
Detection of knee wobbling as a screen to identify athletes who may be at high 
risk for ACL injury
Akino Aokia, Satoshi Kubotab, Kosuke Morinagaa, Naiquan Nigel Zhengc, Shangcheng Sam Wangc 

and Kazuyoshi Gamadaa

aInternational University of Health and Welfare, Graduate School of Medical Technology and Health Welfare Science, Hiroshima International 
University, Hiroshima, Chiba, Japan; bTokyo International University, Saitama, Japan; cDepartment of Mechanical Engineering and Engineering 
Science, University of North Carolina at Charlotte, Atrium Health, NC, USA

ABSTRACT
This study developed a method to detect knee wobbling (KW) at low knee flexion. KW consists of 
quick uncontrollable medio-lateral knee movements without knee flexion, which may indicate 
a risk of ACL injury. Ten female athletes were recorded while performing slow, single-leg squats. 
Using motion capture data, the ratio of the frontal angular velocity to sagittal angular velocity (F/S) 
was calculated. An ‘F/S spike’ was defined when the F/S ratio exceeded 100%. The number of F/S 
spikes was counted before and after low-pass filtering at different cut-off frequencies. Intraclass 
correlation coefficients for KW and filtered F/S spike were analysed. KWs per squat cycle showed 
a median (range) of 3 (2–8) times. F/S spikes before and after low-pass filtering at 3-, 6-, 10-, and 15- 
Hz were 51 (12–108), 2 (0–6), 3 (1–12), 5 (2–21), and 9 (3–33) times, respectively. KWs and F/S spikes 
on motion capture with 6-Hz, low-pass filtering were well correlated (r = 0 .76). Median percentages 
of valgus and varus F/S spikes were 71% and 29%, respectively. After 6Hz, low-pass filtering, the 
number of F/S spikes was strongly correlated with observed KWs. An F/S spike assessment may be 
used to objectively detect KW, including flexion and varus/valgus angular velocity.
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Introduction

Severe anterior cruciate ligament (ACL) injury is suffered by 
athletes in various sports; therefore, cost-effective screening 
and a prevention strategy are needed. ACL reconstructive 
surgery increased 22% from 2002 to 2014 in the U.S., reach
ing 74.6 cases per 100,000 person-years (Herzog et al. 2018). 
Moreover, ACL injury requires 6 months (Kvist 2004) to 
2 years (Nagelli and Hewett 2017) of rehabilitation before 
an injured athlete can return to sports. A 2012 survey in the 
U.S. found that the total annual cost of ACL reconstruction 
had reached 2.8 USD billion (Mather et al. 2013). Further, 
athletes who return to sports after ACL reconstruction have 
a high risk of re-injury (Wiggins et al. 2016) and an increased 
likelihood of early onset of knee osteoarthritis (OA) (Harris 
et al. 2014). The incidence of ACL injury among female 
college basketball and soccer athletes is 3–4 times higher 
than among male athletes (Agel et al. 2005). Although 
research on ACL injury prevention has been conducted 
internationally (Hewett et al. 1999; Mandelbaum et al. 
2005), the incidence of ACL injury in female athletes has 
not decreased (Agel et al. 2016). A screening method to 
predict ACL injury has yet to be developed (Bahr 2016), but 
is needed to identify athletes at high-risk.

An optimal screening method should identify the 
potential injury mechanism. Previous studies on the 
mechanism of ACL injury demonstrated that most 
injury occurred during deceleration activity with slight 
knee flexion (<25°), valgus, with internal or external 
rotation (Krosshaug et al. 2007; Koga et al. 2010), and 
during high-impact activity with one leg (Boden et al. 
2000). Knee kinematics during ACL injury in female 
athletes were analysed using a model-based, image- 
matching technique and showed that the knee valgus 
angle increased by 12°, while the knee flexion angle 
increased by only 1° between the initial contact (IC) of 
the foot and 40 ms after IC (Koga et al. 2010). 
Therefore, the flexion component should be consid
ered in order to detect high-risk athletes. 
A prospective cohort study demonstrated that injured 
athletes have a greater valgus angle at baseline 
(Hewett et al. 2005). Previously, screening tasks to 
select high-risk athletes included a drop vertical jump 
(DVJ) with both legs from a box 30 cm high (Hewett 
et al. 2005; Krosshaug et al. 2016) and a landing error 
scoring system (LESS) (Smith et al. 2012; Padua et al. 
2015). Both of these methods utilized snap shots of 
knee positions at IC or maximal knee flexion during 
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landing. Knee flexion angles at initial contact during 
DVJ ranged from 30.3° to 32.3° (Cortes et al. 2011; Mok 
et al. 2017), while those at the onset of ACL injury 
ranged from 9° to 23° (Krosshaug et al. 2007; Koga 
et al. 2010). This indicates that the knee flexion angle 
at IC of DVJ is greater than that at the instant of ACL 
injury. Studies utilizing DVJ also lacked dynamic ana
lyses, such as repeated knee valgus/varus movement 
during the knee flexion phase or changes in flexion 
movement, since only a snapshot of the landing man
euver was analysed (Hewett et al. 2005; Smith et al. 
2012; Padua et al. 2015; Krosshaug et al. 2016). 
Moreover, the double-leg task during DVJ may dimin
ish abnormal knee movement due to the wide support 
base; thus, it may fail to detect the effects of trunk 
dysfunction. Therefore, previous screening methods 
utilizing DVJ probably have limited ability to reproduce 
knee position and movement at the moment of injury.

A more sensitive and specific screening method is 
needed to identify high-risk athletes. We hypothe
sized that ideally, such a screen should employ 
a single-leg task, simulating the knee position at the 
time of an ACL injury, and should include 
a parameter for dynamic knee movement. Repeated 
knee valgus/varus motion or knee wobbling (KW), 
comprising quick and uncontrollable medio-lateral 
movements (valgus/varus) with a reduction in the 
flexion angular velocity of the knee, can be detected 
at low knee flexion during single-leg squats. In our 
laboratory, repeated valgus/varus knee movements 
relative to flexion angle during single-leg landing 
were analysed at baseline among 71 athletes, and 
the relative risk was 1.35 [0.90, 2.03] (Koresawa et al. 
2014). While investigating the optimal single-leg 
squat speed to detect KW, it was found that 2.2 and 
1.2 KWs occurred during the descending phase of 
slow and fast single-leg squats (Koresawa 2013). 
However, that method has not been validated utiliz
ing a three-dimensional motion capture system, 
which would provide higher accuracy. KW can be 
defined as an ‘F/S ratio’ of the valgus/varus angular 
velocity (frontal plane movement) divided by the 
flexion angular velocity (sagittal plane movement). 
An ‘F/S spike’ can then be defined as a sudden 
increase in the F/S ratio, exceeding 100%, which 
may indicate a sudden reduction of flexion move
ment and a sudden increase of valgus/varus move
ment. The purpose of this study was to develop 
a laboratory-based method of detecting KW at low 
knee flexion during a single-leg squat.

Our hypothesis was that an appropriate filtering fre
quency would be able to distinguish F/S spikes that 
correlate with KW, making F/S spikes an objective 

index of KW. Accordingly, this is a preliminary study to 
develop a method of detecting KW utilizing an objective 
parameter. Results of this study will be used in future 
validation and prospective cohort studies.

Methods

(1) Participants

This was a cross-sectional study and the protocol was 
approved by Hiroshima International University. 
Participants were recruited from female basketball or 
volleyball teams on campus. Written informed consent 
was obtained from each participant prior to testing.

Inclusion criteria were as follows: (1) athlete partici
pating in team sports involving stopping, jumping, and 
pivoting; (2) 20–25 years of age; (3) female; (4) healthy; 
and (5) demonstrating KW on visual observation during 
single-leg squatting without any additional weight or 
stress. Exclusion criteria were as follows: (1) prior surgical 
intervention, bone fracture, or ligament injury to lower 
extremities; (2) pain during exercise; (3) range of motion 
limitation; (4) neural symptoms; (5) a psychological dis
order; or (6) any problem with communication or under
standing the research content.

● Recruiting

Ten basketball athletes and 20 volleyball athletes 
were invited to participate in this study, and 10 of 
these athletes (4 basketball and 6 volleyball athletes) 
agreed to participate. All 10 athletes proceeded to the 
screening session.

● Sample size

All ten subjects were 20 years of age. Height was 1.61 
[1.53, 1.69] m (mean [95% confidence interval (CI)]) and 
weight was 56.4 [50.8, 62.0] kg. All 10 subjects mani
fested KW during screening, and were included in the 
measurement session. According to a power analysis, 
eight subjects are sufficient for intraclass correlation 
coefficients (ICC). Therefore, a sample size of 10 provided 
an adequate spectrum of knee wobbling and was con
sidered sufficient to develop a method for future valida
tion studies.

(2) Screening

Screening to detect KW visually was performed 
using movies taken with 2D video cameras (Casio EX- 
FH25, CASIO COMPUTER Co., LTD, Japan) at 120 Hz 
positioned at the front and sides of the standing 
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subject. Each camera was located 3 m from the sub
ject. Slow, single-leg squats (SSLSs) without any addi
tional weight or stress were chosen as the screening 
task (Figure 1). Ten candidates were asked to perform 

SSLSs with each leg. After enough practice (at least 3 
times, but less than 5 min), the SSLS task was per
formed twice to confirm that it was being performed 
as instructed.

Figure 1. A slow, single-leg squat was performed the same way during screening and measurement. Subjects were instructed to 
perform the squat with an 8-s descending phase and a 2-s ascending phase, keeping time with a metronome, and with their arms 
crossed in front of their chests.

Figure 2. This system detected rotational movement of the knee in detail by distinguishing translational movement and measuring 
angles formed by triad markers.
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KW was defined as quick, uncontrollable medio- 
lateral movements (valgus/varus) with a reduction in 
the flexion angular velocity of the knee during single- 
leg squats. Visual observation was conducted by one of 
the authors while watching the screening videos. The 
same researcher performed all observations and rated 
KW during the screening session to identify candidates 
likely to present KW in the measurement session. All 10 
candidates demonstrated at least one KW during screen
ing and were included in further testing (Figure 2).

(3) Measurement and Analysis

● Measurement

SSLS was chosen as the task for the measurement session. 
Participants were allowed two practice attempts in order to 
perform the movement properly. One trial of two squat 
cycles was performed with no rest between cycles. Each 
squat cycle took 10 s, 8 s for descending and 2 s for ascend
ing, using an electro-metronome at 1 Hz. Starting from the 
single-leg standing position with the knee completely 
extended and the arms crossed in front of the chest, subjects 
were asked to flex the knee more than 30°. The opposite hip 
and knee were kept flexed with the tips of the toes ≥10 cm 
above the floor. The opposite hip was also slightly abducted 
to separate the knees by about 5 cm in order to avoid over
lapping the markers. No trunk tilting in the frontal plane was 
allowed, but there was no restriction on trunk movement in 
the sagittal plane. When trunk tilting was observed, the trial 
was aborted and re-performed.

● Analyses

Kinematic analysis was performed using a custom 
MATLAB 2020a (MathWorks Inc., Massachusetts USA) pro
gram developed by Gao and Zheng (2008). Knee kine
matics were analysed between 0° and 30° knee flexion to 
obtain knee flexion angular velocity (sagittal plane) and 
valgus/varus angular velocity (frontal plane). F/S ratio (%) 
was calculated using the following equation with the 
absolute value of the valgus/varus angular velocity: 

F=Sratio ¼
j valgus=varusðfrontalÞangularvelocity j

kneeflexionðsagittalÞangularvelocity

� �

F/S ratio >100% or <−100% was defined as an F/S spike, 
which was used as an index of quantitative KW. A high F/ 
S ratio was typically observed with a low knee flexion 
angular velocity, while a negative F/S ratio was observed 
with negative knee flexion angular velocity (or knee 
extension motion). Knee flexion movement is also 
important for one ACL risk factor, such as the ability to 

absorb impact, as well as the direction of frontal knee 
movement. Especially, knee extension movement is 
abnormal during SSLS. On the other hand, the direction 
of valgus/varus action was determined using kinematic 
data. Knee flexion angle at the F/S spike was also deter
mined from kinematic data.

● Comparisons with visual observations

Raw kinematic data demonstrate many spikes that 
are not associated with knee movement, while filtered 
kinematic data may exclude meaningful knee move
ment. Therefore, the appropriate filtering frequency 
needed to be determined. Kinematic data were filtered 
using a zero-lag, fourth-order, low-pass Butterworth fil
ter with a 3-, 6-, 10-, or 15-Hz cut-off frequency.

Identification of KWs by visual observation was 
based on the following criteria: (1) sudden valgus/ 
varus movement, and (2) a reduction of flexion move
ment based on observation of descending knee 
movement. If it was difficult to determine the sagittal 
knee angular velocity from the frontal recording, the 
sagittal recording was used to determine the reduc
tion of knee flexion movement. Two physical thera
pists observed the SSLS video and counted the 
number of knee wobbles. One observer was experi
enced at counting KWs and the other was not. Inter- 
observer reliability in detecting KW visually was 
tested during the measurement session.

Each filtered kinematic dataset was compared with 
visual observations using a graph showing time on the 
X-axis and F/S ratio on the Y-axis (Figure 3a). Visual 
observations were performed using animation of marker 
movements in the frontal plane (Figure 3b). The number 
of F/S spikes between 0° and 30° knee flexion was 
counted, and the timing of F/S spikes as well as direc
tions of valgus/varus movement were determined based 
on kinematic data after filtering. The optimal filtering 
frequency was determined by comparing filtered data 
and visual observations by the experienced observer. 
When the number of F/S spikes in filtered data was 
correlated with the number of KWs on visual observa
tion, the filtering frequency was considered appropriate, 
since kinematic data of motion capture without filtering 
involve both movement and noise.

The median and range of knee flexion angles at F/S 
spikes, the direction of valgus/varus action was obtained 
using data with the most appropriate filtering frequency. 
Graphs of each subject were analysed qualitatively to 
determine whether filtered data and observational find
ings were similar in terms of timing and direction of the 
valgus/varus action.
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(4) Statistics

The Shapiro–Wilk test was used to detect non-normal 
distributions. Descriptive statistics for KWs detected 
visually, F/S spikes before and after filtering, and knee 
flexion angle at F/S spikes were obtained with median 
and range. The ICC for the number of KWs was calculated 
to assess the correlation between KW movements detected 
by the experienced observer and F/S spikes filtered at 
various frequencies. In addition, intra- and intertester ICCs 
between the experienced and inexperienced observers 
were obtained. Graphs for F/S ratio and knee kinematics 
were used for qualitative comparisons. P values less than 
0.05 were considered significant. SPSS Statistics, version 21 
(IBM Japan, Ltd., Japan) was used for data analyses.

Results

Numbers of KWs in visual observations was 3 (2–8) times 
(medians (ranges)). Numbers of KWs on motion capture 
data before and after 3-, 6-, 10-, and 15-Hz low-pass filter
ing were 51 (12–108), 2 (0–6), 3 (1–12), 5 (2–21), and 9 (3– 
33) times per squat cycle, respectively (Table 1). Good 
correlation (r = 0.76) was observed between the number 

of KWs noted by the experienced observer and the num
ber of F/S spikes on motion capture with 6-Hz low-pass 
filtering. Also, it was confirmed that most KWs corre
sponded with F/S spikes seen by the experienced obser
ver. The intra-observer ICC (1,2) was 0.95 [0.86, 0.98], while 
the inter-observer ICC (2,1) was 0.14 [0.12, 0.47] between 
the experienced and inexperienced observers. Figure 4a- 
Figure 4c shows varus/valgus angle characteristics at 

Figure 3. (a) The F/S ratio graph during the descending phase of one squat is shown. F/S ratio > 100% was defined as an F/S spike, 
which was considered an index of quantitative KW. A positive F/S ratio indicates knee flexion angular velocity and negative angular 
velocity indicates knee extension angular velocity. Using absolute frontal angular velocity, a valgus F/S spike was marked with a black 
circle and a varus F/S spike was marked with a white circle. (b) Animation of marker movements in the frontal plane. Validation of 
consistency between the F/S spike and KW by visual inspection was conducted by plotting data sets as shown in this figure.

Table 1. Numbers of F/S spikes and KWs based on visual 
observation.

Number of F/S spikes (times)

ICC

r

Visual observation
3

(2–8) -

Non-filtered
51

(12–108) 0.03 [0.06, 0.22]

Filtered At 3 Hz
2

(0–6) 0.73 [0.04, 0.92]

At 6 Hz
3

(1–12) 0.76 [0.45, 0.90]

At 10 Hz
5

(2–21) 0.41 [0.05, 0.73]

At 15 Hz
9

(3–33) 0.23 [0.11, 0.58]

Non-filtered and filtered data of F/S spikes and ICC between the number of 
KWs detected by visual observation and those detected after filtering 
during the descending phase of the first squatting cycle.
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various filtering frequencies among 5 of 10 subjects. The 
median (range) knee flexion angle at F/S spikes was 6.8° 
(0.1°-27.1°) with 6-Hz low-pass filtering. Median numbers 
of valgus and varus F/S spikes were 2.5 and 1.0 times, 
respectively. Table 2 shows the numbers of F/S spikes at 
various knee flexion angles during the descending phase 
of the first squatting cycle among five of 10 subjects.

Discussion

The purpose of this study was to develop a method to 
detect knee wobbling (KW) at low knee flexion during 
a single-leg squat. After low-pass filtering at 6 Hz, the 
median number of F/S spikes detected during the des
cending phase of each squat cycle was 3 times, which 
correlated well with the number of KWs observed by 
experienced observer. The median knee flexion angle 
of F/S spikes at 6-Hz low-pass filtering was 6.8°. Median 
numbers of valgus and varus F/S spikes during the des
cending phase were 2.5 and 1.0 times, respectively. Poor 
inter-observer agreement was found in counting num
bers of KW movements visually between experienced 
and inexperienced observer (Table 3).

F/S spikes were utilized as an index of sudden knee 
valgus/varus movement during the descending phase of 
SSLS. The F/S ratio allowed dynamic characteristics of 
combined sagittal and frontal knee kinematics to be 
quantified. The time-F/S spike graph clearly showed 
rapid increases in F/S ratio (valgus/varus angular velocity 
relative to knee flexion angular velocity at low knee flex
ion) during the descending phase. Ten-hertz and 15-Hz 
filtering frequencies resulted in excessive noise, while 6 Hz 
appeared optimal for analysis of non-high impact move
ment. Therefore, with this filtering procedure, KWs and 
noise could be accurately distinguished. A filtering rate of 
6 Hz was also utilized to exclude noise during gait in 
a previous study (Gao and Zheng 2008). SSLS involves 
slower movement than a normal gait, which justifies the 
selection of 6-Hz low-pass filtering and elimination of 
higher frequencies. Our findings showed that the number 
of F/S spikes after low-pass filtering at 6 Hz was consistent 
with KWs counted visually. Thus, examining abnormal 
movement at a low flexion angle could provide an objec
tive parameter to screen for the risk of ACL injury.

Detecting abnormal knee movement at low flexion 
angle must be included in the screening activity. ACL 
distance between femoral and tibial attachments was 
measured, as well as knee kinematics during single-leg 
squats using MR-based models and biplanar fluoro
scopic images (Utturkar et al. 2013). ACL distances at 
full knee extension, 30° flexion, and at the valgus col
lapse position (30° of flexion with 10° of external rotation 
of the tibia and maximal internal rotation at the hip) 

were 30.2, 27.1, and 25.6 mm, respectively. Therefore, 
the ACL distance was greater at full extension than in the 
valgus position. Cadaveric studies indicate that the pos
teromedial bundle of the ACL shows the greatest elon
gation at full extension (2.92 mm at full extension and 
2.16 mm at 90°) (Yoo et al. 2010). Since the knee flexion 
angle during screening measurements must be impor
tant in determining stress on the ACL, the knee flexion 
angle during screening should involve low flexion posi
tions (<25°) (Krosshaug et al. 2007; Koga et al. 2010). In 
a DVJ screening task, the knee flexion angle is greater 
than 30° (Cortes et al. 2011; Mok et al. 2017). Single-leg 
landing involves 15°-40° of knee flexion; therefore, the 
range and standard deviation were large (Schmitz et al. 
2007; Weinhandl et al. 2010). Since there were no land
ing tasks that could reproduce knee kinematics with 
a flexion angle less than 25°, slower activities such as 
SSLS should be utilized to observe abnormal knee kine
matics, such as KWs at a flexion angle less than 25° 
(Kianifar et al. 2017; Munro et al. 2017). Previous screen
ing studies lacked the ability to detect abnormal knee 
movement at low flexion angles (Hewett et al. 2005; 
Krosshaug et al. 2016). Therefore, SSLS is a better choice 
to reproduce abnormal knee movement at low knee 
flexion utilizing F/S spikes.

Even though ‘dynamic knee valgus’ has been pro
posed as a risk factor for ACL injury (Hewett et al. 2004, 
2005; Sell et al. 2006), many studies utilized only snap
shots, showing simple knee valgus angles at the initial 
contact and/or maximal flexion angle during landing 
(Hewett et al. 2005; Krosshaug et al. 2016). ‘Valgus col
lapse’ at low knee flexion was observed during ACL 
injury in female athletes on video observation 
(Krosshaug et al. 2007). However, valgus collapse was 
determined by observation without analysing the 
change in flexion angular velocity. Such analyses could 
not detect multiplanar dynamic movement of the knee. 
A previous prospective cohort study from our laboratory 
showed that five of six athletes who sustained ACL injury 
presented repeated valgus/varus knee motion or wob
bling during landing at baseline (Koresawa et al. 2014). 
This suggested that dynamic knee analyses would be 
required to capture repeated valgus/varus movement 
with or without changes in flexion angular velocity. The 
argument above suggests that F/S spikes should provide 
an index representing abnormal dynamic knee move
ment that cannot be detected by snapshot analyses. In 
this study, although the knee was expected to flex 
smoothly without frontal movement during SSLS, frontal 
knee movement occurred as F/S spikes accompanying 
the decrease in knee flexion angular velocity. 
Accordingly, F/S spikes during SSLS may detect abnor
mal movement of the knee.
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Although F/S spikes can detect abnormal knee move
ments during SSLS, it is not yet clear how this movement 
is related to the ACL injury mechanism, that is, whether 
the valgus, varus, or some other movement is responsi
ble. Previous video studies showed that valgus load 
during slight knee flexion led to ACL injury (Krosshaug 
et al. 2007; Koga et al. 2010). A video study of non- 
contact ACL injuries in Australian football found that 
10.5% showed giving-way in the varus direction 
(Cochrane et al. 2007). A questionnaire study of ACL 
injury indicated that non-contact ACL injuries involved 
both valgus and varus knee movements (Myklebust et al. 
1998). Ten cases showed tibial external rotation relative 
to the femur and seven cases showed internal rotation at 
the time of the ACL injury. In addition, an in vivo study 
showed that ACL strain increased significantly by 
2.4 ± 1.97% as the anterior tibial shear force and knee 
internal tibial rotation moment increased under load- 
bearing conditions (Fleming et al. 2001). On the other 
hand, knee valgus-varus and external rotation had little 
effect on ACL strain. Therefore, these studies showed 
that valgus and varus loading could cause ACL injury 
under weight-bearing or with anterior shear force at the 

proximal end of the tibia at low knee flexion. We 
observed a greater number of valgus F/S spikes than 
varus F/S spikes at low flexion angle. We speculate that 
valgus F/S spikes may be caused by sudden decreases in 
knee flexion angular velocity, and that the energy in 
flexion/extension was transferred to another degree-of- 
freedom, i.e. valgus/varus, inducing a sudden increase in 
valgus/varus movement. Although valgus loading has 
been considered the main mechanism of ACL injury, it 
remains unclear whether varus movement may also be 
a risk factor. F/S spikes in the valgus or varus direction 
with reduction of flexion angular velocity is a candidate 
for an index to detect abnormal motion that may be 
related to ACL injury and may be useful for future cohort 
or intervention studies.

KWs identified by F/S spikes were validated using 
a motion capture system along with MTT. The accuracy 
of MTT using cadavers has been validated, and root- 
mean-square errors of MTT were 0.77° for flexion/exten
sion (FE), 2.15° for axial rotation (AR), 0.84° for varus/ 
valgus (VV), 1.82 mm for anterior/posterior translation 
(AP), 2.02 mm for medial/lateral translation (ML), and 
0.99 mm for superior/inferior translation (SI) (Gao and 

Figure 4a. Quantitative analysis of the F/S spikes detected valgus KW 4 times at 0–5° knee flexion, one valgus KW and one varus KW at 
10–15° knee flexion during the descending phase of the first squat. This case presented more valgus KW than varus KW. Quantitative 
analysis of the F/S spikes detected five valgus KWs and six varus KWs at 0–5° knee flexion during the descending phase of the first 
squat. This case presented many KWs at very low knee flexion.
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Zheng 2008). The authors demonstrated that rotation 
of three markers fixed on the vertices can be recog
nized as skin surface rotation. Root-mean-square errors 
of the point cluster technique (PCT) were 0.79° for FE, 
1.79° for AR, 0.4° for VV, 3.98 mm for AP, 2.42 mm for 
ML, 1.08 mm for SI. In addition, MTT calculates marker 
motion relative to a triad marker (Gao and Zheng 2008). 
Since a triad has the same skin attachment area as 
a single marker, the center position of the three ver
tices can be used for skin surface translation analysis. 
Local coordinate systems of the reference triads were 
defined parallel to the anatomical reference frames in 
the neutral standing posture. Used with dynamic 
motion capture, MTT allows discrimination between 
translation due to skin motion and rotation due to 
joint motion. Although PCT can be utilized to detect 
small rotational movements of the knee, only single 
markers are used to determine the segment coordinate 
system. Since all markers are single markers in PCT, it is 
impossible to discriminate between translation due to 
skin motion and rotation due to joint motion. 
Considering these systems, MTT is advantageous to 
detect KWs with higher precision. As for validity of 

this study, subjects included only female college ath
letes, which was appropriate considering their greater 
incidence of ACL injury.

This study has three limitations. First, the F/S ratio 
does not reflect the absolute value of knee flexion and 
valgus angle, and the amount of stress on the ACL could 
not be determined. Although KW, which is defined by the 
F/S ratio as a dynamic frontal knee movement with less 
knee flexion movement, would increase ACL strain, this 
study does not prove that KW is a risk factor for ACL 
injury. In order to establish KW as a risk factor of ACL 
injury, a prospective cohort study with screening for KW 
is needed. Second, this study only examined female ath
letes and whether F/S spikes also quantify KW in male 
athletes is unknown. Third, this study did not show good 
inter-observer reliability because it compared between 
experienced and inexperienced examiners. It is difficult 
to detect KWs visually because it is complicated to judge 
simultaneous decreasing knee flexion movement and 
frontal movement from a single plane. On the other 
hand, KWs identified visually by a skilled examiner corre
sponded with those identified by motion capture. These 
results showed that calculating F/S spikes using motion 

Figure 4b. Quantitative analysis of the F/S spikes detected one valgus KW at 15–20° knee flexion and two valgus KWs at 20–25° knee 
flexion during the descending phase of the first squat. This case presented decreasing knee flexion near 20° knee flexion. Quantitative 
analysis of the F/S spikes detected only one valgus KW at 0–5° knee flexion, and one valgus KW at 20–25° knee flexion during the 
descending phase of the first squat. Notably, the second KW occurred with increasing knee varus angular velocity.
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Figure 4c. Quantitative analysis of the F/S spikes detected a lot of KW during the entire descent. This case presented an obvious 
moment with decreasing knee flexion movement.

Figure 4c. Knee biomechanics during a slow, single-leg squat from 0° to 30° knee flexion in subject 4. 
Quantitative analysis of the F/S spikes detected only one valgus KW at 0-5° knee flexion, and one valgus KW at 20-25° knee flexion 
during the descending phase of the first squat. Notably, the second KW occurred with increasing knee varus angular velocity.

38 A. AOKI ET AL.



capture is more accurate than by visual observations. 
These limitations do not impact the conclusions.

Conclusions

After low-pass filtering at 6 Hz, the number of F/S spikes 
corresponds with the number of KWs observed during 

SSLS. F/S spikes are an objective indicator of KWs, includ
ing flexion and varus/valgus angular velocity data. On 
the other hand, visual observations reflect the skill of the 
observer. Therefore, it is advantageous to use motion 
capture data with 6-Hz low-pass filtering in quantifying 
KW. This information will be utilized in a future valida
tion study. Moreover, a future prospective cohort study 

Figure 4c. Knee biomechanics during a slow, single-leg squat from 0° to 30° knee flexion in subject 5. 
Quantitative analysis of the F/S spikes detected a lot of KW during the entire descent. This case presented an obvious moment with 
decreasing knee flexion movement.

Table 2. Numbers of F/S spikes at various knee flexion angles 
during the descending phase of the first squatting cycle.

Subject
Valgus/Varus F/S 

spikes (times)

Range of flexion angle

0– 
5°

5– 
10°

10– 
15°

15– 
20°

20– 
25°

25– 
30°

1 Valgus 4 0 1 0 2 0
Varus 0 0 1 0 1 0

2 Valgus 5 0 0 0 1 0
Varus 6 0 0 0 0 0

3 Valgus 0 0 0 1 2 0
Varus 0 0 0 0 0 0

4 Valgus 1 0 0 0 1 0
Varus 0 0 0 0 0 0

5 Valgus 1 0 2 1 0 0
Varus 0 0 2 1 0 2

Table 3. Numbers of F/S spikes at various knee flexion angles 
during the descending phase of the second squatting cycle.

Subject
Valgus/Varus F/S 

spikes (times)

Range of flexion angle

0– 
5°

5– 
10°

10– 
15°

15– 
20°

20– 
25°

25– 
30°

1 Valgus 2 1 0 0 0 0
Varus 0 0 0 0 0 0

2 Valgus 2 0 0 0 0 0
Varus 1 0 0 0 0 0

3 Valgus 0 0 1 0 1 0
Varus 0 0 1 0 0 0

4 Valgus 0 0 0 1 0 0
Varus 0 0 0 0 0 0

5 Valgus 0 2 0 0 0 0
Varus 0 1 0 0 0 0
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should demonstrate whether KWs accurately predict the 
risk of ACL injury.
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