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values of all models between 2D valgus and 3D internal tibial rotation were not significantly different from zero.
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According to a prospective study (Hewett et al., 2005), individuals who wenrt on to have an
ACL injury had a 7.6° greater knee abduction angle at landing than those who did not get
injured. Although a different movement task was studied, 9° of injured knee-abduction
angle (Hewetr et al., 2005) could be used to determine the accuracy of the regression
modds.Bydningso,thefalse-negntiwrat:wnB_S%,JO%.nndM%fﬂttheI.inear,
quadratic, and logarithmic model, respectively. The false-positive rate was 0%, 10%, and
10% for the linear, quadratic, and logarithmic model, respectively, Thus, these regression
models could be used as one screening tool to assess the risk of ACL injury during landing.
However, the false-negative rates were slightly high. Therefore, other screening tools [i.e.
lower imb strength (Barber-Westin et al., 2006) and joint laxity (Myer et al., 2008)] should
be used in addition to these regression models to introduce athletes who are at risk for ACL
injury to prevention training.

Since there was no significant difference between the three models based on the R 2 values,
any of the models can be used to evaluate knee valgus. However, the data points scatter around
the regression curves, especially between 10° and 15° of 2D valgus. In this area, other factors
contributing to the 2D valgus angle (i.e. hip rotation, ankle eversion/inversion, stance width,
etc.) vary between individuals in a way that is not correlated with knee valgus. Although this
occurrence is a fundamental limitation of the regression model approach, the non-linear
regression models take into account the scatter in this area better than the linear model,
Therefore, we suggest that the logarithmic regression model, which has a damping behaviour,
has most suitable to evaluate knee valgus, On the other hand, data points above 15° of 2D
valgus fit well with the regression curves. In this area, the regression model can be used to
screen individuals at risk for ACL injury, since the knee abduction angle is relatively large.

In this study, participants who showed knee varus during landing were excluded. In theory,
the correlation should hold whether valgus or varus was measured. However, there was no
significant correlation when those who showed varus landing were included. The 2D
measurement of varus/valgus angle is affected by many factors including hip rotation, ankle
eversion/inversion, foot position, and knee flexion. This result shows that the contributions
of these factors may be different berween 2D valgus and 2D varus. Since most female athletes
show valgus landing and valgus landing is related to risk of ACL injury, we decided in this
study to screen for valgus only.

A significant regression relationship between 2D wvalgus and 3D internal tibial rotation
could not be determined. Increased internal tibial rotation combined with knee valgus leads
to increased strain (Berns et al., 1992) and increased force (Markolf et al., 1995; Kanamori
et al.,, 2002) in the ACL. Therefore, evaluation of internal tibial rotation during landing has
benefits for screening and identifying risk of ACL injury. However, from the results of this
study, using frontal plane 2D analysis of valgus motion to evaluate internal tibial rotation is
not advised. It may be necessary for other parameters (e.g. foot position) to be examined or
3D analysis should be used to measure tibial rotation.

There are some limitations to this study. First, it is unclear whether the sratistical
regression model in this study could be applied to other athletic populations or to male
athletes. Purthermore, since the participants in this study were barefoor, the effect of wearing
shoes could have an influence on the results, There is also a fundamental limitation of the
regression model approach. As mentioned earlier, hip internal rotation and other variables
are correlated to 2D knee valgus; however, at times these factors vary among individuals in a
way that does not correlate with 2D knee valgus and thus contributes to scatter within the
data. Lastly, the power of this test to make comparisons among regression models was low
(0.18). To examine which statistical model best describes the 3D knee kinematics, a larger
sample size is needed.
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Conclusion

We examined the reliability of a 2D approach to screen individuals for risk of ACL injury
duringahnnplandingmsk.‘l‘heresu]tssmestmatnoton!ydmljnmmodel,bm&u
quadratic and logarithmic models, show a moderate association between the 2D and 3D
methods to measure knee abduction. The 2D approach could be used to screen a specific
group of individuals who have greater 2D valgus and 3D knee abduction. However, the use of
frontal plane 2D analysis of valgus motion to evaluate internal tibial rotation is not advised.
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ARTICLE INFO ABSTRACT

Article history: In order to examine if the addition of an arch support could improve the biomechanical effect of the

Received 23 February 2008 laterally wedged insole, three-dimensional gait analysis was performed on 20 healthy volunteers. Kinetic

Received in revised form 9 August 2008 and kinematic parameters at the knee and subtalar joints were compared among the following four types

Accepted 12 August 2008 of insoles; a 5-mm thick flat insole, a flat insole with an arch support (AS), a 6° inclined laterally wedged

insole (LW), and a laterally wedged insole with an arch support (LWAS). The knee adduction moment

et SR averaged for the entire stance phase was reduced by the use of LW and LWAS by 7.7% and 13.3%,

Krida respectively, from that with FLAT. The difference in knee adduction moment between LW and LWAS was

Laterally wedged insole most obvious in the late stance, which was ascribed to the difference in the progression angle between

Arch support those insoles. The analyses also revealed that LW tended to increase step width, and that such an increase

Gait analysis wumplct:lydimlmtadhymuddiﬁwdmmmew.mmumdmwiﬁd:wuld

ummrwmmmmdmmmzwmmmd

biomechanical parameters at the subtalar joints suggested that LWAS allowed the subject to walk in a

more natural manner, while exerting greater biomechanical effects than LW. Thus, the addition of an arch

ampmwunllmnywedmhmkmdmdhmmmmmmmcmdmdy.pmﬂbw
duuuﬂathedbﬂmdmufpmﬂalnmﬁuzﬂ:mofﬂwlaunﬂywdpﬂinml;

© 2008 Elsevier B.V. All rights reserved.

1. Introduction associated with the severity of symptoms and progression of the

Osteoarthritis (OA) of the knee joint is the most prevalent joint
disease among the elderly. Loading of the knee has been shown to
play a key role in the development and progression of the disease
[1]. Loading while walking is particularly important, because
walking is the most frequently performed activity. During
walking, the load is not equally distributed between the medial
and lateral compartments of the joint. In a normal gait, the peak
force on the medial compartment is almost 2.5 times that on the
lateral compartment [2]. This uneven loading may account for the
high susceptibility of the medial compartment to OA. Once OA
changes are initiated, the magnitude of the medial load is

* Corresponding author ar: Dey of Etology, Clinical Research Center,
Hospital Organization Sagamihara Hospital, Sakuradal 18-1, Sagamih
Kanagawa 228-8522, Japan. Tel: +81 42 742 8311; fax: +81 42 742 7930,
E-mail address: n-fukui@sagamihara-hosp.gr jp (N. Fukui).

0966-6362/$ — see front matter © 2008 Elsevier BV. All rights reserved,
doi:10.1016/}.gaitpost 2008.08.007

disease [1,3]. Therefore, load reduction within the medial
compartment could be critical in the management of patients
with medial knee DA.

The load transferred through the medial and lateral compart-
ments during walking can be estimated on the basis of the external
knee adduction moment measured during three-dimensional gait
analysis [2]. Using this parameter, both the symptoms and
progression of medial knee OA were shown to correlate with
the magnitude of load transferred through the medial compart-
ment [1,3]. Knee adduction moment has also been used to evaluate
the effects of treatments directed to reduce the medial load [4-8].

Laterally wedged insoles are used to treat patients with medial
knee OA inits earlier stages [9,10], and successful results have been
reported [11,12]. However, its efficacy may be limited [9,13-15),
possibly because the insole fails to reduce knee adduction moment
in certain individuals [7,16]. Furthermore, its effectiveness may be
reduced by the discomfort caused by its use [17). In an attempt to
relieve that discomfort, we modified the insole by adding an arch
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support. Unexpectedly, the use of the modified insole not only
reduced discomfort but also enhanced the clinical results [18]. This
result led us to consider whether the addition of an arch support
may improve the biomechanical effect of the laterally wedged
insole. The present study was conducted to examine this
hypothesis.

2. Methods
2.1, Subjects

This study was performed on healthy vol under the app | of the
institutional review boards. Sample size was determined by a published
nomogram [18]. based upon our previous data [7,2021). The result indicated
that a sample size of 20 would be enough to detect a 5% difference in peak knee
adduction moment or peak subtalar abduction with a statistical power of
BOX and a 5% level of significance. Thus, 20 healthy volunteers (11 males and 9
females) who had no known history of symptoms with their back and lower
extremities were enrolled in this study. Informed consent was obtained in writing
from all volunteers. Prior to gait analysis, lower limbs were clinically examined
and weight-bearing antero-posterior radiographs were obtained to confirm that

with double-sided adhesive tape, and the subjects were requested to walk on the
walkway with the insoles, without wearing shoes, The insoles were tested at a self-
selected, natural walking speed. To keep the gait velocity constant during
measurement, 2 metronome was first set to the subject’s cadence, and the subject
was requested to walk with the insoles at that cadence. The four insoles were tested
sequentially during a single measurement session in a randomized order. For each
type of insole, the first or second trials were used as accommodation trials, while the
data of five sut trials were employed for the analysis.

2.4. Dara analysis

Data were analyzed by a previously described method [7,20,21]. The rotation of
the subtalar joint was defined as the rotation of the clcaneus relative to the lateral
and medial malleall. All joint were exp d as external moments and
were normalized to the subject’s body weight and height and expressed as a
percentage of body weight x height ($Bw x Hi).

Three kinematic parameters were also acquired from the measurements (Fig. 2).
Progression angle was the angle between the direction of galt progression and the
foot axis at midstance. Step width was the distance between the centers of pressure
(COPs) of the right and left foot across the direction of gait progression, and step
length was the distance traversed by a single step.

The kinetic and kinematic parameters of knee and subtalar joints were first

there was no abnormality. Details of the subjects are shown in the supp ary
data (Supplementary Table 1).

2.2, Date acquisition system

Three-dimensional gait analysis was conducted with a 12-camera optoelectronic
motion analysis system (Vicon 512; Oxford Metrics, Oxford, UK) combined with
eight force platforms (Kistler 9281C; Kistler Instrument, Winterthur, Switzerland)
as described previously [7,20,21). Detalls of the data acquisition system are given in
the y data (Supph v Method),

2.3. Experimental protocol

Four types of Insoles were tested [n this study (Fig. 1). A laterally wedged insole
(LW) had the size of the entire sole and was inclined medially at an angle of 6° along
the full length of the insole. A laterally wedged insole with an arch support (LWAS)
was used to evaluate the effect of that added arch support. A 5-mm thick, flat insole
without inclination (FLAT) and a flat insole with an arch support (AS) were used as
the controls. All insoles and arch supports were made of ethylene vinyl acetate (EVA
8200, Toyo Sponge, Tokyo, Japan). which had an elasticity coefficient of 100-300 kg/
mm?, The insole size and the shape and height of the arch support were adjusted to
fit each subject. The insoles were directly attached to the subjects' soles bilaterally

compared with the four types of insoles for the entire stance phase. Then the stance
phase was divided Into three sections of equal length, and the parameters for the
four insoles were compared in the respective sections, The results are shown by the
mean +, -, or = standard error of means (SEM.)

25, Statistical analysis

Statistical analysis was performed with the Dr. SPSS-l software (version
11.01.1], SPSS Japan, Tokyo, Japan) Data were initlally analyzed by repeated
measures one-way analysis of variance (ANOVA) and, when necessary, Dunnett's

multiple comparison was employed as a post hoc test. The level of significance was
set at p < 0.05.

3. Results
3.1. External adduction moment at the knee joint

The time-distance parameters and ground reaction force that
could affect the kinetics and kinematics of the knee and subtalar

Fig. 1. Insoles used for this study. Upper (upper panels) and posterior views (lower panels) of FLAT (A), AS (B), LW (C), and LWAS (D) are shown. in (B) and (D), white

arrowheads indicate arch supports added to the insoles.
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Jjoints were not significantly different among the insoles (Supple-
mentary Table 2).

In accordance with previous studies [5.822-25], external
adduction moment of the knee joint presented a two-peak pattern
during the stance phase (Fig. 3A). Considering this, the stance
phase in the current study was divided into three parts of equal
length (early, middle, and late sections), and the effect of the insole
was evaluated in respective sections as well as for the entire stance
phase.

Among the four types of insoles, the peak knee adduction
moment was the highest with FLAT (Fig. 3B). While the moment
with AS was similar to that with FLAT, the peak moment was
significantly reduced with LW and LWAS compared to FLAT
(p=0.010 and p=0.034, respectively). The adduction moment
averaged for the entire stance phase showed a similar change with
the insoles (Fig. 3C). The mean moment was highest with FLAT,
followed by AS and LW, and lowest with LWAS. The change of the
mean moment with the insoles differed from that of the peak
moment in that the reduction was more obvious with LWAS than
with LW. The reduction of the mean moment with LW and LWAS
was 7.7% and 13.3%, respectively, compared to that with FLAT. The
mean moment with LWAS was significantly lower than that with
LW (p = 0.002). Next, the knee adduction moment was averaged in
each of the three stance phase sections, and compared among the
insoles (Fig. 3D). In the early section, the moments with LW and
LWAS were slightly reduced compared to that with FLAT, but the
reduction was not significant for either insole. In the middle
section, the moment was significantly reduced with LW and LWAS
compared to that with FLAT (p = 0,003 and p < 0.001, respectively).

In the late section, the moment was obviously reduced with LWAS,
which was found to be significantly lower than that with LW
(p <0.001) as well as that with FLAT (p < 0.001). Although the
moment with LW was lower than that with FLAT, the reduction in
this section did not reach the level of significance (p = 0.053).

3.2. Valgus angle at the knee joint

In order to examine whether the observed difference in the
adduction moment was related to the change in the kinematics of
the knee joint, the valgus knee joint angle was compdred among
the four insoles, and no significant difference was found among any
of them (Supplementary Figure). Therefore, it is unlikely that the
change of knee adduction moment with the insoles was caused by
any difference in knee joint kinematics.

3.3. External abduction moment and valgus angle at the subtalar joint

Compared with FLAT, the peak abduction moment at the
subtalar joint was significantly higher with LW and LWAS than
with FLAT (p <0.001 for both), while it was almost unchanged
with AS (Fig. 4A). The level of increase was similar for LW and
LWAS. A similar trend was observed when the moment was
evaluated in each of the three sections during the stance phase
(Fig. 4B). That is, the moment was not altered with AS in either
section, but was equally increased with LW and LWAS compared to
FLAT in all three sections (p <0.003 for LW and p < 0,001 for
LWAS).

The valgus angle of the subtalar joint was averaged for each
section of the stance phase and compared among the insoles
(Fig. 4C). Throughout the sections, the valgus angle was lowest
with FLAT, followed by AS and LWAS, and highest with LW,

From these results, the addition of the arch support to LW may
indeed tend to reduce the change of subtalar valgus angle, while
exerting a similar level of abduction moment at the joint to that
with LW.

3.4. Progression angle and step width

The progression angle and step width were compared for the
four insoles. The progression angle was lowest with LW, and
highest with LWAS (Fig. 5A). The difference in the angle between
those two insoles was significant (p = 0.037). This result indicates
that the use of LW tended to induce a toe-in gait, but this trend was
completely reversed by the addition of an arch support to LW.
Meanwhile, the step width increased most with LW, and declined
most with LWAS (Fig. 5B). The difference in width between those
two insoles was statistically significant (p=0.033). Comparison
between LW and LWAS revealed that the step width tended to
increase with LW, but that increase was completely eliminated by
the addition of an arch support. These changes in the progression
angle and step width imply that the gait pattern could be altered by
the use of LW, but it'may be normalized by the addition of an arch

support.
4. Discussion

In our study, the peak knee adduction moment was reduced by
approximately 8.8% by the use of LW. This level of reduction was
similar to those in previous reports [5,6.26], which would support
the validity of our measurements. Although the peak moment was
not changed by the addition of an arch support to LW, the knee
adduction moment averaged for the entire stance phase was
significantly reduced by it (Fig. 3B and C). This reduction of the
moment was most obvious in the late stance (Fig. 3D). Our current
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Fig. 3. External adduction moment of the knee joint with the four types of insoles. (A) Knee adduction moment with the four types of insoles during the stance phase.

Representative result of a single subject fs shown. Data are averages of five measurements. (B) Peak values of knee adduction moment with the four types of insoles, (C)

Adduction moment averaged for the entire stance phase. Results of respective subjects are shown by lines of different colors together with the mean values of all subjects. (D)

_Mdu;danmwmwampdlnmﬂu sections of the stance phase and compared among the nsoles, In (B}~(D), values are the mean + or & SEM. *p < 0.05 and
P < 0.0, respectively,

analysis also revealed that the use of LW reduced the progression the late stance [4,27,28]. Therefore, it is very likely that the arch
angle, and that such a change in the angle was fully reversed by the support added to LW reduced the knee adduction moment through
addition of an arch support (Fig. 5A). The increase in progression the increase in the progression angle. Meanwhile, the finding that
angle has been shown to decrease the knee adduction moment in the progression angle decreased with the use of LW implies that

(A (B)

(%BwsHt)

AT T |

FLAT AS LW LWAS

Peak

Barly Middle Late
(C)
’8 .!
3
E
i i
@ O A IWiWAL TR A WA TR AR TV OV

Early Middle Late
Fig. 4. Abduction moment and valgus angle at a subtalar joint with the four types of insoles. (A) Peak values of abduction moment with respective insoles, (B) Abduction

moment averaged in respective sections of the stance phase. (C) Valgus angle averaged in respective sections of the stance phase, Values are the mean + or — SEM. *p < 0.05
and **p < 0,01, respectively.
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Fig. 5. Progression angle (A) and step width (B) with the four types of insoles. Values are the mean + SEM. p<005.

the effect of LW in reducing the knee adduction moment could be
impaired to some extent by a toe-in gait induced by it. A reduction
of the progression angle by LW was reported in another study [22].
This would pose a potential drawback with that type of insole. As
shown here, this drawback may be completely eliminated by the
addition of an arch support. Reduction of the progression angle
increases the risk of progression of medial knee OA, probably
through an increase of the knee adduction moment in the late
stance [29]. Therefore, such changes of progression angle should be
considered carefully when insoles are used to treat knee OA
patients.

The present study also revealed another potential problem with
the conventional laterally wedged insole. Our current observation
and those of others have consistently indicated that the use of LW
increased step width (Fig. 5B) [8,12). The wider the step width
becomes, the more lateral the position of the ground reaction force
would be from the center of gravity of the body, and this would
increase knee adduction moment. Therefore, in addition to the
change of progression angle, the increase in step width may be yet
another factor limiting the effect of LW in reducing the knee
adduction moment. Since the step width with LWAS was smaller
than that with the control insole, the addition of an arch support to
LW appeared to completely eliminate this second possible
drawback of the conventional wedged insole.

Another advantage of the additional arch support was
suggested by an analysis of the kinetic and kinematic parameters
at the subtalar joint. We previously reported that a laterally
wedged insole alters the kinetics and kinematics of the subtalar
joint [7,2021]. In accordance with those results, the use of a
laterally wedged insole increased the abduction moment and
valgus angle at the subtalar joint. The addition of an arch support to
LW tended to reduce the valgus angle of the joint (Fig. 4C), while
keeping the abduction moment equal to the level of LW (Fig. 4A
and B). During the measurements, some subjects complained of
instability or foot discomfort when wearing LW, but that feeling
was considerably relieved with LWAS. The discomfort associated
with the use of LW may be surmised to have stemmed from over-
abduction of the subtalar joints. This may have been alleviated by
the addition of an arch support, which reduced the degree of
abduction.

Thus, the addition of an arch support to the laterally wedged
insole changed all of the progression angle, step width, and valgus
angle at the subtalar joint closer to the levels of the control insole.
Therefore, it may be reasonable to assume that the addition of an
arch support to LW allowed the subjects to walk in a more
“natural” manner, while increasing the effect of the wedged insole
in reducing the knee adduction moment.

A significant limitation of this study is that the biomechanical
effect of insoles was investigated in healthy volunteers but not in
the actual OA patients. The differences in the types of wedged
insoles is another issue that was not addressed in this study, as
insoles with shorter wedging or other inclinations may be used in
clinics [13,14,30]. Since insoles are used more often within the
shoes, our measurement without shoes may not reflect the actual
situation of their use. This could also be a limitation of this study.
These points should be addressed in future studies. y

Medial knee OA deteriorates’in a vicious circle of increasing
varus angulation and loading of the medial compartment. The use
of a laterally wedged insole is expected to prevent further disease
progression by breaking this circle [5]. However, at present, insole
therapy has not yet become a common treatment for knee DA,
primarily because of its limited efficacy [7,9,13-16]. We hope that
our current findings will be useful in modifying the conventional
lateral wedged insole to obtain better clinical results,
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This study was designed to compare biomechanical characteristics of the knee joint for several athletic tasks
to elucidate their effects and to examine what tasks pose a risk for ACL injury.
mmmmmﬂmmwumuammmmumtmmmm
limb jump landing. Angular displacements of flexion/extension, ladduction, and external/internal
tibial rotation were calculated. Angular excursion and the rate of excursion of abduction and internal tibial
rotation were also calculated.

During plant and cutting, from foot contact, subjects rotated the tibia more rapidly and to a greater degree
toward internal tibial rotation. Moreover, excursion of knee abduction is greater than that during single-limb
hnmmm-mmwkuMhQMummmmmmmhmm
ummuwpumammmmm“mmrmmwmuw
plant and cutting.

In plant and cutting, the risk of ACL injury is increased by greater excursion and more rapid knee abduction
than that which occurs in single-limb landing, in addition to greater internal tibial rotation. Although single-
mmmmmamummmmwmmmmmum

greater knee abduction might also risk ACL injury.

© 2008 Elsevier BV. All rights reserved,

1. Introduction

Anterior cruciate ligament (ACL) injury is a serious injury in sports
activities. After ACL injury, most athletes must undergo ligament
reconstruction and continue rehabilitation for 6 menths to a year
before returning to sports activities [1). The rate of ACL injury is
reportedly much higher for female athletes than for males [2,3].
Additionally, almost 70% of situations causing ACL injury are
noncontact situations: landing from a jump, stopping after fast
running, and cutting to a different direction [2.4].

Understanding the mechanisms of ACL injury is important for its
prevention. Olsen et al. [5] described ACL injury mechanisms from
viewing videotapes of ACL injuries. They concluded that the main
injury mechanism for ACL injuries is a forceful valgus collapse with the
knee close to full extension, combined with external or internal
rotation of the tibia. However, ACL injuries occur rapidly during games
and practice sessions. In most cases, it is difficult to determine the
mechanisms of ACL injury from videotapes or pictures recording the

* Corresponding author. Yasuharu Nagano, Waseda University Graduare Schoal of
Sports Sciences, Sports Orthopedic Lab Mikajima 2-579-15, Tokorozawa. Saltama 350-
1192, Japan. Tel: +§1 4 2047 7031; fux +81 4 2947 6879,

E-mail address: ynema®{2.dion.nejp (Y. Nagano).

0968-0160/5 - see front matier © 2008 Elsevier BV, All rights ressrved,
doi:10.1016/].knee 2008 10,012
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injury situation because of the image quality. Therefore, many
researchers have examined injury mechanisms from motion capture
images taken in laboratory conditions.

Numerous studies using motion capture systems have examined the
mechanism and risk factors of ACL injury during athletic tasks according
to gender differences. As described previously, female athletes are more
prone to sustaining ACL injury than male athletes. Therefore, female
characteristic kinematics and kinetics are thought to be risk factors
related to ACL injury mechanisms. Earlier studies have shown that
female athletes demonstrate larger knee valgus than male athletes
during landing or many other athletic tasks [6-12]. Hewett et al. [13]
measured kinematics and joint loads using kinetics during a jump-
landing task prospectively: results showed that female athletes with
increased dynamic valgus and high abduction loads are at Increased risk
of anterior cruciate ligament injury. Therefore, knee valgus has been
recognized as a risk factor and one mechanism of ACL injury. Tibial
rotation during athletic tasks has been examined recently: we examined
gender differences of tibial rotation during single-limb drop landing and
estimated that the risk factor and mechanism of ACL injury would be
greater for tiblal internal rotation combined with knee valgus [14].

Another approach to examination of the mechanism of ACL injury
using motion capture systems is analysis of biomechanical character-
istics during tasks that pose a high injury risk for ACLinjury. In fact, ACL
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Fig. 1. Sequential photographs of experimental tasks: Single-limb landing (a), plant and cutting (b), and both-limb jump landing.

injuries often occur in plant and cutting movements while leaning on
one leg and forcing a knee valgus [4,5]. Sell et al [15] examined the
effects of direction during a two-legged stop-jump task and concluded
that lateral jumps are the most risky manoeuvres for ACL injury. Pappas
et al. [16] compared bilateral and unilateral landings and found that, in
unilateral landings, subjects performed high-risk kinematics with
increased knee valgus, decreased knee flexion, and decreased relative
hip adduction. However, they only analyzed knee valgus at initial
contact during landings and did not examine the plant and cutting
manceuvre, which is thought to pose greater risk for ACL injuries. The
characteristics of plant and cutting and several athletic tasks have never
been well est C

This study was intended to compare biomechanical characteristics
of the knee joint between plant and cutting tasks and normal single-
limb landing, and to compare characteristics between both-limb jump
landing and single-limb tasks. Comparison of kinematics among tasks
can elucidate-the characteristics of these tasks, and enable examina-
tion of what tasks pose a risk for ACL injury. Understanding risky tasks
and movements can help prevent ACL injury because team trainers
and coaches might thereby be better able to instruct their athletes to
avoid such movements. Our hypotheses were two. During a plant and
cutting manoeuvre, subjects demonstrate riskier kinematics for ACL
injury than during normal single-limb landing because of greater knee
valgus and greater internal tibial rotation, In addition, during single-
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Fig 2. Comparisons of joint motion. Data are presented for knee abduction/adduction
(a), externalfinternal tibial rotation (b), and knee flexion jextension (c).

limb tasks, subjects demonstrate riskier kinematics than during both-
limb tasks,

2. Materials and methods
2.1, Subjects

A power analysis conducted during a pilot study revealed thatat least
24 subjects were necessary to achieve B0X statistical power with an ot
level of0.05. In all, 24 female athletes were recruited for the experiment.
Half were basketball players; others were lacrosse players. Subjects were
excluded from the study if they had a history of serious musculoskeletal
injury, any musculoskeletal injury within the past 6 menths, or any
disorder that interfered with sensory input, musculoskeletal function, or
motor function, Before participation, all subjects provided written
informed consent in accordance with approval by the Institutional
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Table 1
Mean (5D) for tasks observed power of joint angle at the time of foot contact

Knee abduction  External tibial rotation  Knee fexion

Single limb landing -4.0 (15) a0(3.4) ' 158(5.0) |
Plant and cutting -ﬂ{!.l}" 24(43)" mzrmr'l
Both limb jump landing -12{!41" -snmr’ mmr
Observed power

*: p<0.05, **: p<0.0L

Review Board of National Rehabilitation Center for Persons with
Disabilities. The average age of subjects was 21.1 (1.3) yr (Mean (SD));
their average height was 166.1 (8.3) cm and their average weight was
593 (8.2) kg. All subjects were right-leg dominant. The dominant leg
was determined as the leg used to kick a ball.

2.2. Experimental task

All subjects were measured in a static standing position and during
performance of three athletic tasks: single-limb landing, plant and
cutting, and both-imb jump landing. For the single-limb landing,
subjects stood on a 30-cm-high platform with the left limb, and
landed on a platform 30 cm away with the right limb (Fig. 1a). They
were required to unyoke their left foot from a platform, and, when
they start a Janding motion, not to land the right limb along with their
left limb on a platform. A trial was considered successful if they
retained the landing position. For the plant and cutting, subjects stood
on a platform, as in the single-limb landing. They were required to
land with their right foot 45 abducted from the original direction and
to push off their foot perpendicularly (to the left) with the right foot to
make a cut (Fig. 1b). They also were required to make three steps after
the cut. A trial was considered successful if they landed with their foot
at the prescribed angle and made a cut to the prescribed direction. For
both-limb jump landing, subjects performed vertical jumps five times
using both legs with maximum effort [17] (Fig. 1c). They were
instructed to stand with their feet shoulder-width apart and face the
frontal plane during testing. The subjects were given verbal instruc-
tion to shorten their foot contact time as much as they were able and
to jump as high as they were able. The landings from the second to
fourth time of their dominant limb were measured for analysis.
Throughout the experiment, the subjects were barefoot and kept their
hands on their lower torso. The subjects were allowed to perform
several preparation trials. Measurements were continued for three
successful trials: each was conducted consecutively.

2.3, Data collection

All experiments were performed at the National Rehabilitation
Center for Persons with Disabilities in Saitama, Japan. A seven-camera
high-speed motion analysis system (Hawk; Motion Analysis Corp., Santa
Rosa, CA) was used to record the lowerlimb movements three-
dimensionally. The motion and force data were recorded at 200 Hz
The laboratory was equipped with six force plates (9287A; Kistler Japan
Co,, Ltd., Tokyo, Japan). Vertical ground-reaction force was used to signal
the initial contact to determine the data capture period.

Table 2
Mmm)mmmmdwkmw

Internal libial rotation ~ Knee flexion
Single timb landing -1.2[5.2] 123(5) | 725(67)
Plant and cutting -26(6.1) I 144 (60 ] 704@5) |
Both limb jump landing 71{5_5:.- | uscss) 803(16.4)
Observed power 0.88
*: p<0.05,**; p<0.OL
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Table 3
Mean (SD) for angular excursion (deg) and rate of excursion (deg/ms)

Knee abduction Internal tiblal rotation
Excursion Rate Excursion Rate

Single limb landing 6.6 (3.5) 0.12(005) 21.4(64) 0.15(0.06),
Plant and cutting 9.8(33}"[]"‘ 0.13(0.04) 268 (6.8)" ||“ 022(0.07)
Both limb jump landing 11.2(3,5) 0.74(005) 1221 (49)* 014 (0.05) "

*: p<0.05, *: p<0.01.

To each subject, 25 reflective markers of 9 mm diameter were
secured o the lower limb using double-sided adhesive tape, as
dsaibedhaprevkmstudy[“l.memrkasweusedmmmnr
the Point Cluster Technique (PCT) [18]. We calculated knee kinematics
using the joint coordinate system proposed by Grood and Suntay [19].
For PCT, the skin markers are classified into two groups: a cluster of
points representing a segment and points representing bony landmarks.
For a cluster of points, 10 and 6 markers were attached respectively to
the thigh and shank segments, The bony landmarks were the great
trochanter, the lateral and medial epicondyles of the femur, the lateral
and medial edges of the tibia plateau, the lateral (fibula) and medial
malleoli, and the fifth metatarsophalangeal joint.

24, Data analysis

The coordinate data obtained from the markers were not smoothed
because of the expected noise-cancelling property of the PCT. In each
trial, we calculated the angular displacements of flexion/extension,
abdutbn!idducduuandmﬂnmﬂtmhlmhﬂmmhgmm
The reference position for these measurements was obtained during the
static trial. We analyzed each variable at the time of foot contact and the
peakvalm&mnthefmtcmmmﬂﬂnuﬂlmmnddmomﬂy.
angular excursion for knee abduction and internal tibial rotation was
calculated. A rate of excursion for knee abduction and internal tibial
rotation was also calculated.

All dependent variables were calculated for each trial, then averaged
across the three trials. A repeated measures one-way ANOVA was used
to test for task differences in joint angle at the foot contact and peak joint
angle. The alpha level was set at p<0.05. A post hoc Bonferroni multiple
comparison test was performed for each variable to determine
differences among tasks. Intraclass correlation coefficients (ICC (1, 3))
were calculated to determine the measurement consistency.

3. Results )
Anwpubhﬁ[h;}whudhhdhmﬁapakmm

established for knee abduction/adduction (0.98, 0.97), externalfintemal tibial rotation
(083, 0.98), and Mexion/extension (0.96, 0,89). Fig. 2 portrays mean time course

d power for all variables at the time of foot
contact are presented in Table 1. The adduction angle in plant and cutting was significanty
larger than that for either single-limb landing or both-imb jump landing (p<0.01,
respectively); that in single-limb landing was significantly larger than that of both-limb
jump landing (p<0.05). The extemal tbial rotation angle in plant and cutting was
significantly larger than for either single-limb landing or both-limb jump landing
(p<0.01); that in single-limb landing was significantly larger than that of both-limb
jump landing (p<0.01). The fiexion angle in both-limb jump landing was significantly
larger than that of either single-limb landing or plant and curting (p<0.01); that in plant
and cutting was significantly larger than that of single-limb landing (p<0.01)

Means and standard deviations of peak values for all variables are presented inTable 2.
The peak abduction angle in both-fimb fump landing was significantly larger than that of
either single-limb landing or plant and cutting (p<0.01 and p<0,05, respectively). During
single-limb landing or plant and cutting, their knee was abducted from foot contact with
mumnma:marpmximwmmmmmmmmm
plantand cutting and both-limb jump landing were significantly larger than that of single-
limb landing (p<0.05 and p<0.01, respectively), The peak flexion angle in plant and cutting
was significantly smaller than both-limb jumnp landing (p<0.05),

The angular excursion and velocity for knee abduction and internal tibial rotation
are presented in Table 3. The excursion for knee abduction in plant and cutting and

both-limb jump landing was significantly larger than that for either single-fimb landing
(p=<0.01, respectively). The rates of excursion for knee abduction among three tasks
were not significantly different. The excursion for internal tiblal rotation tn plant and
cutting was significantly larger than for either single-limb landing or both-limb jump
landing (p<0.01, respectively), whereas that in single-limb landing was significantly
larger than that of both-limb jump landing (p<0.01), The rate of excursion for internal
tibial rotation In plant and cutting was significantly faster than that for either single-
limb landing or bath-limb jump landing (p<0.01, respectively).

4. Discussion

The primary purpose of this study was to analyze the biomechanical
characteristics of the knee joint during several athletic tasks, and to
examine what tasks present a risk for ACL injury. A plant and cutting
manoeuvre is a movement that commonly causes ACL injury, of which
most situations were single-foot push-offs [5]. However, biomechanical
characteristics of plant and cutting and several athletic tasks are unknown.
Therefore, to compare a plant and cutting and normal single-limb landing
as well as both limb landing. we can understand these athletic tasks and
examine what tasks are risky for ACL injury. The results of this study
showed that greater excursion and more rapid knee abduction occur in
plant and cutting than that which occurs in single-limb landing, in
addition to greater internal tibial rotation. Furthermore, compared to
similar single-limb tasks, both-limb jump landing knee flexion and knee
abduction were greater; external tibial rotation at the foot confact was
smaller.

4.1, Plant and cutting versus single-limb landing

Some recent studies have compared biomechanical characteristics
across different athletic tasks [815,20]. Nevertheless, these studies
present some limitations. Although Chappell ‘et al. [8] compared knee
kinematics of forward, vertical, and backward stop-jump tasks, they did
not examine lateral movement. Sell et al. [15] compared two-legged
stop-jumnp tasks in three different directions. Although their results
indicate that lateral jumps are the most dangerous of the stop-jumps, all
tasks were two-legged tasks, not single-leg tasks. Besier et al. [20)
compared the joint load during running, sidestep cutting, and crossover
cutting. They inferred that external moments applied to the knee joint
during the stance phase of the cutting tasks place the ACLand collateral
ligaments at risk of injury, but they did not analyze joint kinematics and
the frequency of the motion analysis system was too slow to support
examination of high-speed athletic tasks. Therefore, the results of this
study, along with those of the prior study, provide some implications of
mechanisms causing ACL injury.

The results of this study showed that, during plant and cutting
extemal tibial rotation at the foot contactand peak internal tibial rotation
were greater than during single-limb landing. During plant and cutting,
from foot contact, subjects rotated the tibla more rapidly and to a greater
degree toward internal tibial rotation than during single-limb landing,
Previous studies [8,15,16] that examined the mechanism of ACL injury
have not analyzed tibial rotation during high-risk movement, probably
because of technical issues. In this study, we analyzed tibial rotation
using PCT. An anatomical study has demonstrated that internal tibial
rotation increases the strain of ACL [21]. Therefore, biomechanically and
anatomically, plant and cutting presents a high risk for ACL injury.

During plant and cutting, subjects demonstrated more increased knee
adduction at foot contact than during single-limb landing. After foot
contact, during single-limb landing, subjects showed twin peaks of knee
abduction. During plant and cutting, subjects moved toward knee
abduction with time, although subjects did not exhibit a great magnitude
of knee abduction. Consequently, during plant and cutting, excursion of
knee abduction was greater than during single-limb landing. Therefore,
during plant and cutting, greater excursion of knee abduction occurred
than during single-limb landing combined with greater internal tibial
rotation to push off their body to the other side and change direction.

~241-



Y. Nagano et ol / The Knee 16 (2009) 153-158

4.2. Both-limb jump landing versus single-limb tasks

Some studies have analyzed kinematics or kinetics during bilateral
landing to examine ACL injury mechanisms [11,12,22]; other studies have
screened risks for ACL injury [13] or lower limb injury [23,24]. However,
few studies have examined the characteristics of bilateral landing in
comparison to single-limb landing. Only Pappas et al. [16] compared
bilateral and unilateral landings. Their results indicated that, in unilateral
landings, subjects performed high-risk kinematics with increased knee
valgus, decreased knee flexion, and decreased relative hip adduction.
However, they showed no peak knee valgus or tibial rotation during
landing,

The results of this study demonstrated that, during both-limb jump
landing, knee flexion at foot contact was greater than for single-limb
landing and plant and cutting, and that peak knee flexion was greater than
plant and cutting. These results were consistent with those of a previous
study [16]. Pappas et al. [16] speculated that subjects might attempt to
prevent falls by limiting excessive knee flexion during unilateral landing
compared to bilateral landing, while simultaneously increasing the forces
in ACL Additionally, in slight knee flexion, i.e. less than 30 , contraction of
the quadriceps strains the ACL [21,2526]. For that reason, slight knee
flexion is inferred as a risk factor of ACL injury. During a process of
prevention training leading athletes to increased knee flexion can
decrease the incidence of ACL injury. On the other hand, during both-
limb landing, external tibial rotation at the foot contact was less than that
during single-limb landing and plant and cutting, while peak internal
tibial rotation was not significantly different with plant and cutting.
Unilateral landing has a greater excursion of tibial internal rotation than
bilateral landing As described above, an anatomical study has demon-
strated that intemnal tibial rotation Increases the ACL strain [21].
Consequently, characteristics of unilateral landing that have less knee
flexion and greater internal tibial rotation present a higher risk for ACL
injury than bilateral landings.

During both-limb jump landing, peak knee abduction was greater than
for either single-limb landing or plant and cutting, while knee adduction at
foot contact was smaller. These resuits did not support our hypothesis. We
speculate that knee abduction was limited compensatory for greater
internal tibial rotation and smaller knee flexion to prevent ACL injury
during single-limb tasks. The possibility of ACL injury arose when subjects
allowed greater knee abduction during single-limb tasks. Another reason
might be that, because ACL injury occurs not only in single-limb situations
but also in both-limb jump landing, the latter also poses a risk for ACL
injury. Krosshaug et al. [27] analyzed videos of ACL injury situations and
reported that ACL injury occurred during two-legged landing in 9 of 22
cases of female player situations, although it occurred in only four cases of
one-legged landing. Therefore, it is thought that both-limb landing with
greater knee abduction might also pose a risk for ACL injury.

Greater knee abduction was apparent during a both-limb jump landing
task. For screening of ACL injuries, we detected knee abduction well in this
task. It is difficult to detect a risk demonstrating greater knee abduction
during single-limb tasks because of these characteristics, which demon-
strate limited knee abduction. Moreover, knee abduction during both-limb
landing can be evaluated using a two-dimensional approach, which uses a
video recorder and analyzes a frontal projected knee valgus angle [17].
Some studies have been conducted using comparable methods [23,28].
Consequently, considering convenience and effidency, both-limb jump
landing is thought to be valuable for screening the risk of ACL injury.

4.3, Limitations

This study has important limitations. Influences of the hip and ankle
have recently been suggested [9,29]. However, the present study
analyzed the kinematics of the knee only. Additionally, although joint
kinetics holds great importance for analyses of athletic tasks and for
examination of the mechanisms of injuries, we only analyzed knee
kinematics because we have not developed a joint-moment calculation
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system corresponding to PCT. Future studies should examine the
relation between kinematic data and kinetics data to assess the ACL
injury mechanism.

5. Conclusion

‘We compare the biomechanical characteristics of the knee joint for
several athletic tasks to elucidate the characteristics of single-limb
landing, plant and cutting and both-limb landing, and to examine what
tasks present a risk for ACL injury. The results indicate that, in plant and
cutting, knee abduction combined with internal tibial rotation poses a
risk of causing ACL injury. Both-limb landing with greater knee abduc-
tion might also pose risks for ACL injury.
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