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Abstract: Knee kinematics during a drop vertical jump, measured by the Kinect V2 (Microsoft,
Redmond, WA, USA), have been shown to be associated with an increased risk of non-contact
anterior cruciate ligament injury. The accuracy and reliability of the Microsoft Kinect V2 has yet
to be assessed specifically for tracking the coronal and sagittal knee angles of the drop vertical
jump. Eleven participants performed three drop vertical jumps that were recorded using both
the Kinect V2 and a gold standard motion analysis system (Vicon, Los Angeles, CA, USA). The
initial coronal, peak coronal, and peak sagittal angles of the left and right knees were measured by
both systems simultaneously. Analysis of the data obtained by the Kinect V2 was performed by
our software. The differences in the mean knee angles measured by the Kinect V2 and the Vicon
system were non-significant for all parameters except for the peak sagittal angle of the right leg
with a difference of 7.74 degrees and a p-value of 0.008. There was excellent agreement between the
Kinect V2 and the Vicon system, with intraclass correlation coefficients consistently over 0.75 for all
knee angles measured. Visual analysis revealed a moderate frame-to-frame variability for coronal
angles measured by the Kinect V2. The Kinect V2 can be used to capture knee coronal and sagittal
angles with sufficient accuracy during a drop vertical jump, suggesting that a Kinect-based portable
motion analysis system is suitable to screen individuals for the risk of non-contact anterior cruciate
ligament injury.
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1. Introduction

Preventative measures including neuromuscular training and injury prevention pro-
grams, such as the FIFA11+, target biomechanical patterns to decrease the overall risk of
anterior cruciate ligament (ACL) injury [1,2]. Given the success of such programs, the
identification of individuals who are at risk of ACL injury is of great significance to athletes
and to the healthcare sector as a whole.

ACL injuries that occur without physical contact with another athlete or object are
considered non-contact ACL injuries. Seventy percent of all ACL injuries occur by this
mechanism, making it an important target for overall ACL injury prevention [3,4]. Individ-
uals with poor neuromuscular control of their lower limb biomechanics are at a particularly
increased risk of these injuries due to their decreased ability to dynamically stabilize their
knee during periods of high stress, such as during pivoting and landing [5,6]. This was
highlighted in a study conducted by Hewett et al. [5] that prospectively assessed the knee
kinematics of 205 female varsity athletes in a motion analysis laboratory. This investigation
demonstrated a correlation between non-contact ACL injury and greater initial coronal
(IC), greater peak coronal (PC), and smaller peak sagittal (PS) knee angles during a stan-
dardized drop vertical jump (DVJ) [5]. Although this investigation highlighted important
biomechanical risk factors and potential targets for sport-specific neuromuscular training,
traditional motion analysis labs have significant barriers to their routine use in the clinical
setting, including a lack of portability and extensive testing time by trained personnel [6].

More recently, our group published a separate study testing a portable and cost-
effective Kinect V2 motion capture system (Microsoft, Redmond, WA, USA) as a screening
modality for ACL injury risk in 102 university varsity athletes [7]. We found that the IC,
PC, and PS angles during a DVJ all demonstrated a good to excellent prognostic value for
non-contact ACL injury through receiver operating characteristic analysis. Additionally, an
investigation by Gray et al. [8] demonstrated that the Kinect-based portable system could
be used to measure knee ankle separation ratios (KASRs), as a proxy for knee valgus, with a
similar degree of accuracy to the Vicon motion capture system. These findings substantiate
the need for the validation of low-cost practical motion capture devices like the one used in
our study for assessing DVJ parameters in the context of non-contact ACL injury [7].

The purpose of the present study was to compare the Kinect V2 to the current gold
standard Vicon system (Vicon, Los Angeles, CA, USA) for assessing drop vertical jump
parameters. Specifically, we assessed the initial coronal (IC), peak coronal (PC), and peak
sagittal (PS) angles of the knee. It was hypothesized that the Kinect V2 will be able to
measure these angles with a similar degree of accuracy to that of the Vicon system.

2. Materials and Methods
2.1. Study Participants

This investigation was a descriptive laboratory study. Ethics approval was received
from the Research Ethics Office of the Faculty of Medicine and Health Sciences of McGill
University (Montreal, QC, Canada) prior to the start of this investigation and informed
consent was obtained from all participants in this study. Exclusion criteria included
individuals with a lower limb injury at the time of consent, individuals aged less than
18 years old, and individuals aged more than 30 years old. The demographic characteristics
of the participants are summarized in Table 1.

Table 1. Participant characteristics α.

Characteristic Male Participants Female Participants All Participants

N 5 6 11
Age 20.7 ± 1.7 22.3 ± 2.9 21.6 ± 2.4

Height, m 1.8 ± 0.1 1.6 ± 0.1 1.7 ± 0.1
Weight, kg 75.0 ± 4.6 65.5 ± 12.4 69.8 ± 10.5

Body mass index 23.5 ± 3.7 23.2 ± 4.7 23.3 ± 4.1
α Data are shown as mean ± SD.
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2.2. Motion Analysis

Knee kinematics were assessed during a standardized DVJ off a 31 cm box (Figure 1).
Each participant performed three DVJs and the IC, PC, and PS angles were captured by both
the Kinect V2 and Vicon systems simultaneously (Figure 2). Participants were instructed to
stand with their toes off the edge of the box, lean forward with their chest such that they
fall off the box, land on both feet simultaneously, and to jump as high as possible upon
making first contact with the floor.
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Figure 1. Images of the Kinect V2 setup with freeze frames from the beginning of the DVJ as well as
the two significant time points: initial and peak contact. The Kinect V2 was mounted on a tripod at a
distance of 2.5 m from the participant for optimal accuracy.
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Figure 2. Images of the of the output from the Kinect V2 demonstrating the initial coronal, peak
coronal, and peak sagittal angles during a DVJ.

A Plug in Gait model (PiG) was used with the Vicon system. This required 34 markers
to be placed on each participant and employs 10 cameras capable of capturing at a frame
rate of 120 Hz. For each participant’s captured DVJs, their skeletal model was labeled and
reconstructed in order to extract quantifiable knee angles using Mokka (Motion Kinematic
and Kinetic Analyzer, Biomechanical ToolKit, QC, Canada, version 0.6.2) [9]. IC, PC, and
PS angles were extracted for analysis.
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The Kinect V2, programmed using an open-source software development kit (Mi-
crosoft, Redmond, WA, USA, SDK version 2.0), was mounted on a tripod 2.5 m away from
the athletes (Figure 1). The system is capable of three-dimensional tracking with an infrared
depth sensor at a capture rate of 30 Hz [8]. Our software used specific formulas to calculate
the angles of interest; force vectors from the knee to the hip were used to represent the
femur, and from the knee to the ankle to represent the tibia. These formulas were used to
calculate coronal and sagittal knee angles at every frame of the DVJ (Equation (1)). The
coronal knee abduction and sagittal knee flexion angles were then calculated (Equations (2)
and (3)). The pertinent frames from which the IC, PC, and PS angles were extracted were
determined manually by an author blinded to injury outcomes (NK) based on kinematic
triggers, which are specific defined movements. The kinematic trigger used to detect the
initial landing frame was when the foot joint stopped travelling in a downward direction,
indicating that the subject made contact with the floor. The kinematic trigger used to detect
the peak landing frame was the moment at which the ankle joint and hip joint were closest
to each other. A data file with the IC, PC, and PS angles was then generated using Microsoft
Excel (Microsoft, Redmond, WA, USA, version 16.0) for statistical analysis.

Equation (1): Vector definition of the femur and tibia:

→
tibia = Pknee − Phip
→

femur = Pknee − Pankle

(1)

Equation (2): Formula for calculating coronal knee abduction angles:

𝓍 = RotationAxis.x × sin(RotationAngle/2)
𝓎 = RotationAxis.y × sin(RotationAngle/2)
𝓏 = RotationAxis.z × sin(RotationAngle/2)

𝓌 = cos(RotationAngle/2)

(2)

Equation (3): Formula for calculating sagittal knee flexion angles:

θsagittal = 180◦ − acos

 →
femur ×

→
tibia

∥
→

femur ∥∥
→

tibia ∥

 (3)

2.3. Statistical Analysis

The Shapiro–Wilk test was used to test for the normality of each parameter. For
normally distributed parameters, the independent-samples t-test was used to test for
statistically significant differences in the mean angles measured by the Kinect V2 and the
Vicon system. Non-normally distributed parameters were compared using the Wilcoxon
signed-rank test. The t-test was chosen because it utilizes the full information of our data,
including means and variances, and offers a potentially higher power compared to the
non-parametric tests when we have normal distribution. The Wilcoxon signed-rank test
was best suited for our analysis given the small sample size, as it is less sensitive to potential
outliers that might affect the power in tests based on raw data means. Additionally, the
rank test helps avoid issues with power and Type I error inflation, which might occur with
non-normal data. In both cases, we acknowledge that the small sample size is a limitation
that can affect the power to detect true effects.

The intraclass correlation coefficient (ICC; two-way mixed-effects model, single mea-
sures, absolute agreement) was used to assess the level of agreement between the Kinect V2
and the Vicon system for the IC, PC, and PS angles. ICC values greater than 0.75 have been
shown to indicate excellent inter-rater reliability in the context of kinematic assessment [8].
Statistical significance was set at p < 0.05. All statistical analyses were performed using
statistical software (SPSS Version 27; IBM, Armonk, NY, USA).
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3. Results

Mean IC, PC, and PS angles were identified for the left and right knees separately for
each participant, amounting to six parameters for analysis. Each of the 11 participants com-
pleted three DVJs, each measured by both Kinect V2 and Vicon simultaneously, amounting
to 66 data points per parameter.

3.1. Comparison of Means

Three datasets had non-normal distributions: the left PC angles measured by the
Kinect V2 (W = 0.86, p < 0.01) and the Vicon system (W = 0.89, p < 0.01), and the right PS
angles measured by the Vicon system (W = 0.93, p = 0.036). All other parameters were
normally distributed. The mean angles measured by the Kinect V2 and the Vicon system,
along with the mean differences, are presented in Table 2. The mean IC and PC angles
measured by the two systems differed by a maximum of 0.62 degrees. The mean PS angles
differed with the Kinect, which identified increased angles of 8.35 and 7.74 degrees for the
left and right knees, respectively. Out of the six parameters, only the mean right PS angle
was significantly different between the Kinect V2 and the Vicon system with an observed
difference of 7.74 degrees and a p-value of 0.008.

Table 2. Comparison of mean DVJ parameters.

Knee Angle Kinect V2 α Vicon System α Difference p Value ß

Left IC −0.55 ± 5.66 −0.26 ± 5.64 −0.29 0.834
Right IC −0.67 ± 5.15 −0.05 ± 5.47 −0.62 0.638
Left PC 6.74 ± 5.50 6.89 ± 5.34 −0.15 0.936

Right PC 5.32 ± 3.29 5.67 ± 3.60 −0.35 0.676
Left PS 115.14 ± 22.95 106.79 ± 22.48 8.35 0.140

Right PS 113.89 ± 21.61 106.15 ± 23.68 7.74 0.008
α Data are shown as degrees ± SD. ß The Wilcoxon signed-rank test was used for the left PC and right PS. An
independent-samples t-test was used for all other parameters.

3.2. Assessment of Agreement

An ICC analysis for the assessment of the level of agreement between the Kinect V2
and the Vicon system demonstrated coefficient values that were consistently over 0.75 for
all six parameters, as outlined in Table 3.

Table 3. ICC analysis of DVJ parameters α.

Knee Angle ICC
95% Confidence Interval

p Value
Lower Bound Upper Bound

Left IC 0.917 0.840 0.958 <0.001
Right IC 0.914 0.832 0.957 <0.001
Left PC 0.908 0.822 0.953 <0.001

Right PC 0.886 0.783 0.942 <0.001
Left PS 0.771 0.480 0.894 <0.001

Right PS 0.780 0.517 0.896 <0.001
α Two-way mixed-effects model, single measures, absolute agreement.

3.3. Visual Assessment

Graphical representations of the frame-by-frame angles measured for a single DVJ by
both the Kinect V2 and the Vicon system are presented in Figures 3 and 4 for the coronal
and sagittal angles, respectively. In the coronal plane, there is a moderate degree of angle
variation between frames and between the two systems; however, the concordance at the
frames of interest (initial contact and peak contact) is high. Figure 4 reveals a high degree
of concordance between the two systems for tracking sagittal angles throughout all frames
of the DVJ.
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V2 and the Vicon system.

4. Discussion

There were no statistically significant differences in the IC and PC angles, as well as
the PS angles of the left knee, that were measured by the Kinect V2 and the Vicon system.
The right knee PS angles measured by the two systems were statistically different. The ICC
analysis revealed excellent agreement between the two systems for assessing the IC, PC,
and PS angles of both knees.

4.1. Existing Literature and Related Kinematic Assessments

This is the first investigation to directly assess the accuracy of the Kinect V2 for
measuring the IC, PC, and PS angles of the DVJ. Nonetheless, there has been a growing
body of literature on the accuracy of Kinect systems for various other kinematic assessment
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applications [8,10–13]. One such investigation evaluated the accuracy of the Kinect V2
compared to the Vicon system for assessing the knee–ankle separation ratio (KASR) at the
initial contact and peak flexion of a DVJ. The KASR is a proposed method of assessing
the degree of knee valgus throughout a DVJ by using the distance between the knee and
ankle in the coronal plane. In their study, the Kinect V2 demonstrated excellent correlation
compared to the Vicon system (ICC > 0.75) for these coronal plane measures. While their
study offered valuable insight into the motion-tracking potential of the Kinect V2, it did not
directly assess coronal knee angles at the time points of interest in this study, and assessment
of knee kinematics in the sagittal plane was not performed. This study provided a more
granular and focused assessment of the Kinect V2, including quantifying its accuracy in
tracking sagittal knee angles. Our research further contributes by examining and analyzing
the sagittal planes of the jump, which was not previously studied.

Another study by Hewett et al. of 205 female athletes, as discussed previously, high-
lighted the association between increased IC and PC angles and decreased PS angles during
a DVJ with a greater risk of non-contact ACL injury [5]. Their study used an optoelectronic
system, similar to the Vicon system used in this study. These marker-based motion capture
systems employ costly, high-speed motion analysis cameras that can cost up to $150,000
and take up to 4 h of analysis to obtain meaningful results [8,14]. These challenges impeded
the transfer of such findings into real-life clinical applications; as such, there existed a need
to identify alternative motion capture systems that were low-cost, robust, clinician-friendly,
and able to track pertinent DVJ parameters with reliable accuracy. Our presented data
bring to light low-cost alternatives that could be ground-breaking in providing reliable and
affordable biomechanics analysis.

More recently, our group used the Kinect V2, a motion capture system that meets
such criteria, to assess the same DVJ parameters as risk factors for non-contact ACL injury
in 102 male and female university varsity athletes [7]. In this study, increased PC and
decreased PS angles were significantly associated with non-contact ACL injury, and ROC
analysis demonstrated a good to excellent prognostic ability of the IC, PC, and PS angles
for ACL injury risk assessment [7]. The findings of this investigation suggest that the
Kinect V2 could fill the growing niche of kinematic-based injury risk assessment. As such,
there emerged a need for an objective lab-based validation of this system, specifically for
assessing DVJ parameters, to support the continued development of this potential modality
for widespread ACL injury risk screening.

4.2. Accuracy of Kinect V2 Compared to Vicon System

We first compared the means of each DVJ parameter as measured by the Kinect V2 and
the Vicon system, with the hypothesis that there would not be any statistically significant
differences. There was no significant difference in the IC and PC angles of both knees as
measured by the two systems, suggesting that the Kinect V2 measures the coronal knee
angles of the DVJ in a similar manner compared to the gold standard Vicon system. The
left IC angles were also not significantly different between the two systems. Out of the six
parameters, only one (the right PS angle) was statistically different with a mean difference
of 7.74◦ between the two systems. Interestingly, the left PS angle differed by 8.35◦ between
the two systems; however, this difference was not statistically significant. We hypothesize
that this may be due to a difference in how the data were spread for the two parameters.
While the statistical tests employed for these analyses (the independent-samples t-test and
Wilcoxon signed-rank test) do not actually classify the level of agreement between the
Kinect V2 and the Vicon system, these findings may suggest that the Kinect V2 is more
accurate at assessing coronal knee angles in comparison to sagittal knee angles. In our
study, it is possible that the Kinect V2 was less reliable for assessing the peak sagittal angle
than for assessing coronal angles because the DVJ consists of substantially faster movement
compared to the speed of movement in gait analysis, and because there is a greater range of
variability in sagittal knee angles compared to coronal knee angles during a DVJ. Whether
the decreased accuracy in the tracking of sagittal knee angles is of clinical significance
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is unclear. Of note, in our Kinect-based investigation of DVJ parameters as ACL injury
risk factors, the mean PS angle was 17.84◦ smaller in ACL-injured athletes compared to
non-injured athletes. This is over double the mean differences in PS angles measured
between the Kinect V2 and the Vicon system in this study, suggesting that these differences
may not bear significant clinical value. Nonetheless, since the mean PS angles measured
by the Kinect V2 were smaller than those of measured by the Vicon system, this may be a
potential target for improvement for the Kinect V2 in future updates or iterations.

Intraclass correlation coefficient analysis was used to provide a more in-depth assess-
ment of the actual level of agreement between the two systems on each DVJ parameter. For
the 33 jumps assessed in this investigation, the ICC values for the IC, PC, and PS angles
of the left and right knee ranged from 0.771 to 0.917. These ICC values are all well above
the established cut-off for excellent inter-observer reliability for kinematic assessment that
has been reported in the literature [8]. Interestingly, while all ICC values were within the
range of excellent agreement, the ICC values for left and right PS angles were lower than
the rest (0.771 and 0.770, respectively). In conjunction with the findings discussed above,
these results may suggest that there is less objective agreement between the two systems for
assessing PS angles of the DVJ; however, these differences are not necessarily functionally
or clinically significant. Overall, these findings highlight the potential for the Kinect V2 to
provide accurate biomechanical assessment during a DVJ, particularly as a screening tool
in the context of ACL injury risk assessment.

4.3. Kinect V2 for ACL Injury Risk Assessment

The ease of use of the Kinect V2, coupled with its acceptably high degree of accuracy,
has resulted in its increased use in the rehabilitation sphere [15]. A review conducted
by Mousavi and Khademi found that while the Microsoft Kinect does not have absolute
precision, it is acceptably accurate for rehabilitation purposes [15]. These findings are in line
with the results of our current investigation. The margin of error associated with the Kinect
V2 is highlighted by the variability seen in its measurements in the coronal plane (Figure 3).
In contrast to the measurement pattern of the Vicon system, the Kinect V2’s measurement
pattern displays a higher degree of frame-to-frame variability throughout the course of
the DVJ when looking at coronal knee angles. This decreased precision is consistent with
the findings of previous investigations [10,16]. Interestingly, in contrast to findings of the
present study, Guffanti et al. found that the Kinect V2 was better at assessing angles in the
sagittal plane compared to the coronal plane for gait analysis. They explained that this is
attributed to the fact that the Kinect V2 relies on its depth sensor for assessing sagittal plane
movement, such as knee flexion, while frontal plane movements have to rely on the spatial
estimation of the camera alone, which might affect precision [10]. Galna et al. also reported
that the Kinect has difficulty tracking more precise and fine movements such as toe tapping
compared to gross movements such as sit-to-stand [16]. They explained that this may be
due to the fact that the Kinect does not rely on manually placed surface markers, which
may ultimately affect precision. Another potential explanation that has been cited is the
rate at which the Kinect V2 captures data as opposed to the Vicon system [8]. The Kinect
V2 device captures at a maximum rate of 30 Hz, or 30 frames per second [16]. The Vicon
system, however, records at a rate of 120 Hz, which may result in increased precision when
assessing the smaller coronal plane angles during explosive movement such as the DVJ [14].
Ultimately, the greater frame-to-frame variability of the Kinect V2 in the coronal plane
has no clear clinical significance, as our results demonstrate that it accurately detects the
specific angles associated with an increased risk of non-contact ACL injury when compared
to the Vicon system.

4.4. Kinect V2 as a Screening Tool in Sports

Although originally designed for gaming applications, the Kinect V2 is equipped
with infrared depth sensors and skeletal tracking that, when paired with the open-source
Kinect V2 development kit, has proven to be convenient and inexpensive for kinematic
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imaging [17]. With the Kinect already being employed in healthcare applications, such as
targeted rehabilitation programs for stroke patients and those suffering from Parkinson’s
disease, the development of a screening tool for accurate biomechanical assessment is
a logical extension of this concept [8,18–20]. As mobile health continues to grow and
emerge as a field, sports teams would greatly benefit from incorporating this technology
into the pre-season assessment of their athletes without requiring extensive resources.
The portability of such a device makes it a practical tool for sports staff at all levels, and
potentially provides technology comparable to high tech motion analysis systems that are
traditionally only found in expensive research labs. Being able to quantify biomechanical
deficits associated with ACL injuries could aid in identifying athletes at an increased risk of
injury. Furthermore, establishing baseline data for healthy knees using this portable system
would allow future comparisons and early detection for sports team staff. An additional
future direction could include using the system to monitor progress during rehabilitation
following ACL reconstruction surgery. Ultimately, the goal would be to get this technology
into the hands of trainers and coaches who could identify and screen at-risk athletes who
may benefit from sport-specific neuromuscular training to effectively decrease their risk of
ACL injury.

4.5. Alternative Applications

The demonstrated ability of the Kinect V2 to track movement could potentially make it
suitable for creating targeted rehabilitation programs for people recovering from conditions
such as strokes or Parkinson’s disease, to name a few. Trained professionals could make
use of such a system to monitor progress and provide real-time feedback. Additionally,
this device has the potential to identify individuals who are at an increased risk of falling
through the analysis of specific gait patterns and parameters. Lastly, this technology could
be used as an aid in assessing different postural deviations of the spine, for example
including scoliosis, by tracking body landmarks. This could have the potential to help in
early intervention and treatment decisions.

4.6. Limitations

One of the potential limitations of this study was the relatively small sample size of six
females and five males. After performing a total of three jumps each and examining each
leg independently, this resulted in a total of 66 data points being assessed for each knee
angle. Given the small sample size, differences between female and male participants were
not analyzed. Future studies should be aimed at assessing a larger cohort of individuals
to better quantify the accuracy and precision of the Kinect V2. It is also important to
acknowledge that this study assessed healthy individuals and may not directly translate to
individuals with a previous ACL injury. Future research is warranted to investigate the
accuracy of the Kinect V2 in these populations to make the tool more generalizable.

Another potential limitation of this study is the inherent error associated with the
Vicon system itself. Although the Vicon system is widely considered the gold standard
motion analysis system, a study conducted by Merriaux et al. found that the Vicon system
has a small, yet existent, degree of error [14]. In addition, the soft tissue movement between
the skin markers used for the Vicon system and the underlying bone gives rise to a small
degree of error as well [21]. Overall, we believe that these minor sources of inaccuracy are
of limited clinical significance, as the Vicon system is commonly referred to as one of the
gold standard motion analysis systems in the literature and has proven reliable in a wide
variety of practical applications.

5. Conclusions

The Kinect V2 can measure specific DVJ parameters that are known to be associated
with ACL injury risk with reliable accuracy. Specifically, ICC analysis demonstrates that the
Kinect V2 measures IC, PC, and PS angles during a DVJ with excellent agreement compared
to the current gold standard Vicon motion analysis system, with the added advantages of
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portability, ease of use, and a substantially lower cost. Further development of this tool,
with a focus on the tracking of sagittal knee angles, may allow for the more widespread
screening of athletes for ACL injury risk. This screening modality could ultimately benefit
individuals at risk by enrolling them in validated ACL injury-prevention programs.
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