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Abstract
Background: Toe direction is a critical factor affecting knee biomechanics during various movements including
closed kinetic chain (CKC) exercise and landing tasks. Physiotherapists always concentrate on the control of toe
direction during CKC exercise as a first step for athletes, as it is believed that correction of toe direction during CKC
exercise is important to maintain the appropriate toe position even in high demanding activities such as landing
tasks. The purpose of the present study was to investigate knee biomechanics during CKC exercise as well as
landing tasks with three different toe directions, and clarify whether biomechanical parameters during CKC exercise
would be related to those during landing tasks.
Methods: A total of 23 male recreational level athletes (mean age = 20.0 ± 1.1 yrs) participated. Tegner activity
score were 7 for all male subjects. First, the subjects performed weight-bearing static lunge tests (SL) under three
different toe directions, including 0 degrees (Toe-neutral: TN), 20 degrees (Toe-In: TI), and - 20 degrees (Toe-out:
TO). Thereafter, SLDL was done under three different toe directions. Three-dimensional knee kinematics and kinetics
at 60 degrees of knee flexion were calculated. As a statistical analysis, Pearson's correlation coefficient was used to
evaluate the relationship between SL and SLDL. The statistical significance level wasset at P=0.05.
Results and Conclusions: Knee abduction angle showed significant correlation between SL and SLDL in all three
different directions (TI: r=0.631, p<0.001, TN: r=0.678, p<0.001, TO: r=0.572, p<0.001). In terms of knee internal
rotation, strong correlation was also found (TI: r=0.846, p<0.001, TN: r=0.791, p<0.001, TO: r=0.749, p<0.001). In
addition, external knee abduction moment presented significant correlation in all three different directions (TI: r=
0.574, p<0.001, TN: r=0.499, p<0.01, TO: r=0.469, p<0.01). From the present study, significant correlation between SL
and SLDL was found in knee abduction angle, knee internal rotation, and external knee abduction moment under
all three different directions including TI, TN, and TO. Physiotherapist should take care of toe direction and reform
the movements especially for athletes who present malalignment of the knee joint during SL with TI or TO to
prevent ACL injury in landing tasks.
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Introduction
Generally, closed kinetic chain (CKC) exercise such as
the static lunge (SL) is useful for rehabilitation to avoid
overloading of anterior cruciate ligament (ACL) especially in the early postoperative period after the surgery
of ACL reconstruction, as CKC exercise induces cocontraction of the agonist and antagonist muscles (Cho
et al. 2013; Escamilla et al. 1998; Keays et al. 2013; Lin
et al. 2007; Romero-Franco et al. 2017). Besides, neuromuscular training should be added to strength training.
Thereafter, patients with ACL reconstruction can start
with the next phase only if specific goals of the previous
phase are achieved. Jumping tasks are used as the next
step of the postoperative rehabilitation after SL exercise.
Clinically, physiotherapists must pay attention to a quality of movement for prevention of re-injuries. Qualitative
criteria, including dynamic knee valgus, knee flexion
angle, hip and trunk control, can play an important role
in postoperative rehabilitation and prevention of second
ACL injury (Ucar et al. 2014; van Melick et al. 2016).

Fig. 1 Static Lunge was done for the non-dominant limb. The
measured foot was placed in front and the unmeasured foot was
placed behind the measured foot. Subject was asked to tilt the trunk
by 30 degrees and the knee flexion on measured side was set at
60 degrees
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For example, the occurrence of dynamic knee valgus
when landing from a jump increases the risk of primary
ACL injury as well as second ACL injury.
According to previous studies, foot position during SL
and jumping tasks would be related to malalignment of
the knee joint. Tran et al. investigated the effect of foot
landing position on biomechanical risk factors associated
with ACL injury using healthy participants during doubleleg drop landing, and indicated that toe-in landing position exacerbated biomechanical risk factors associated
with ACL injury, while toe-out landing position decreased
these factors (Tran et al. 2016). In addition, Teng et al.
evaluated single-leg drop landing (SLDL) for eleven male
recreational basketball players under three different toe directions and concluded that they should avoid extreme
toe-out foot rotation positions to minimize undesirable
knee valgus loading associated with non-contact ACL injury risks (Teng et al. 2017). Besides, Ishida et al. assessed
the knee rotation during dynamic knee valgus and evaluated whether the knee rotation should be affected by toe
direction using healthy females during SL (Ishida et al.

Fig. 2 Single-leg drop landing was performed for the non-dominant
limb. Single-leg drop landing tasks were jumping from a 30-cm high
box to a distance of 25% of their height away from the box, down
to force plates
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2014). They concluded that the knee rotated externally
during dynamic knee valgus, and the knee rotation was affected by toe direction. Therefore, toe direction is a critical
factor affecting knee biomechanics during various movements including CKC exercise and landing tasks. Physiotherapists always concentrate on the control of toe
direction during CKC exercise as a first step for athletes,
as it is believed that correction of toe direction during
CKC exercise is important to maintain the appropriate toe
position even in high demanding activities such as landing
tasks. However, little attention has been paid to the biomechanical relationship between SL and SLDL.
The purpose of the present study was to investigate
knee biomechanics during SL as well as SLDL with three
different toe directions, and clarify whether biomechanical
parameters during SL would be related to those during
SLDL or not. It was hypothesized that knee kinematics
and kinetics during SL could be correlated with those
during SLDL.

Methods
Subjects

A total of 23 male recreational level athletes (mean age =
20.0 ± 1.1 yrs., mean height = 172.9 ± 6.0 cm, mean weight =
64.3 ± 7.2 kg) participated in the present study. None of the
subjects had any history of major injuries to the trunk and
lower extremities. Thirteen subjects joined in college soccer
team, and ten subjects joined in college ski club activity.
Tegner activity level was 7 for all males. An informed consent form approved by the institutional review board at our
university (#20080054) was signed by each subject.
Procedures

The subjects performed static lunge (SL) and thereafter
single-leg drop landing (SLDL). The subjects performed
weight-bearing SL on measured limb under three different toe directions, including 0 degrees (Toe Neutral:
TN), 20 degrees (Toe-In: TI), and − 20 degrees (Toe-out:
TO) (Fig. 1). Toe angles were set using the same paper
sheet for each subject. To perform SL, the measured foot
was placed in front and the contralateral foot was placed
behind the measured foot. Subject was asked to tilt the
trunk by 30 degrees and the knee flexion on measured
side was set at 60 degrees. Angles of trunk tilt and knee
flexion were confirmed using goniometer for each athlete. The same model of sport shoes (Maximizer 20,
Mizuno Corporation, Tokyo, Japan) was provided to all
participants to reduce the influence of footwear based
on each participant’s foot size. SLDL tasks were jumping
from a 30-cm high box to a distance of 25% of their
height away from the box, down to force plates without
any specific instructions about the arm position. Similarly, SLDL was done under three different toe directions, including TN, TI, and TO (Fig. 2). Toe angles
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were also set using the same paper sheet for each subject. The non-dominant leg (23 left) was chosen for the
measurement. The dominant leg was defined as the leg
with which each athlete preferred to kick a ball. After
performing SL and SLDL 5 to 6 times including warmups, two successful trials were recorded for each subject
using a motion analysis system. Motion analysis system
was consisted of 8 cameras (120 frames/s; Oqus, Qualisys, Sweden), two force plates (frequency 600 Hz;
AM6110, Bertec, Columbus, OH, USA), and 46 retroreflective markers (14 mm in diameter). Successful trials
were determined by the achievement of clear contact
within force plates to the force plate without marker
drop. An anatomical model was created by digitizing the
following standard bony landmarks: bilateral acromion
processes, xiphoid process, suprasternal notch, 7th cervical vertebra, 10th thoracic vertebra, bilateral anterior
and posterior superior iliac spines, bilateral iliac crests,
bilateral greater trochanters, bilateral lateral and medial
femoral epicondyles, bilateral lateral and medial malleoli,
bilateral posterior heels, bilateral medial cuneiforms, bilateral great toes, and bilateral heads of the 5th metatarsals. Four additional tracking markers were placed on
each of the frontal aspects of the thigh and shank. Some
markers (bilateral medial epicondyles and medial malleoli) were removed after calibration, and only tracking
markers were left on the participants throughout all data
collection. These anatomical markers provided a reference
marker set for construction of a skeletal model using a
commercial biomechanical analysis software program (Cmotion Company, Rockville, MD, USA) (Whatman et al.
2011, 2013). All markers in the present study were positioned by an experienced musculoskeletal physiotherapist
(AS). All anatomical markers were attached directly to the
skin with double sided adhesive tape. The motion of
markers was recorded by Qualisys Track Manager Software (version 2.7). Three-dimensional knee kinematics (°)
and kinetics (Nm/kg) at 60 degrees of knee flexion were
calculated using Visual 3D. Knee internal rotation was defined as tibial rotation with respect to the femur. In this
software program, the static trial was used to create geometric objects and to represent each body segment. All
lower limb segments were modeled as frusta of cones. Together these segments formed a 6-degree-of-freedom,
rigid link biomechanical model. Joints in the model are
defined as places where the distal end of one segment
meets the proximal end of another segment (Whatman
et al. 2011, 2013).
Statistical analysis

A power analysis was performed using G*Power (v3.1.9.2,
Heinrich-Heine University, Düsseldorf, Germany). Using a
large effect size of 0.5 for a one-way repeated measures
Analysis of Variance, a sample size of 23 was required
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Fig. 3 Correlation of knee abduction angle (°) between SL and SLDL in TN. (r = 0.678, P<0.001)

Fig. 4 Correlation of tibial internal rotation angle (°) between SL and SLDL in TN. (r = 0.791, P<0.001)

Page 4 of 7

Harato et al. Journal of Experimental Orthopaedics

(2019) 6:42

Page 5 of 7

Fig. 5 Correlation of external knee abduction moment (Nm/kg) between SL and SLDL in TN. (r = 0.499, P<0.01)

(β = .80, α = .05). As a statistical analysis, Pearson’s correlation coefficient was used to evaluate the relationship between SL and SLDL. The statistical significance level was
set at P = 0.05. All statistical analyses were performed
using SPSS® for Windows version 23 software (Microsoft,
Chicago, IL, USA).

Results
Kinematics

Knee abduction angle showed significant correlation between SL and SLDL in all three different directions (TI:
r = 0.631, p < 0.001, TN: r = 0.678, p < 0.001 in Fig. 3,
TO: r = 0.572, p < 0.001). In terms of knee internal rotation, strong correlation was found in all three different
directions (TI: r = 0.846, p < 0.001, TN: r = 0.791, p <
0.001 in Fig. 4, TO: r = 0.749, p < 0.001).
Kinetics

As to knee kinetics, external knee flexion moment did
not have correlation between these movements (TI: r =
− 0.11, p = 0.529, TN: r = − 0.007, p = 0.969, TO: r = −
0.022, p = 0.900). On the other hand, external knee abduction moment presented significant correlation in all
three different directions (TI: r = 0.574, p < 0.001, TN:
r = 0.499, p < 0.01 in Fig. 5, TO: r = 0.469, p < 0.01). Regarding knee internal rotation moment, no significant
correlation was found (TI: r = 0.313, p = 0.067, TN: r =
0.263, p = 0.122, TO: r = 0.269, p = 0.118). Even if knee
abduction angle, tibial internal rotation angle, and

external knee abduction moment had significant correlations, values were notably greater in SLDL than in SL especially for external knee abduction moment, as SLDL
was a higher demanding activity compared to SL.

Discussion
The result of the present study partly supported the hypothesis that knee kinematics and kinetics during SL
could be correlated with those during SLDL. The most
important finding of the current investigation was that
significant correlation between SL and SLDL was found
in knee abduction angle, knee internal rotation, and external knee abduction moment under all three different
directions including TI, TN, and TO, though absolute
value was different between these movements.
The occurrence of dynamic knee valgus when landing
from a jump increases the risk of ACL injury. According
to the previous studies, valgus loading would be a contributing factor in ACL injury mechanism and tibial internal tibial rotation was coupled with valgus motion
(Koga et al. 2010). Hewett et al. reported that female
athletes with increased knee abduction angle at initial
contact, peak knee abduction angle, and peak knee abduction moment would be correlated with an increased
risk of non-contact ACL injury during drop vertical
jump (Hewett et al. 2005, 2015). Moreover, Kimura et al.
evaluated 17 right-handed female college badminton
players using a 3-dimensional motion analysis system,
and suggested that increased knee valgus angle and
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moment following back-stepping to the backhand-side
might be related to the higher incidence of ACL injury
during single-leg landing after overhead stroke (Kimura
et al. 2012). Therefore, knee abduction angle, external
knee abduction moment and internal tibial rotation
angle were extremely important for the assessment of
non-contact ACL injury. In the present study, significant correlations between SL and SLDL were found
in knee abduction angle, knee internal rotation, and
external knee abduction moment under three different
toe directions. Based on the previous studies, toe-in
and toe-out might lead to the malalignment of the
knee joint (Sakurai et al. 2019). It is helpful for physiotherapists to take caution of the toe-neutral position
for the patients with ACL injury during SL exercise,
as it is believed that correction of toe direction during SL is important to maintain the appropriate toe
position even in high demanding activities such as
SLDL.
Several limitations should be noted in the present
study. First, all subjects in the present study were male
athletes. Results of female athletes remain unknown. Although females have a greater risk of ACL injury than
males, males were selected in the present study as all examiners for the present study were males in our laboratory. Second, stiffness of the ankle was not evaluated,
even if the toe direction was confirmed using the same
sheets. According to the previous study, restrictions in
passive ankle dorsiflexion range of motion might contribute to a landing with less flexion at the knee joint
(Dowling et al. 2018). Third, muscular activation using
surface electromyography did not be assessed. Fourth,
skin motion error was not assessed, and thus it was possible that the accuracy during SLDL was not equal to
that during SL. Lastly, the present study was evaluated
only at 60 degrees of knee flexion, while ACL injuries
typically occur near extension during landing tasks.
However, the results of the current study provide valuable information when considering the biomechanical
correlation between SL and SLDL for appropriate
rehabilitation.

Conclusions
From the present study, significant correlation between SL
and SLDL was found in knee abduction angle, knee internal rotation, and external knee abduction moment
under all three different directions including TI, TN, and
TO. In addition, as TI and TO may lead to the malalignment of the knee joint based on previous studies, physiotherapist should take care of toe direction and reform the
movements especially for athletes who present malalignment of the knee joint during SL with TI or TO to prevent
ACL injury in landing tasks.

Page 6 of 7

Abbreviations
ACL: Anterior cruciate ligament; CKC: Closed kinetic chain; SL: Static lunge;
SLDL: Single-leg drop landing; TI: Toe-in; TN: Toe- neutral; TO: Toe-out
Acknowledgements
The authors gratefully acknowledge the valuable contribution of Satoshi Imai
RPT, Mr. Ryoji Hayakawa, Yu Iwama MD, Kazuya Kaneda MD, and Mrs. Sumi
Yamashita.
Authors’ contributions
KH and AS designed the study. AI and YM accumulated the data. SK, YN and
TN coordinated and supervised data collection. KH and AS analyzed the
data. KH drafted the manuscript. All authors contributed to interpretation of
the findings. All authors participated in reviewing and editing the
manuscript, and approved the final manuscript.
Funding
This study was not supported.
Availability of data and materials
All supporting data can be provided based on request to the authors.
Ethics approval and consent to participate
This study was approved by the Ethics Committee and Institutional Review
Board of Keio University Hospital (IRB No. 20080054). A written informed
consent was collected from each male volunteer.
Competing interests
The authors declare that they have no competing interests.
Received: 17 July 2019 Accepted: 24 September 2019

References
Cho SH, Bae CH, Gak HB (2013) Effects of closed kinetic chain exercises on
proprioception and functional scores of the knee after anterior cruciate
ligament reconstruction. J Phys Ther Sci 25:1239–1241
Dowling B, McPherson AL, Paci JM (2018) Weightbearing ankle dorsiflexion range
of motion and sagittal plane kinematics during single leg drop jump landing
in healthy male athletes. J Sports Med Phys Fitness 58:867–874
Escamilla RF, Fleisig GS, Zheng N, Barrentine SW, Wilk KE, Andrews JR (1998)
Biomechanics of the knee during closed kinetic chain and open kinetic chain
exercises. Med Sci Sports Exerc 30:556–569
Hewett TE, Myer GD, Ford KR, Heidt RS Jr, Colosimo AJ, McLean SG et al (2005)
Biomechanical measures of neuromuscular control and valgus loading of the
knee predict anterior cruciate ligament injury risk in female athletes: a
prospective study. Am J Sports Med 33:492–501
Hewett TE, Myer GD, Kiefer AW, Ford KR (2015) Longitudinal increases in knee
abduction moments in females during adolescent growth. Med Sci Sports
Exerc 47:2579–2585
Ishida T, Yamanaka M, Takeda N, Aoki Y (2014) Knee rotation associated with
dynamic knee valgus and toe direction. Knee 21:563–566
Keays SL, Sayers M, Mellifont DB, Richardson C (2013) Tibial displacement and
rotation during seated knee extension and wall squatting: a comparative
study of tibiofemoral kinematics between chronic unilateral anterior cruciate
ligament deficient and healthy knees. Knee 20:346–353
Kimura Y, Ishibashi Y, Tsuda E, Yamamoto Y, Hayashi Y, Sato S (2012) Increased
knee valgus alignment and moment during single-leg landing after
overhead stroke as a potential risk factor of anterior cruciate ligament injury
in badminton. Br J Sports Med 46:207–213
Koga H, Nakamae A, Shima Y, Iwasa J, Myklebust G, Engebretsen L et al (2010)
Mechanisms for noncontact anterior cruciate ligament injuries: knee joint
kinematics in 10 injury situations from female team handball and basketball.
Am J Sports Med 38:2218–2225
Lin DH, Lin YF, Chai HM, Han YC, Jan MH (2007) Comparison of proprioceptive
functions between computerized proprioception facilitation exercise and
closed kinetic chain exercise in patients with knee osteoarthritis. Clin
Rheumatol 26:520–528
Romero-Franco N, Montano-Munuera JA, Jimenez-Reyes P (2017) Validity and
reliability of a digital inclinometer to assess knee joint-position sense in a
closed kinetic chain. J Sport Rehabil 26. https://doi.org/10.1123/jsr.2015-0138

Harato et al. Journal of Experimental Orthopaedics

(2019) 6:42

Sakurai A, Harato K, Morishige Y, Kobayashi S, Niki Y, Nagura T (2019) The effects
of toe direction on three-dimensional knee kinematics during closed kinetic
chain exercise in patients with anterior cruciate ligament deficient knee. Asia
Pac J Sports Med Arthrosc Rehabil Technol 18:1–5
Teng PSP, Kong PW, Leong KF (2017) Effects of foot rotation positions on knee
valgus during single-leg drop landing: implications for ACL injury risk
reduction. Knee 24:547–554
Tran AA, Gatewood C, Harris AH, Thompson JA, Dragoo JL (2016) The effect of
foot landing position on biomechanical risk factors associated with anterior
cruciate ligament injury. J Exp Orthop 3:13
Ucar M, Koca I, Eroglu M, Eroglu S, Sarp U, Arik HO et al (2014) Evaluation of
open and closed kinetic chain exercises in rehabilitation following anterior
cruciate ligament reconstruction. J Phys Ther Sci 26:1875–1878
van Melick N, van Cingel RE, Brooijmans F, Neeter C, van Tienen T, Hullegie W
et al (2016) Evidence-based clinical practice update: practice guidelines for
anterior cruciate ligament rehabilitation based on a systematic review and
multidisciplinary consensus. Br J Sports Med 50:1506–1515
Whatman C, Hing W, Hume P (2011) Kinematics during lower extremity
functional screening tests--are they reliable and related to jogging? Phys
Ther Sport 12:22–29
Whatman C, Hume P, Hing W (2013) Kinematics during lower extremity
functional screening tests in young athletes - are they reliable and valid?
Phys Ther Sport 14:87–93

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 7 of 7

