinematics of lower limbs after receiving ACLR. The ¯ndings
can form the cornerstone for further study related to lateral jumping-and-landing biomechanics in patients
with ACLR.
Methods: This was a test-retest reliability study. Twelve patients (four females and eight males) who
received ACLR with mean age of 29.4 (SD � 1.66) were recruited. The subjects were instructed to jump
laterally from 30 cm height and landed with single-leg for ¯ve times. The procedure was conducted on both
legs for comparison. The NVGRF and local maxima of the hip, knee and ankle angles during the ¯rst 100ms
in all three planes were analyzed. The measurement was conducted by the same assessor to evaluate the
within-session reliability, and the whole procedure was repeated one week later for the evaluation of the
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between-session reliability. Intra-class correlation coe±cient (ICC) test was used to assess the within- and
between-session reliability by ICC (3, 1) and ICC (3, K) respectively.
Results: The within-session reliability of NVGRF [ICC (3, 1)] was 0.899–0.936, and its between-session
reliability [ICC (3, K)] was 0.947–0.923. Overall reliability for kinematics within-session [ICC (3, 1)] was
0.948–0.988, and the between-session reliability [ICC (3, K)] was 0.618–0.982, respectively. Good to excellent
reliability for the lateral single-leg drop landing test was observed in most of the outcome measures for within-
and between-session. The ICC value of NVGRF of ACLR leg was lower than that of the good leg in the
within-session which may associate with lower neuromuscular control in ACLR leg than that of the good leg.
Conclusion: The results of this study support the use of a lateral single-leg drop landing test to evaluate
lower limb biomechanics for ACLR.

Keywords: 3D Motion Analysis; Anterior Cruciate Ligament Reconstruction; Drop Landing Test; Kine-
matics; Reliability.

Introduction
Anterior cruciate ligament (ACL) injury is one of
the most common sport injuries.1 The incidence
rate of ACL injuries through a non-contact manner
is around 70%.2–4 Excessive knee valgus,5 and knee
outward rotation coincidence with hip internal
rotation,6 in particular, during one leg landing7 are
proposed to be the injury mechanisms. Non-con-
tact ACL injuries may occur within the ¯rst 40
mini-seconds (ms) from foot-contact to the ground
in landing8 and injury may occur approximately at
the timing of the peak vertical ground reaction
forces (VGRF),9 and closely associated with the
ACL injury.10 Therefore, a soft-landing to decrease
the VGRF by increasing hip and knee °exion
angles during landing has been deemed as one of
the re-injury prevention training programs. Land-
ing biomechanics is thereby one of the concerns for
injury prevention and rehabilitation.

Three-dimensional (3-D) motion analysis has
been widely used as a tool for clinical evaluation
and research on the ACL injury. Drop vertical
jump (DVJ) landing11 and stop jump (SJ) land-
ing12 have been used to assess the jumping per-
formance of athletics landed mainly in the sagittal
plane. More recently, single-leg jump landing in
lateral direction was suggested.13,14 The lateral
single-leg landing resulted in the highest peak knee
valgus angle (PKVA) compared to jump in a for-
ward and diagonally at 30� and 60�.15 A higher risk
of knee injury might occur during lateral jump
landing than forward and diagonal directions, and
signi¯cantly in°uenced (P < 0:05) muscle activi-
ties of vastus lateralis, rectus femoris and semi-
tendinosus.16 Indeed, lateral single-leg drop
landing test has been used in some jump-landing

studies.11,15,17–19 Measures of 3-D motion analysis
should be population-speci¯c as the characteristics of
the speci¯c pathology or after undergoing operation
such as anterior cruciate ligament reconstruction
(ACLR) that may a®ect the biomechanics of lower
limbs. More importantly, the repeatability of the
single-leg landing test in a lateral direction for
patients who received ACLR is unknown. Before a
test can be adopted in clinical practice, in particu-
lar, in assessing the treatment e®ects at two di®er-
ent time points, the test needed to have good
repeatability. It is our intent in investigating the
test-retest reliability of the single-leg drop landing
test in lateral direction on subjects with ACLR.

The purpose of this study was to determine the
test–retest reliability of within-session and be-
tween-session of the normalized vertical ground
reaction force (NVGRF) and kinematics of the hip,
knee and ankle during lateral single-leg drop
landing test on patients with ACLR. We set the
hypothesis that the impact force and joint motions
of the hip, knee and ankle would achieve good to
excellent within and between days repeatability.

Methods

Participants

The study design was to assess the test–retest re-
liability of a lateral single-leg drop landing test in
patients with ACLR after 6-month rehabilitation.
Twelve patients (four females and eight males)
who received ACLR with mean age 29.4 (SD �
1.66), weight 68.3 kg (SD � 5.13), height 170.4 cm
(SD � 2.54) and post-ACLR 10.0 months (SD �
0.85) were recruited. The subjects who completed
the full course of physiotherapy training including
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DVJ landing techniques were included. Subjects
were excluded if they had other major lower ex-
tremity injuries or surgeries, such as anterior knee
pain or general joint laxity. A list of subjects was
generated by computer randomized program after
screening with the inclusion and exclusion criteria.
The procedure was conducted by an independent
research assistant who did not otherwise involve in
the trial and did not participate in analysis or in-
terpretation of the results. The allocation sequence
of NVGRF and kinematics measurement and in-
terpretation were concealed from the principal in-
vestigator, who measured all the subjects in a
blinded manner. Each participant's allocation was
contained in sequentially numbered sealed and
stapled opaque envelopes. It was then handled by
the independent research assistant who was not
available for the process of capture and graph in-
terpretation. The group allocation and data were
concealed in a password-protected computer ¯le
only accessible by the independent research assis-
tant. Ethics committee approval was obtained
from the Joint Chinese University of Hong Kong
New Territories East Cluster Clinical Research
Ethics Committee. Informed written consent was
obtained from each subject before the test. The
trial was conducted in accordance with the Decla-
ration of Helsinki.

Procedure

The study was conducted in the motion analysis
laboratory at the Physiotherapy Department,
PWH where equipped with a ViconTM system and
BonitaTM camera system (Oxford Metrics, Oxford,
United Kingdom) and a multicomponent force
plate (Bertec Corporation, Columbus, United
States of America). The tester (the principal in-
vestigator) was a post-graduate trained physio-
therapist with over 20 years clinical experience and
received 3-D motion analysis training program.
Kinematic data were captured by ten cameras at
sampling frequency of 100Hz. Sixteen 14mm re-
°ective markers, according to lower body model of
Plug-in-Gait, were placed bilaterally on the sub-
ject's bony prominence at the anterior superior
iliac spine (ASIS), posterior superior iliac spine
(PSIS), thigh, lateral condyles of femur (1.5 cm
above the mid-point of lateral knee joint line),
shank, lateral malleolus, heel and second meta-
tarsals by double-sided adhesive tapes. A 30 cm
height wooden platform was placed at a distance of

20 cm from the center of the force plate. The
ground reaction forces (GRFs) were captured at a
sampling rate of 1,000Hz. After ¯ve-minute mod-
erate intensity warm-up on a cycle ergometer,
subjects were instructed to practice 3–5 times lat-
eral single-leg drop landing with a sub-maximal
e®ort to familiarize the testing movement. The
participants stood on a wooden platform, single-
legged and bared-foot. The non-weight-bearing leg
was kept in 90� of knee °exion and with a neutral
hip rotation; both hands were placed on the waist
to eliminate variability in jumping mechanics due
to arm swing (Fig. 1). Subjects were instructed to
jump o® the wooden platform in a lateral direction
without an upward jump action and landed with
ankle in a neutral position while facing and looking
forward during the drop landing tests. The trial
was regarded as unsuccessful if the subjects could
not maintain their balance upon landing, land be-
yond the force plate, or be unable to keep hands on
the waist. A total of ¯ve successful trials with 30-s
rest in-between were captured for o®line analysis,
and both non-operated and ACLR legs were
assessed. The procedure was repeated one week
later for the assessment of between-day reliability.
To eliminate the error from the placement of the
re°ective markers between these two assessment
days, an approach of strictly referenced static
alignment was used based on the anatomical
coordinate system (ACS).20 In addition, the
Modi¯ed Cincinnati Rating System Questionnaire
(MCRSQ) was used to evaluate the current knee
functions of the subjects with a score of 100 totally.

Data collection

The images captured from the Vicon system were
¯ltered by a fourth-order zero-lag Butterworth

Fig. 1. Subjects using single-leg side drop landing from a
30 cm height wooden platform.
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digital ¯lter at a cut-o® frequency of 12Hz residual
analysis technique.11,21 In order to de¯ne initial
contact (IC), VGRF was used to identify the time
of IC with the ground immediately after the sub-
ject dropped from the box. IC was de¯ned when
VGRF ¯rst exceeded 10N.11 Because the risk of
injury was believed to be highest during the initial
landing, only the ¯rst 100ms of the contact phase
was used for the analysis of kinematic para-
meters.3,22 The peak VGRF and local maxima of
the hip, knee and ankle angles during the ¯rst
100ms in all three planes were analyzed by calcu-
lating the marker trajectories with the Vicon
Nexus (Nexus version 1.8.5) (Fig. 2) and Polygon
software (Polygon version 3.5.2, Oxford Metrics,
Oxford, UK). The mean values of ¯ve trials for
each subject were used for statistical evaluation.

The peak VGRF data were normalized to body
weight and become the NVGRF. To avoid bias, all
the kinetics and kinematics analyses were done in a
blinded fashion by the ¯rst investigator. The sta-
tistics analysis was done by an independent re-
search assistant who did not otherwise involve in
the trial and did not participate in the interpreta-
tion of the NVGRF and kinematics of the subjects.

Statistical analysis

Sample size calculation: Based on previous
studies,11,12,20 we estimated there would be an
average value of intraclass correlation coe±-
cients (ICC) around 0.75 for the reliability of
within-session and between-sessions. A sample
size of 12 would be able to detect a true di®erence
in ICC between the null and alternative hy-
pothesis with 80% power, with Alpha error of
0.05.23 Similar sample size was used in previous
reliability studies similar to this study.11,12

Intra-class correlation coe±cient (ICC) test was
used to evaluate the test-retest reliability of the
discrete variables within- [ICC (3,1)] and be-
tween-sessions [ICC (3, k)], and used absolute
agreement, with � 0:75 considered `good' and
� 0:90 considered excellent.24 Intention-to-treat
analysis was considered for defaulted subjects.

Results

Twelve subjects completed the study without any
dropout, and the results are summarized in
Tables 1–3. The ¯ndings from this study indicated
good to excellent test–retest reliability on the
maximal joint angles and NVGRF measures during
the lateral single-leg drop landing test on the

Fig. 2. Three-dimensional motion analysis during single-leg
side drop landing test by using a ViconTM system.

Table 1. Within session and between sessions measurements
of the reliability of normalized vertical ground reaction force
for both non-operated leg and ACLR leg during single-leg side
drop landing test.

Within session
ICC (3,1)

Between-session
ICC (3,k)

NVGRF
(% of BW*)

Present
study

Milner
et al., 2011

Present
study

Milner
et al., 2011

Non-operated leg 0.936 0.849 0.923 0.829
ACLR leg 0.889 — 0.947 —

Note: *BW¼body weight.
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Table 4. Within-session measurements of reliability of kinematics for both non-operated
leg and ACLR leg during single-leg side drop landing test before and after using the ap-
proach of subtraction of the peak joint angles to the initial angles from static capture.

Between-session ICC (3,k)

Before subtraction After subtraction

Joint Angle (degree) ACLR leg Non-operated leg ACLR leg Non-operated leg

Hip Flexion 0.893 0.918 0.981 0.977
Hip Adduction 0.799 0.814 0.961 0.948
Hip Internal Rotation 0.945 0.956 0.988 0.974
Knee Flexion 0.876 0.918 0.965 0.986
Knee Abduction 0.852 0.904 0.978 0.969
Knee Internal Rotation 0.937 0.961 0.979 0.989
Ankle Dorsi°exion 0.838 0.811 0.948 0.965
Ankle Eversion 0.921 0.860 0.983 0.956
Ankle Abduction 0.911 0.907 0.978 0.987

Table 2. Within-session measurements of reliability of kinematics for both non-operated leg
and ACLR leg during single-leg side drop landing test.

Within-session ICC (3,1)

Present study
Ford et al. (2007)

Joint Angle (degree) ACLR leg Non-operated leg DVJ of both legs

Hip Flexion 0.981 0.977 0.956
Hip Adduction 0.961 0.948 0.712
Hip Internal Rotation 0.988 0.974 0.934
Knee Flexion 0.965 0.986 0.933
Knee Abduction 0.978 0.969 0.993
Knee Internal Rotation 0.979 0.989 0.971
Ankle Dorsi°exion 0.948 0.965 0.955
Ankle Eversion 0.983 0.956 0.966
Ankle Abduction 0.978 0.987 —

Table 3. Between-sessions measurements of reliability for both non-operated
leg and ACLR leg during single-leg side drop landing test.

Between-session ICC (3,k)

Present study
Ford et al. (2007)

Joint Angle (degree) ACLR leg Non-operated leg DVJ of both legs

Hip Flexion 0.892 0.884 0.595
Hip Adduction 0.887 0.905 0.791
Hip Internal Rotation 0.847 0.766 0.699
Knee Flexion 0.902 0.982 0.616
Knee Abduction 0.826 0.895 0.855
Knee Internal Rotation 0.725 0.870 0.872
Ankle Dorsi°exion 0.876 0.841 0.922
Ankle Eversion 0.668 0.618 0.835
Ankle Abduction 0.812 0.853 —
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ACLR and non-operated legs (ICC ¼ 0:889–
0.947), except hip internal rotation (ICC ¼ 0:766)
and ankle eversion showed (ICC ¼ 0:618) in the
good leg; and knee internal rotation (ICC ¼ 0:725)
and ankle eversion (ICC ¼ 0:668) showed good
reliability in ACLR leg.

The ICC values of NVGRF and kinematics
within-session were higher than between-session,
except the ACLR leg in NVGRF within-session
was 0.899 slightly lower than between-session was
0.947.

In general, the values of ICC for the kine-
matic data of hip, knee and ankle in frontal and
transverse plane were lower than sagittal plane
showed in between-session. Tables 4 and 5 showed
the comparison of the values of ICC for within and
between days before and after using the approach
of subtraction of the peak joint angles to the
baseline angles from static capture. Most of the
ICC values were higher after using the approach
which could o®set the error from the baseline values
of the joint angles measured in static capture.

Discussion

The aim of this study is to determine the reliability
of lateral single-leg drop landing test within and
between sessions for patients with ACLR. Findings
from this study indicated that the joint kinematics
have good to excellent test–retest reliability in
both the reconstructed and non-operated leg in the
patients with ACLR.

Our ¯ndings suggested that the ICC values of
hip, knee and ankle in within-session are higher
than that in between-session. Similar pattern has
been reported by other investigators during
gait,25,26 Jogging20,27 and DVJ,11 that within-ses-
sion repeatability is higher than between-session.
Multiple factors may cause these errors including
marker-placement errors, referenced static align-
ment, task di±culty, and neuromuscular control.11

It has been reported that ground reaction force
variable is the sum of all the segmental masses and
accelerations and gravitational force,20 which is
less in°uenced by marker placement; therefore
giving robust support in the way the subjects
landed from the lateral single-leg drop jump
showing the source of variability within the session
of measurement. The ICC value of NVGRF of
ACLR leg is lower than that of good leg in the
within-session which may indicate the neuromus-
cular control for ACLR leg is lower. Our ¯ndings
echo with the evidence that the risk factors related
to second ACL injury are closely related to previous
neuromuscular impairments.28

The result of this study supports that the reli-
ability of NVGRF is ranged from ICC ¼ 0:899–
0.936 for within-session measurement, and is
higher than the previous study reported by Milner
et al. (2011), which the ICC reported was 0.849 for
the SJ.12 Our study also ¯nds that the reliability of
the NVGRF for the between-session measurement
maintains with the range of ICC from 0.923–0.947
(Table 2). This suggests that the intra-subject
variability of lateral single-leg landing test is lesser

Table 5. Between-sessions measurements of reliability for both non-operated leg and
ACLR leg during single-leg side drop landing test before and after using the approach of
subtraction of the peak joint angles to the initial angles from static capture.

Between-session ICC (3,k)

Before subtraction After subtraction

Joint Angle (degree) ACLR leg Non-operated leg ACLR leg Non-operated leg

Hip Flexion 0.901 0.801 0.892 0.884
Hip Adduction 0.300 0.741 0.887 0.905
Hip Internal Rotation 0.755 0.735 0.847 0.766
Knee Flexion 0.934 0.963 0.902 0.982
Knee Abduction 0.738 0.936 0.826 0.895
Knee Internal Rotation 0.750 0.901 0.725 0.870
Ankle Dorsi°exion 0.874 0.732 0.876 0.841
Ankle Eversion 0.363 0.546 0.668 0.618
Ankle Abduction 0.594 0.830 0.812 0.853
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than SJ and suitable for cross-sectional and longi-
tudinal studies. It may be related to the complexity
of the action for the lateral single-leg drop landing
test which is lesser than SJ. As compared with the
data of hip °exion and knee °exion of DVJ in be-
tween-days reported by Ford et al.,11 the ICC
value of our study is much higher (Table 3). It may
be related to the complexity of DVJ that required
the subjects to do maximum vertical jump before
landing, and the subjects may vary in the maxi-
mum e®ort which may be relatively more danger-
ous for patients than single-leg drop landing
test. In our current study, the procedure of lateral
single-leg drop landing test does not require the
participants to do maximum vertical jump which
should be safer for ACLR patients in a more
reliable manner as compared with DVJ.

In general, reliability between-session measure-
ment for the sing-leg drop landing test is similar to
that found in within-session and achieved good to
excellent repeatability. The ICC value of kinematic
data for the hip, knee joints of good leg are higher
than those reported by Ford et al.,11 while that is
not necessarily the same for ACLR leg in knee
abduction and in knee internal rotation. Both of
them have shown lower ICC value. Previous reli-
ability studies on landing mainly focus on athletes
who had not su®ered an ACL injury or underwent
reconstruction surgery.11,12 Their ¯ndings may not
be able to generalize to the population who re-
ceived ACLR surgery, especially the knee move-
ments in frontal and transverse planes. In this
study, we found that the reliability of knee internal
rotation for ACL leg was much lower than the good
leg in between-session. It indicated that the in°uence
of ACLR surgery and rehabilitation cannot
be neglected in the interpretation of ¯ndings in lon-
gitudinal studies. Moreover, the ICC values of ankle
eversion for ACLR and good leg in between-session
measurement are both lower than within-session
measurement signi¯cantly, therefore precaution
should be taken if a lateral single-leg drop landing test
is used to investigate the kinematics of the ankle joint
in frontal plane. This may not be related to the sur-
gery of ACLR as the good leg has also shown lower
reliability in between-session measurement; this vari-
ability may be related to the placement of markers
producing an o®set shift. Then the data may result in
lower between-day reliability. It may also be related
to cross-talk between the planes of motion and the
direction of lateral jump and landing required more
demanding on the stability to the ankle joint in

frontal plane causing greater neuromuscular variabil-
ity. Concerning the reliability of frontal planes and
transverse plane, it has been reported by Ramak-
rishnan and Kadaba29 that the sensitivity analysis to
examine the errors contributing to incorrectly de¯ning
the embedded axes at the hip and knee during the
gait motion analysis, especially abduction–adduction
and internal–external rotations axes, which have at-
tributed to cross-talk. These measurement errors may
be minimized by standardization of markers place-
ment with an experienced single investigator, using
standardized posture and foot placement.11,30

Based on our clinical experience, calibration of
the system before the start of every trial can ef-
fectively minimize the error from noise signal or
even any re°ection from the change of environ-
mental factors. To minimize measurement error,
some crucial points should be considered such
that the performance of the subjects should be
consistent. Clear and standardized instruction
and warm-up trials are useful to let the subjects
understand and perform consistently during
the trials. The complexity of landing test would
contribute to the error of subject's performance
that should be under consideration. Clinically, the
body-build of subjects can be attributed as a source
of error, especially over a big tummy, which will
a®ect the location of the bony landmark of ASIS.
The skin movement and artifact of soft tissues will
limit the accurate estimation of segmental kine-
matics.31 To reduce the error of 3D motion analy-
sis, it is necessary to avoid placement of markers
over large muscle mass, further modi¯cation of
measurement technique is necessary. The current
model of measurement heavily depends on the skill
of assessors in accurately placing markers. A rig-
orous referenced static alignment is following the
ACS protocol.20 The assessor must keep the initial
joints angles in static capture close to anatomical
zero as much as possible and the angle of between the
proximal segment and distal segment is close to zero,
then under this condition, the approach of subtrac-
tion to the value of peak joint angle from the initial
joint angle can be used so as to eliminate the error
from the placement of markers, the actual change
of the joints angles during lateral single-leg drop
landing test can be measured, and the reliability be-
tween the two examination days can be generally
improved (Tables 4 and 5). Filter strategy is useful in
this study to minimize error from noise signal and
enhance the reliability of the lateral single-leg drop
landing test.
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Conclusions

The lateral single-leg drop landing test is reliable to
evaluate 3-D motion biomechanics during landing
in longitudinal studies for the patients who re-
ceived ACLR with a repeated measure design. It
may be useful in clinical practice, and it also provides
a scienti¯c basis for further study in injury preven-
tion program and the potential to serve as a screen-
ing test giving recommendation to the physician on
whether the patients is ¯t for return-to-sport.
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