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An anterior cruciate ligament (ACL) tear is a major life 
event, requiring surgical reconstruction and months of  
 rehabilitation.17 Biomechanical and neuromuscular 

imbalances have been studied as factors influencing an 
increased risk of an ACL injury, especially in young female 
athletes.4,29 The primary mechanism of injury in female athletes 
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Background: Noncontact anterior cruciate ligament (ACL) injury in adolescent female athletes is an increasing problem. 
The knee-ankle separation ratio (KASR), calculated at initial contact (IC) and peak flexion (PF) during the drop vertical jump 
(DVJ), is a measure of dynamic knee valgus. The Microsoft Kinect V2 has shown promise as a reliable and valid marker-less 
motion capture device.

Hypothesis: The Kinect V2 will demonstrate good to excellent correlation between KASR results at IC and PF during the 
DVJ, as compared with a “gold standard” Vicon motion analysis system.

Study Design: Descriptive laboratory study.

Level of Evidence: Level 2.

Methods: Thirty-eight healthy volunteer subjects (20 male, 18 female) performed 5 DVJ trials, simultaneously measured 
by a Vicon MX-T40S system, 2 AMTI force platforms, and a Kinect V2 with customized software. A total of 190 jumps were 
completed. The KASR was calculated at IC and PF during the DVJ. The intraclass correlation coefficient (ICC) assessed the 
degree of KASR agreement between the Kinect and Vicon systems.

Results: The ICCs of the Kinect V2 and Vicon KASR at IC and PF were 0.84 and 0.95, respectively, showing excellent 
agreement between the 2 measures. The Kinect V2 successfully identified the KASR at PF and IC frames in 182 of 190 trials, 
demonstrating 95.8% reliability.

Conclusion: The Kinect V2 demonstrated excellent ICC of the KASR at IC and PF during the DVJ when compared with the 
Vicon system. A customized Kinect V2 software program demonstrated good reliability in identifying the KASR at IC and PF 
during the DVJ.
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analysis assessment of adolescent female athletes.
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occurs during noncontact activities such as landing, pivoting, 
and cutting during sport play, while ACL injuries in male 
athletes occur more often through contact mechanisms.2 This 
difference may reflect the severity of the biomechanical and 
neuromuscular imbalances relating to ACL injury in the female 
athletic population. Dynamic knee valgus has been specifically 
described as altered hip and knee kinematics in the frontal and 
transverse planes and has been linked in some studies to a 
biomechanical and neuromuscular imbalance related to ACL 
injuries in female athletes.10,18,34 It has been established as a 
movement pattern characterized by excessive femoral 
adduction, femoral internal rotation, knee abduction, and 
external tibial rotation.1,26,28 The early identification and 
investigation of such poor movement patterns through specific 
movement analysis has gained significant attention in an attempt 
to address the risk of ACL injury in female athletes.7,16,20

Previous investigators have examined the role of altered 
kinematics during movements such as the drop vertical jump 
(DVJ).11-13,16,20,25 The DVJ is performed with a participant 
standing on a 31-cm-high platform and dropping from the 
platform to the ground, immediately followed by a maximal 
vertical jump (similar to the movement needed to get a rebound 
in basketball) (Figure 1).12,13,16 Some studies have linked the DVJ 
as a functional movement for identifying high school female 
athletes with an elevated risk for ACL injury.11,12,16 Multiple 
kinematic and kinetic risk factors, including but not limited to 
knee valgus at initial contact (IC), peak knee abduction 
moment, peak knee flexion angle, peak vertical ground-reaction 
force, and medial knee displacement, have been analyzed 
during the DVJ.7,12,13,16,20 It has shown high within-session 
reliability values for kinematics and kinetics, with intraclass 
correlation coefficients (ICCs) of 0.93 to 0.99 and 0.66 to 0.93, 
respectively.11 In 205 female athletes participating in high-risk 
sports, the kinematic analysis of the DVJ showed that those who 
suffered an ACL injury had significantly different knee abduction 

angles between ACL-injured and uninjured groups.16 The female 
athletes who went on to suffer an ACL injury had an increased 
abduction angle of 8.4° at IC and 7.6° at peak flexion (PF). The 
injured group also lacked 10° of knee flexion at PF as compared 
with the uninjured group.16 Although the DVJ has shown early 
promise, controversies remain in its reliability and predictability 
of future ACL injury.3,19,24,31 The predictive value of the DVJ 
appears to be population specific, demonstrating the highest 
potential predictive value to identify noncontact ACL injury risk 
in untrained middle and high school female athletes.7,12,13,16,20

If high-risk biomechanics and altered neuromuscular control 
are identified early, these poor movement patterns can be 
corrected with specific ACL injury prevention programs, leading 
possibly to a relative risk reduction of 40% to 73% for overall 
ACL injuries and noncontact injuries, respectively.33 
Unfortunately, the current methods of accurate, objective 
movement analysis can only be performed in select elaborate 
motion analysis laboratories with the use of expensive ($100,000 
to $150,000) high-speed motion analysis cameras and force 
plates, which are labor intensive and time consuming.

Subsequently, alternative technologies and outcome measures 
have been proposed to assess dynamic knee valgus during the 
DVJ.25,27,28,33 The Kinect V2 (Kinect for Windows Sensor; 
Microsoft) motion sensor is an efficient, cost-effective, reliable, 
and validated portable tool for calculating 3-dimensional motion 
analysis.21,23,32 In 2013, investigators examined the Kinect 
(version 1.0) sensor and the device’s applicability to accurately 
measure the knee-ankle separation ratio (KASR) at IC and PF 
during the DVJ.15,32 Using customized Microsoft Kinect–based 
software, these investigators found excellent correlation 
between the Kinect (version 1) and the frontal plane projection 
of the KASR as produced by an 8-camera Vicon motion analysis 
system (Vicon Motion System Ltd).15,32 The KASR has been 
proposed as an alternative outcome measure to assess dynamic 
knee valgus during the DVJ.25,28 The KASR is a ratio of the 

Figure 1. Stages of the drop vertical jump (left to right): (1) initial stance, (2) initial contact, (3) peak flexion, and (4) vertical jump.
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distances between the knees and ankles, measured individually 
at the time points of IC and PF during the DVJ (Figure 2). A 
KASR ratio of 1.0 represents the knee directly above the ankles, 
a ratio of <1.0 represents the knees medial to the ankles, and a 
ratio of >1.0 represents the knees lateral to the ankles.28 A 
moderate association between knee abduction angle and KASR 
has been shown during the DVJ, with further evaluation of this 
association recommended.25 Previous investigators used a 
2-dimensional camera-based system, and although this is a 
cost-effective and portable option, efficiency and accuracy 
limitations persist.29

The purpose of this study was to compare KASR measures 
from the Kinect V2 to an 8-camera Vicon motion capture 
system. We hypothesized that the Kinect V2 will demonstrate a 
good to excellent correlation between KASR measurements at 
IC and PF during the DVJ as compared with a “gold standard” 
marker-based Vicon motion capture system.

Methods

With institutional review board approval, 38 healthy volunteer 
subjects (20 men: mean age, 24.79 ± 2.68 years; mean weight, 
83.79 ± 14.25 kg; mean height, 1.80 ± 0.07 m and 18 women: 
mean age, 24.10 ± 3.68 years; mean weight, 65.01 ± 9.58 kg; 
mean height, 1.64 ± 0.05 m) were recruited. Each participant 
signed an approved consent form prior to participation. 
Participants were excluded if a history of neurological illness or 
lower extremity injury within the past 12 months was present. 
All subjects wore tight-fit clothing or shorts and self-selected 
athletic shoes during data collection. Anthropometric 

measurements included body mass index, height, interanterior 
superior iliac spine distance, leg length, knee width, and ankle 
width for both limbs.

The DVJ was performed with the participant standing on a 
31-cm-high platform, dropping from the platform to the ground, 
and immediately performing a maximal vertical jump.12,13,16 The 
2 specific time points of interest during the DVJ were IC and PF. 

An 8-camera Vicon MX-T40S retroreflective motion capture 
system was used, with data acquired at 100 Hz. Sixteen 
skin-surface retroreflective markers were placed on the trunk 
and legs according to the protocol of the lower body Plug-in-
Gait model.8 Four additional markers were placed on the medial 
epicondyle of the knee and medial malleoli of the ankle to 
estimate the thigh rotation offset, shank rotation offset, and 
tibial torsion. These markers were removed after a static pose 
was acquired. Vicon kinematic data were filtered using a 
fourth-order zero-lag low-pass Butterworth filter with 6-Hz 
cutoff and processed using the Vicon Nexus software, and the 
Plug-in-Gait model was applied to estimate 3-dimensional joint 
centers. Additionally, 2 AMTI force platforms (Optima; 
Advanced Mechanical Technology Inc) were used to find IC 
during the DVJ by setting the force threshold to 10 N, with 
resultant KASR measurement by the Vicon. The KASR at PF was 
recorded using the Vicon system. With medial-lateral motion 
acting along the x-axis, the equation used for the Vicon KASR 
measure was:

KASR
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Figure 2. Visual representation of the knee-ankle separation ratio at initial contact (left) and peak flexion (right).
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A Kinect V2 sensor was simultaneously used with the 8-camera 
Vicon system and 2 force platforms (Figure 3). The Kinect V2 
uses an infrared time-of-flight depth sensor for 3-dimensional 
tracking at 30 frames per second.5 In a human detection task by 
the Kinect sensor, a 512 × 424 pixel image is first captured by 
the depth sensor. The Kinect V2 software then identifies and 
segments an individual from the depth image, matching each 
body to a 25-joint skeletal model (Figure 4). An output of the 
Kinect skeletal model is the 3-dimensional location of these 25 
joints, including the knee and ankle joint centers. The Microsoft 
Kinect Software Development Kit, which is a customizable 
development package for the device, allowed the investigators to 
develop a software application to obtain a 1-dimensional KASR 
measure during the DVJ at IC and PF, obtained from the knee 
and ankle joint centers of the Kinect skeletal model. Two key 
frames were extracted, determining the IC and PF by the Kinect 
V2. IC was identified as the moment when the foot first 
contacted the floor after the initial drop from the platform. The 
software calculated this by evaluating the ankle and foot joint 
centers and finding the first frame where the velocity of the 
joints decreases, indicating that the foot has reached the ground. 
PF was determined as the moment when the knees were at a 
maximum angle of flexion after IC and prior to leaving the floor 
for the vertical jump. The software calculated this by taking the 
mean position of the hip joint centers and the spine base and 
identified the frame with the lowest position of these joint 

centers relative to the floor. The Kinect V2 was positioned 2.5 m 
from the front of the 31-cm-high jumping platform. With the 
x-axis aligned in the medial-lateral direction, the Kinect system 
measured the KASR by using the joint coordinates according to 
the following equation:

KASR
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Verbal instructions regarding proper technique of the DVJ 
were given to each subject according to previous study 
procedures.13,16 Subjects were able to perform 1 practice DVJ to 
become comfortable with the movement task. The 2 force 
platforms were aligned on the floor in front of the 31-cm box. 
Subjects performed the DVJ for 5 recorded trials, resulting in a 
total of 190 recorded jumps. The Kinect software recorded still 
images of the frames identified as IC and PF. The jump was 
considered unsuccessful when manual review of the images 
clearly did not identify either time point of interest. The KASR at 
IC and PF was then independently calculated for each 
individual jump by the Kinect and Vicon systems. The ICC 
(2-way, single measure, absolute agreement) was used to assess 
the degree of KASR agreement between the Kinect and Vicon 
systems at IC and PF. Standard interpretations of the ICC have 
suggested that values greater than 0.75 indicate excellent 
agreement between measures.35

Results

The Kinect customized software did not accurately detect the IC 
or PF in 8 of 190 (4.2%) jumps. The success rate was therefore 
95.8%, demonstrating a high overall reliability of the Kinect V2 
system. There were no injuries suffered during the DVJ jump 
trials. There was excellent agreement between the Kinect and 
Vicon KASR measure at IC and PF during 182 DVJ jump trials 
(Table 1). These findings demonstrated that the ICCs (P ≤ 0.05) 
of the Kinect V2 and Vicon KASR at IC and PF were 0.84 and 
0.95, respectively (Figures 5 and 6). The mean KASR at IC 
contact was 0.84 ± 0.12 for the Vicon and 0.87 ± 0.11 for the 
Kinect system. The mean KASR at PF was 0.92 ± 0.20 for the 
Vicon and 0.93 ± 0.16 for the Kinect system.

discussion

The investigators’ primary hypothesis was that the Microsoft 
Kinect V2 sensor would demonstrate a good to excellent 
correlation between KASR measurements at IC and PF during 
the DVJ as compared with a “gold standard” marker-based 
Vicon system. Kinect V2 demonstrated excellent correlation 
(ICC > 0.75)35 with the Vicon motion system; additionally, the 
Kinect V2 was able to successfully calculate the KASR in 182 of 
190 jumps, demonstrating a reliability of 95.8%.

Initial studies examining the Kinect’s capabilities used the 
first-generation Kinect motion sensor, whereas the Kinect V2 
sensor provides improved depth and image sensor capabilities.32 

Figure 3. The Kinect V2 system as it is used in the 
laboratory space.
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Previous work compared the Kinect V1 with a simple frontal 
plane projection measure produced by the Vicon system 
without formal joint center estimation.32 The current study 
compared the KASR from the Kinect V2 correlated data with 
data from an 8-camera Vicon motion capture system capable of 
performing more advanced 3-dimensional joint center 
estimations with the Plug-in-Gait model. This enhances the 
validity of the Kinect V2 by examining its ability to estimate the 
knee and ankle joint centers and resultant KASR during the DVJ.

Multiple studies have shown inconsistencies on the predictive 
value of the DVJ as a screening tool for ACL injury risk, with its 
greatest utility in 13- to 19-year-old female athletes.7,14,16,19,20,24,31 
Krosshaug et al20 studied the correlation of the DVJ to 

noncontact ACL injury in elite female soccer and handball 
players aged 21 ± 4 years. Previously proposed kinematic and 
kinetic measurements showed no association with noncontact 
ACL injury risk in previously uninjured athletes.20 Additionally, 
Smith et al31 found that a modified DVJ, as measured by the 
Landing Error Scoring System, was not predictive of noncontact 
ACL injuries. As a result, the authors acknowledge the 
importance of 3 essential methodological steps as proposed by 
Bahr3 to improve development of screening tests for injury risk 
assessment. These steps include initial prospective cohort 
studies to identify risk factors and cutoff values, followed by 
validation testing of the cutoff value in multiple cohorts, and 
finally the implementation of randomized controlled trials to test 

Figure 4. The Kinect V2 system establishes a skeletal model overlay during the drop vertical jump.

Table 1. Knee-ankle separation ratio during the drop vertical jump measured by the Kinect V2 and Vicon at initial contact and peak 
flexion

Initial Contact Peak Flexion

 Mean ± SD ICC (P ≤ 0.05) Mean ± SD ICC (P ≤ 0.05)

Vicon 0.84 ± 0.12
0.84

0.92 ± 0.20
0.95

Kinect 0.87 ± 0.11 0.93 ± 0.16

ICC, intraclass correlation coefficient.
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the effect of combined screening and intervention programs.3 
Although the DVJ has shown early promise, implementation of 
such suggestions with reliable and validated tools to assess the 
DVJ need to be considered.3,30

A limitation of the Kinect V2 is the 30-Hz sample rate, which may 
be insufficient to capture peak motion during explosive 
movements. This study used the Kinect V2 to calculate the KASR at 
IC and PF. Measurement errors due to an insufficient sample rate 
would manifest from the medial-lateral motion of the knee while 
the feet are stationary and from inexact identification of the IC and 

PF events. Although data were acquired simultaneously between 
the Vicon and Kinect V2 systems, identification of IC and PF events 
were independent. The high correlation in KASR measurements 
between the 2 systems indicates that although the low sample rate 
is a limitation, the Kinect system may still accurately measure KASR 
during the 2 event time frames. Additionally, a well-known 
limitation of marker-based motion analysis is the interaction of soft 
tissue mobility between the markers and bones, producing an 
unpredictable effect and potentially altering the precision and 
accuracy of measurements.6,9,22

Figure 6. Comparison of Kinect V2 and Vicon: Knee-ankle separation ratio at peak flexion (PF KASR).

Figure 5. Comparison of Kinect V2 and Vicon: Knee-ankle separation ratio at initial contact (IC KASR).
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Several other limitations of this study exist. These include the 
small sample size, limited target population, and need for 
further examination of the KASR as a predictive measure for 
noncontact ACL injury. Finally, although the KASR has shown a 
moderate correlation to the knee abduction angle, a previously 
identified measure linked to an increased risk for noncontact 
ACL injuries, further investigation into the predictive value of 
the KASR is warranted.25

The Kinect V2 showed excellent correlation to a “gold 
standard” Vicon motion capture system in the identification of 
the KASR at IC and PF during the DVJ.35 Such results provide 
promise that portable, low-cost, and easy-to-use motion sensors 
may play an important role in the future of motion analysis.
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