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Context: Field-based, portable motion-capture systems can
be used to help identify individuals at greater risk of lower extremity
injury. Microsoft Kinect-based markerless motion-capture sys-
tems meet these requirements; however, until recently, these
systems were generally not automated, required substantial data
postprocessing, and were not commercially available.

Objective: To validate the kinematic measures of a com-
mercially available markerless motion-capture system.

Design: Descriptive laboratory study.
Setting: Laboratory.
Patients or Other Participants: A total of 20 healthy,

physically active university students (10 males, 10 females; age
¼ 20.50 6 2.78 years, height¼ 170.36 6 9.82 cm, mass¼ 68.38
6 10.07 kg, body mass index ¼ 23.50 6 2.40 kg/m2).

Intervention(s): Participants completed 5 jump-landing trials.
Kinematic data were simultaneously recorded using Kinect-based
markerless and stereophotogrammetric motion-capture systems.

Main Outcome Measure(s): Sagittal- and frontal-plane
trunk, hip-joint, and knee-joint angles were identified at initial
ground contact of the jump landing (IC), for the maximum joint
angle during the landing phase of the initial landing (MAX), and
for the joint-angle displacement from IC to MAX (DSP). Outliers
were removed, and data were averaged across trials. We used
intraclass correlation coefficients (ICCs [2,1]) to assess inter-
system reliability and the paired-samples t test to examine mean
differences (a � .05).

Results: Agreement existed between the systems (ICC
range¼�1.52 to 0.96; ICC average¼0.58), with 75.00% (n¼24/
32) of the measures being validated (P � .05). Agreement was
better for sagittal- (ICC average ¼ 0.84) than frontal- (ICC
average¼ 0.35) plane measures. Agreement was best for MAX
(ICC average ¼ 0.77) compared with IC (ICC average ¼ 0.56)
and DSP (ICC average ¼ 0.41) measures. Pairwise compari-
sons identified differences for 18.75% (6/32) of the measures.
Fewer differences were observed for sagittal- (0.00%; 0/15) than
for frontal- (35.29%; 6/17) plane measures. Between-systems
differences were equivalent for MAX (18.18%; 2/11), DSP
(18.18%; 2/11), and IC (20.00%; 2/10) measures. The marker-
less system underestimated sagittal-plane measures (86.67%;
13/15) and overestimated frontal-plane measures (76.47%; 13/
17). No trends were observed for overestimating or underesti-
mating IC, MAX, or DSP measures.

Conclusions: Moderate agreement existed between
markerless and stereophotogrammetric motion-capture systems.
Better agreement existed for larger (eg, sagittal-plane, MAX)
than for smaller (eg, frontal-plane, IC) joint angles. The DSP
angles had the worst agreement. Markerless motion-capture
systems may help clinicians identify individuals at greater risk of
lower extremity injury.

Key Words: movement assessment, motion analysis, bio-
mechanics, injury screening

Key Points

� Moderate agreement existed between markerless and stereophotogrammetric motion-capture systems for trunk and
lower extremity kinematics during a jump-landing assessment.

� The markerless motion-capture system was better at calculating larger (eg, sagittal-plane, maximum) than smaller
(eg, frontal-plane, initial ground contact) joint angles.

� The markerless motion-capture system can correctly identify gross movement-pattern differences but should be
used with caution for identifying small differences in joint kinematics during a jump-landing assessment.

L
aboratory-based1–4 and field-based1,2,5,6 jump-land-

ing movement assessments can identify individuals

at greater risk for lower extremity musculoskeletal

injury. Laboratory-based movement assessments require

expensive and cumbersome equipment to measure biome-

chanical patterns during movement assessments.1 These
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systems also typically require skilled technicians for
optimal device operation.7 Therefore, laboratory-based
movement assessments are not well suited for efficiently
screening movement in large populations in a field (clinic)
setting. Thus, a need exists for highly portable motion-
capture systems that accurately calculate trunk and lower
extremity kinematics so that movement assessments can be
employed in field-based settings.

Markerless motion-capture systems using Kinect depth
cameras (Microsoft Corp, Redmond, WA) to track trunk and
lower extremity movement patterns have been developed.7–20

Overall, these systems provide valid measures of sagittal-
plane8,9,13,16–18,20 and frontal-plane8–10,16–18 joint angles but are
unable to provide valid measures of transverse-plane
angles.16–19 These systems have demonstrated moderate-to-
good validity and reliability during squatting9,13,16–18 and
landing assessments.10,13,16,17,20 Compared with traditional
laboratory-based, 3-dimensional (3D) motion-tracking sys-
tems, Kinect-based markerless motion-capture systems con-
sistently provide the most valid measures for hip and knee
sagittal-plane kinematics, but they provide only poor-to-
moderately valid measures for hip and knee frontal-plane joint
angles.13 The primary limitation of these previously proposed
Kinect-based systems is that they still require substantial data
postprocessing and specialized knowledge and software to
complete the data processing.8,9,13,16–18,20

A commercially available markerless motion-capture
system has been shown7,15 to reliably analyze qualitative
movement patterns during jump-landing movement assess-
ments. The findings of these studies are promising, because
this system automates a valid and reliable clinical
movement assessment that is capable of identifying
individuals at greater risk of musculoskeletal injury.1,2

However, the joint angles reported by this commercially
available markerless motion-capture system have yet to be
validated against the current criterion standard of 3D
motion assessment, marker-based stereophotogrammetry
motion capture. Validation of this commercially available
markerless motion-capture system is needed before wide-
spread implementation can occur and aid clinicians in
identifying lower extremity injury risks.

To the best of our knowledge, no researchers to date have
validated a commercially available Kinect-based markerless
motion-capture system. Therefore, the aim of our study was
to validate the sagittal- and frontal-plane trunk and lower
extremity joint angles reported by a commercially available
Kinect-based markerless motion-capture system during a
jump-landing assessment. We hypothesized that the marker-
less motion-capture system would provide valid calculations
of trunk and lower extremity sagittal- and frontal-plane joint
angles during a jump-landing assessment.

METHODS

Participants

A convenience sample of 20 participants (10 males, 10
females; age¼ 20.50 6 2.78 years, height¼ 170.36 6 9.82
cm, mass¼ 68.38 6 10.07 kg, body mass index¼ 23.50 6
2.40 kg/m2) was recruited from the general student body
population of a large university. Participants were physi-
cally active for a minimum of 30 minutes, 3 times each
week; were free of any lower extremity injury that required
3 consecutive days of missed physical activity for the 6

months preceding testing; and had no history of lower
extremity or low back surgery. They reported to the
motion-analysis laboratory for a single testing session.
They wore standard nonreflective black spandex shorts and
shirts and their own athletic shoes. All participants
provided written informed consent, and the study was
approved by the University of North Carolina Institutional
Review Board.

Instrumentation

Markerless Motion-Capture System. A markerless
motion-capture system using an Xbox Kinect camera
(version 2; Microsoft Corp) and a laptop running
proprietary software (version 2.11; PhysiMax Technologies
Ltd, Tel Aviv, Israel) recorded all jump-landing movement
assessments. The Kinect camera collected video depth data
at 30 Hz. It was aligned 3.4 m in front of the participant on
a tripod so that the camera was 0.84 cm off the ground. The
markerless motion-capture system is capable of automati-
cally capturing and calculating full-body kinematics
without the use of reflective markers or electromagnetic
sensors.7,15

Stereophotogrammetry Motion-Capture System. Par-
ticipants were outfitted with 7 cluster sets containing 3 or 4
reflective markers each. The 7 clusters were placed over the
sacrum (1), thighs (2), shanks (2), and feet (2). We placed
21 additional individual reflective markers over the sternal
notch (1) and bilaterally over the acromioclavicular joints
(2), anterior-superior iliac spines (2), greater trochanters
(2), medial and lateral femoral epicondyles (4), medial and
lateral malleoli (4), calcanei (2), first metatarsophalangeal
joints (2), and fifth metatarsophalangeal joints (2). After the
static calibration trial data were collected, the following
markers were removed before the biomechanical assess-
ment: greater trochanters, medial and lateral femoral
epicondyles, and medial and lateral malleoli.

Marker trajectories were tracked via a 10-camera (Bonita
10 system; Vicon Motion Systems, Ltd, Oxford, United
Kingdom) stereophotogrammetry motion-capture system
(Vicon Motion Systems, Ltd). A right-handed global
reference system was defined with the positive x-axis in
the anterior direction, positive y-axis to the left of each
participant, and positive z-axis in the superior direction.
Marker trajectory data, sampled at 200 Hz, and force
platform (model 4060-NC; Bertec Corp, Columbus, OH)
data, sampled at 1200 Hz, were collected and time
synchronized using Nexus software (version 1.8.5; Vicon
Motion Systems, Ltd).

Data Collection

Participants warmed up on a stationary bicycle at a self-
selected pace for 5 minutes. A static trial was then collected
and served as the template for the stereophotogrammetric
system to calculate trunk and lower extremity joint centers.
Participants completed 5 jump-landing trials. They jumped
from a 30-cm-tall box to the force platforms located 0.9 m
in front of the box. They were instructed to complete a
vertical jump for maximum height immediately after
landing on the force platforms. Participants did not receive
feedback or coaching concerning technique other than a
definition of what constituted a successful trial. A trial was
deemed successful if participants (1) jumped off the box
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with both feet leaving the box at the same time, (2) jumped
forward and not vertically to reach the force platforms, (3)
landed with each foot on its force platform, and (4)
completed the movement fluidly.1 Data were simultaneous-
ly recorded using the markerless and stereophotogrammet-
ric motion-capture systems.

Data Reduction

Markerless Motion-Capture System. The biomechan-
ical data collected using the markerless motion-capture
system were assessed using PhysiMax software via
secondary data analyses. PhysiMax software processes the
depth-camera data via proprietary kinematic machine
learning algorithms. The algorithms extract, track, and
dynamically refine virtual markers on the individual’s body
to assess dynamic motion. The algorithms are capable of
calculating kinematic variables, including joint angles,
ranges, velocities, and accelerations.15 Sagittal- and frontal-
plane trunk, hip-joint, and knee-joint angles were reported
at initial ground contact of the jump landing (IC; the frame
before the entire foot was in contact with the ground), for
the maximum joint angle during the landing phase (MAX),
and for the joint-angle displacement (DSP) from IC to
MAX during the landing phase of the initial landing DSP.
The landing phase was defined as the time from IC to the
point of greatest knee flexion during the initial landing from
the box.

Stereophotogrammetry Motion-Capture System. The
kinematic and kinetic data collected using the stereo-
photogrammetric system were imported into The Motion-
Monitor software (Innovative Sports Training, Inc,
Chicago, IL). The locations of the hip-joint centers were
approximated using the method of Bell et al,21 and the
knee-joint centers were defined as the midpoints of the
femoral epicondyles. Trunk and lower extremity joint
angles were calculated using Euler angles with the
following orders of rotation: Y (þ flexion), X (þ knee
varus, hip adduction), and Z (þ internal rotation). Motion
about the hip was defined as that of the thigh relative to the
pelvis, and motion about the knee was defined as that of the
shank relative to the thigh. Trunk motion was calculated
relative to the global reference frame. Full extension of the
trunk, hip, and knee was defined as 08 when the individual
was standing in an erect, neutral position. All kinematic and
kinetic data were filtered in The MotionMonitor software
using a fourth-order, low-pass Butterworth filter and a
cutoff frequency of 12.0 Hz.

The MotionMonitor data were further reduced via custom
MATLAB software (version 2013a; The MathWorks, Inc,
Natick, MA). Sagittal- and frontal-plane trunk, hip-joint,
and knee-joint angles were reported for IC (vertical ground
reaction forces . 10 N), the MAX during the landing
phase, and the DSP between IC and the MAX during the
landing phase. The landing phase was defined as the time
from IC to the point of greatest knee flexion during the
initial landing from the box.

General. Individual jump-landing kinematic data were
examined for statistical outliers (.3 standard deviations
from the individual participant’s mean value); statistical
outliers were removed from the dataset before statistical
analyses. The markerless and stereophotogrammetric data
were averaged for each time point of interest (IC, MAX,

DSP) across all trials collected using each motion-capture
system. Two participants had data missing from the
markerless motion-capture system and were excluded from
further analyses.

Data Analyses

We assessed intersystem reliability via intraclass
correlation coefficients (ICCs; model 2,1). The ICC values
were interpreted as follows: poor, ,0.50; moderate, 0.50–
0.75; good, 0.76–0.90; or excellent, 0.91–1.00.22 Paired-
samples t tests were used to identify between-systems
differences for the mean joint angles of each outcome of
interest. For both analyses, the a level was set a priori at
�.05. Additionally, we calculated Bland-Altman plots
with corresponding 95% limits of agreement to give a
visual representation of intersystem agreement (Appen-
dix). We used SPSS (version 21.0; IBM Corp, Armonk,
NY) for all statistical analyses.

RESULTS

Overall, we observed moderate agreement between the
markerless and stereophotogrammetry motion-capture sys-
tems (ICC average¼0.58; ICC range¼�1.52 to 0.96), with
most variables (24/32, 75.00%) demonstrating agreement
between systems. Only 18.75% (6/32) of variable mean
measurements were different between the systems (Table
1).

Specifically, we noted excellent agreement for 8
variables, good agreement for 7 variables, moderate
agreement for 10 variables, and poor agreement for 7
variables. Better agreement existed between motion-capture
systems for sagittal-plane (poor¼ 0, moderate¼ 3, good¼
5, excellent¼ 7) than frontal-plane (poor¼ 7, moderate¼7,
good ¼ 2, excellent ¼ 1) variables. Agreement was also
better between systems for MAX (poor¼ 0, moderate¼ 5,
good ¼ 4, excellent ¼ 2) than either IC angle (poor ¼ 3,
moderate ¼ 4, good ¼ 0, excellent ¼ 3) or DSP (poor ¼ 4,
moderate¼ 1, good¼ 3, excellent¼ 3). These findings are
reported in Tables 2, 3, and 4 for the trunk, hip, and knee,
respectively.

The joint quantitative and qualitative assessment of the
mean comparisons and Bland-Altman plots (Appendix)
identified the following trends for the markerless motion-
capture system: underestimated sagittal-plane measures
(13/15; 86.67%) and overestimated frontal-plane measures
(13/17; 76.47%). No trends were present for IC measures
(underestimate: 4/10, 40.00%; overestimate: 6/10, 60.00%),
MAX measurements (underestimate: 6/11, 54.55%; over-
estimate: 5/11, 45.45%), or DSP measures (underestimate:
7/11, 63.64%; overestimate: 4/11, 36.36%). The Bland-
Altman plots also showed that, in general, the mean
difference between the 2 motion-capture systems was more
closely centered on zero for sagittal- than frontal-plane
variables.

Trunk

Agreement was excellent for sagittal-plane trunk angles
between the markerless and stereophotogrammetric mo-
tion-capture systems. Moderate agreement was evident for
lateral trunk flexion at IC between the systems. No mean
trunk-angle differences were observed between systems.
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Trunk-angle means with 95% confidence intervals (CIs),
ICCs, and paired-samples t-test statistics are reported in
Table 2.

Hip

Moderate-to-excellent agreement was present for sagittal-
plane hip angles between the markerless and stereo-
photogrammetric motion-capture systems. Poor-to-moder-
ate agreement was demonstrated for frontal-plane hip-joint
angles between the systems. Intraclass correlations were
significant for all hip-joint angle measurements except right
hip flexion at IC, right and left hip-adduction DSP, and
right hip-abduction DSP. Mean hip-joint angle differences
were seen for right and left hip frontal-plane joint angles at
IC, left hip-adduction and -abduction MAX, left hip-
adduction DSP, and right hip-abduction DSP. Hip-joint
angle means with 95% CIs, ICCs, and paired-samples t-test
statistics are reported in Table 3.

Knee

Agreement was moderate to excellent for sagittal-plane
knee-joint angles between the markerless and stereo-
photogrammetric motion-capture systems. Poor-to-excel-
lent agreement was found for frontal-plane knee-joint
angles between the systems. Significant ICCs were present
for all knee-joint angles except right and left knee-valgus
angle at IC and left knee-valgus angle DSP. No mean knee-
joint angle differences existed between systems. Knee-joint

angle means with 95% CIs, ICCs, and paired-samples t-test
statistics are reported in Table 4.

DISCUSSION

Overall, moderate agreement was observed between the
markerless motion-capture system and the criterion stan-
dard stereophotogrammetric system. In general, agreement
was better between sagittal-plane kinematic measures than
between frontal-plane measures, as well as between
maximum joint-angle outcomes, than between IC joint
angles or DSP outcomes. Our findings are consistent with
previous work in which researchers9,10,13 compared marker-
less and stereophotogrammetric motion-capture systems.
To our knowledge, we are the first to validate a
commercially available Kinect-based markerless motion-
capture system that can readily provide clinicians with
quantitative data for use in clinical assessments.

The differences in sagittal- and frontal-plane levels of
agreement in our study were similar to those reported
earlier.8–10 These findings were not surprising but were
counterintuitive to what would be expected. The Microsoft
Kinect camera is aligned perpendicular to the frontal plane,
so one would expect the camera to be better able to detect
frontal- than sagittal-plane joint angles. However, sagittal-
plane joint angles are typically larger than frontal-plane
angles, especially for MAX, so any limitations in the
markerless motion-capture system’s ability to detect minute
changes in joint angles may be minimized because of the
larger overall joint angles in the sagittal plane. Similar

Table 1. Summary of Results by Movement Plane and Variable Categories

Category

Intraclass Correlation Coefficient
Paired-Samples t-Test

Difference, n/N (%)Average Maximum Minimum Difference, n/N (%)

Sagittal plane 0.84 0.96 0.50 14/15 (93.33) 0/15 (0.00)

Frontal plane 0.35 0.92 �1.52 10/17 (58.82) 6/17 (35.29)

Initial ground contact of jump landing 0.56 0.96 �0.19 6/10 (60.00) 2/10 (20.00)

Maximum joint anglea 0.77 0.96 0.55 11/11 (100.00) 2/11 (18.18)

Joint-angle displacementb 0.41 0.95 �1.52 7/11 (63.64) 2/11 (18.18)

Overall 0.58 0.96 �1.52 24/32 (75.00) 6/32 (18.75)

a Maximum joint angle during the landing phase of the initial landing.
b Joint-angle displacement from initial ground contact to the maximum joint angle during the landing phase of the initial landing.

Table 2. Trunk Joint-Angle Means, 95% CI, Intraclass Correlation Coefficients, and Paired-Samples t-Tests

Variable Motion-Capture System Mean (95% CI)

Intraclass Correlation

Coefficient (2,1)

Paired-Samples

t-Test

Value P Value Value P Value

Trunk flexion

Initial ground contact of jump landing Stereophotogrammetric 30.07 (25.55, 34.59) 0.94 ,.001d �0.09 .93

Kinectc-based markerless 30.12 (26.62, 33.69)

Maximum joint anglea Stereophotogrammetric 43.55 (36.20, 50.91) 0.96 ,.001d 0.18 .86

Kinect-based markerless 42.39 (36.78, 49.80)

Joint-angle displacementb Stereophotogrammetric 13.49 (7.55, 19.42) 0.95 ,.001d 0.30 .77

Kinect-based markerless 13.13 (8.33, 17.94)

Lateral trunk flexion

Initial ground contact of jump landing Stereophotogrammetric 0.26 (�1.10, 1.63) 0.53 .07 �0.20 .84

Kinect-based markerless 0.41 (�0.83, 1.66)

a Maximum joint angle during the landing phase of the initial landing.
b Joint-angle displacement from initial ground contact to the maximum joint angle during the landing phase of the initial landing.
c Microsoft Corp, Redmond, WA.
d Indicates difference (P � .05).
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findings have been noted among validated 3D motion-
capture systems.23

Our results are comparable with those reported by
Mauntel et al15 and Dar et al,7 who compared a markerless
motion-capture system with the criterion standard (ie,
expert raters) for qualitative analysis of trunk and lower
extremity movement patterns during a jump-landing. Both
groups7,15 validated the ability of a Kinect-based markerless
motion-capture system to accurately assess the Landing
Error Scoring System.1,24 In these studies,7,15 the markerless
motion-capture system reliably identified trunk and lower
extremity movement errors during a jump-landing, with
most Landing Error Scoring System items demonstrating
almost perfect agreement.

In the Landing Error Scoring System, gross movement
quality is visually scored and, thus, minute changes in joint
angles are less important. As such, Mauntel et al15 reported
better agreement between the markerless motion-capture

system and expert raters for MAX and DSP movement
errors than for movement errors identified at IC. Collec-
tively, these findings suggest that markerless motion-
capture systems are limited in their ability to identify small
differences in trunk and lower extremity kinematics.
However, markerless motion-capture systems can effec-
tively identify larger movement patterns and may be useful
in automating and objectively quantifying clinical move-
ment screenings that have previously involved visual
identification of gross movement patterns.1,24

The inherent limitations of Kinect-based markerless
motion-capture systems affect their ability to consistently
and accurately calculate trunk and lower extremity joint
angles during jump-landing assessments. The markerless
motion-capture system was limited in its ability to calculate
hip frontal-plane angles because individuals landing from a
jump commonly exhibit deep knee flexion, and the knees
can block the Kinect camera from visualizing the hip joints.

Table 3. Hip-Joint Angle Means, 95% CI, Intraclass Correlation Coefficients, and Paired-Samples t-Tests

Variable Motion-Capture System Mean (95% CI)

Intraclass Correlation

Coefficient (2,1)

Paired-Samples

t-Test

Value P Value Value P Value

Hip flexion

Initial ground contact of jump

landing, right side

Stereophotogrammetric �18.09 (�20.61, �15.58) 0.50 .10 1.17 .26

Kinectc-based markerless �19.70 (�21.84, �17.56)

Initial ground contact of jump

landing, left side

Stereophotogrammetric �19.34 (�21.40, �17.29) 0.63 .03d 1.08 .30

Kinect-based markerless �20.60 (�22.91, �18.29)

Maximum joint angle, right

sidea

Stereophotogrammetric �47.68 (�54.98, �39.98) 0.86 ,.001d 1.06 .30

Kinect-based markerless �49.98 (�55.25, �44.71)

Maximum joint angle, left sidea Stereophotogrammetric �49.65 (�57.22, �42.07) 0.86 ,.001d 0.55 .59

Kinect-based markerless �50.94 (�56.36, �45.52)

Joint-angle displacement, right

sideb

Stereophotogrammetric �27.50 (�33.26, �21.73) 0.91 ,.001d 0.50 .62

Kinect-based markerless �28.26 (�32.91, �23.60)

Joint-angle displacement, left

sideb

Stereophotogrammetric �28.28 (�34.99, �21.59) 0.92 ,.001d 0.17 .87

Kinect-based markerless �28.56 (�33.70, �23.42)

Hip frontal

Initial ground contact of jump

landing, right side

Stereophotogrammetric �9.06 (�10.38, �7.74) 0.47 .01d �5.16 ,.001d

Kinect-based markerless �5.68 (�6.94, �4.41)

Initial ground contact of jump

landing, left side

Stereophotogrammetric �10.01 (�11.62, �8.41) 0.61 ,.001d �7.83 ,.001d

Kinect-based markerless �5.94 (�7.27, �4.60)

Hip adduction

Maximum joint angle, right

sidea

Stereophotogrammetric �2.99 (�4.96, �1.01) 0.55 .050d �0.02 .99

Kinect-based markerless �3.01 (�4.51, �1.50)

Maximum joint angle, left sidea Stereophotogrammetric �6.94 (�9.18, �4.70) 0.68 .002d �3.27 .004d

Kinect-based markerless �4.17 (�5.60, �2.73)

Joint-angle displacement, right

sideb

Stereophotogrammetric 6.07 (4.92, 7.23) 0.02 .49 �0.05 .96

Kinect-based markerless 6.03 (5.09, 6.98)

Joint-angle displacement, left

sideb

Stereophotogrammetric 3.10 (1.84, 4.37) �0.04 .55 �3.58 .002d

Kinect-based markerless 5.71 (4.80, 6.62)

Hip abduction

Maximum joint angle, right

sidea

Stereophotogrammetric �10.38 (�12.02, �8.74) 0.60 .02d �1.38 .18

Kinect-based markerless �9.04 (�10.98, �7.09)

Maximum joint angle, left sidea Stereophotogrammetric �15.08 (�18.00, �12.17) 0.63 .001d �4.785 ,.001d

Kinect-based markerless �9.77 (�11.55, �8.00)

Joint-angle displacement, right

sideb

Stereophotogrammetric 1.32 (0.56, 2.08) 0.17 .30 �2.97 .008d

Kinect-based markerless 3.36 (2.14, 4.57)

Joint-angle displacement, left

sideb

Stereophotogrammetric 5.15 (3.35, 6.96) 0.67 .01d 1.11 .28

Kinect-based markerless 3.85 (2.70, 5.00)

a Maximum joint angle during the landing phase of the initial landing.
b Joint-angle displacement from initial ground contact to the maximum joint angle during the landing phase of the initial landing.
c Microsoft Corp, Redmond, WA.
d Indicates difference (P � .05).
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Therefore, the markerless motion-capture system may be
unable to track the virtual hip-joint markers. Overall, the
markerless motion-capture system is limited in its ability to
accurately calculate frontal-plane hip angles.

Additionally, the markerless motion-capture system was
limited in its ability to identify trunk and lower extremity
joint angles at IC. Microsoft Kinect depth cameras collect
video data at 30 Hz, whereas we sampled the force-
platform data at 1200 Hz. Fewer data points (frames)
inhibit the Microsoft Kinect’s ability to accurately identify
IC, and the actual frame in which ground contact occurs
may be missed by the camera. The markerless motion-
capture system software attempts to correct for this
limitation by identifying IC and the frames immediately
preceding and following that frame. The software then
averages the trunk and hip-joint angles across those 3
frames.

Also, the markerless motion-capture and stereophotog-
rammetric systems defined initial ground contact differ-
ently. The markerless motion-capture system defined initial
ground contact as the frame before the entire foot was in
contact with the ground. The stereophotogrammetric
system identified initial ground contact as the point when
the vertical ground reaction forces exceeded 10 N. This
difference in definitions could have led to some of the
discrepancies observed between the systems for trunk and
lower extremity kinematics at IC.

Poor agreement was demonstrated for the DSP measures
(Table 1). This is likely the result of these measurements
being derived from 2 directly measured joint angles: the
joint angle at IC and the MAX during the initial landing
phase of the jump landing. As such, more noise, and
subsequently error, may be introduced into the measure;
this is true for both the stereophotogrammetric and
markerless motion-capture systems. The additional error
in these measures may have reduced the agreement between
systems.

Microsoft Kinect-based motion-capture systems are
highly efficient for assessing many individuals in a short
time.7,15 Whereas the Kinect-based system may be limited
in its ability to identify small differences in trunk and lower
extremity joint angles, it can provide reliable and valid
identification of gross movement-pattern differences.7,15

Objective identification of gross movement-pattern differ-
ences may be useful as a preliminary screening tool when
assessing many individuals (eg, during preparticipation
physical examinations) or in the rehabilitation setting when
assessing individuals for movement alterations after a
musculoskeletal injury. In both cases, individuals may
benefit from undergoing more precise testing to further
quantify their movement quality. Therefore, the Kinect-
based motion-capture system can aid clinical practice by
efficiently identifying primary and secondary biomechan-
ical injury risk factors, as well as changes in movement
quality over time when more advanced measures (eg, 3D

Table 4. Knee-Joint Angle Means, 95% CIs, Intraclass Correlation Coefficients, and Paired-Samples t-Tests

Variable Motion-Capture System Mean (95% CI)

Intraclass Correlation

Coefficient (2,1)

Paired-Samples

t-Test

Value P Value Value P Value

Knee flexion

Initial ground contact of jump

landing, right side

Stereophotogrammetric 16.74 (12.94, 20.53) 0.95 ,.001d �0.97 .35

Kinectc-based markerless 17.56 (13.88, 21.24)

Initial ground contact of jump

landing, left side

Stereophotogrammetric 19.14 (15.87, 22.42) 0.96 ,.001d 0.14 .89

Kinectc-based markerless 19.05 (15.50, 22.60)

Maximum joint angle, right

sidea

Stereophotogrammetric 81.57 (74.53, 88.60) 0.75 .003d 0.21 .84

Kinectc-based markerless 80.97 (75.47, 86.46)

Maximum joint angle, left sidea Stereophotogrammetric 83.03 (76.40, 89.66) 0.85 ,.001d 0.60 .56

Kinectc-based markerless 81.67 (76.09, 87.24)

Joint-angle displacement, right

sideb

Stereophotogrammetric 64.83 (58.28, 71.37) 0.76 .003d 0.51 .62

Kinectc-based markerless 63.41 (57.48, 69.34)

Joint-angle displacement, left

sideb

Stereophotogrammetric 63.89 (57.87, 69.91) 0.85 ,.001d 0.58 .57

Kinectc-based markerless 62.62 (56.72, 68.53)

Knee valgus

Initial ground contact of jump

landing, right side

Stereophotogrammetric 3.96 (1.87, 6.05) 0.21 .31 0.06 .95

Kinectc-based markerless 3.87 (2.00, 5.74)

Initial ground contact of jump

landing, left side

Stereophotogrammetric 4.33 (2.06, 6.60) �0.19 .64 �0.07 .95

Kinectc-based markerless 4.80 (2.58, 6.29)

Maximum joint angle, right

sidea

Stereophotogrammetric �3.20 (�8.32, 1.92) 0.92 ,.001d �0.45 .66

Kinectc-based markerless �2.60 (�6.97, 1.77)

Maximum joint angle, left sidea Stereophotogrammetric �0.38 (�4.19, 3.43) 0.83 ,.001d �0.11 .92

Kinectc-based markerless �0.23 (�3.56, 3.10)

Joint-angle displacement, right

sideb

Stereophotogrammetric �7.16 (�10.72, �3.60) 0.80 .001d �0.67 .51

Kinectc-based markerless �5.96 (�10.84, �1.07)

Joint-angle displacement, left

sideb

Stereophotogrammetric �4.71 (�6.99, �2.44) �1.52 .97 �0.06 .95

Kinectc-based markerless �4.57 (�7.83, �1.31)

a Maximum joint angle during the landing phase of the initial landing.
b Joint-angle displacement from initial ground contact to the maximum joint angle during the landing phase of the initial landing.
c Microsoft Corp, Redmond, WA.
d Indicates difference (P � .05).
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motion-capture systems) are unavailable or not feasible
within the clinical setting.

The following limitations should be considered when
interpreting our findings. Only 1 movement assessment was
examined; additional movements should be assessed in
order to develop this markerless motion-capture system into
a more robust system. Our study sample consisted solely of
healthy individuals. Therefore, the system must be
validated in individuals with previous lower extremity
injuries because they are at the greatest risk of future injury.
We did not evaluate transverse-plane joint angles. Howev-
er, previous researchers8,16–19 who examined the ability of
Microsoft Kinect markerless motion-capture systems to
accurately calculate transverse-plane joint angles demon-
strated poor agreement with stereophotogrammetric sys-
tems. Similar findings regarding worse agreement for
transverse-plane measures have been seen between vali-
dated 3D motion-capture systems.23 Finally, ankle-joint
kinematics were not included in our analyses. Future
researchers should evaluate the validity of Microsoft
Kinect-based markerless motion-capture systems for an-
kle-joint kinematics, as the ankle plantar-flexion angle may
influence the lower extremity injury risk.3,6,25,26

CONCLUSIONS

Moderate agreement existed between the markerless and
stereophotogrammetric motion-capture systems for trunk
and lower extremity kinematics during a jump-landing
assessment. The markerless motion-capture system was
better at calculating sagittal- than frontal-plane joint angles.
Furthermore, the markerless motion-capture system was
limited in its ability to accurately calculate joint angles at
IC and frontal-plane joint angles, which may have
important implications for injury risk. For these reasons,
until further refinement occurs, markerless motion-capture
systems should be used with caution for identifying small
differences in joint kinematics during high-velocity func-
tional assessments. However, the Microsoft Kinect-based
markerless motion-capture system correctly identified
differences in gross movement patterns and thus may aid
clinicians in identifying individuals at increased risk of
injury. The system can be used to efficiently screen many
individuals and identify individuals with gross movement
errors who may benefit from a more robust and in-depth
biomechanical screening assessment, including the use of a
stereophotogrammetric motion-capture system.
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Appendix. A, Trunk flexion, IC; B, Trunk flexion, MAX; C, Trunk flexion, DSP; D, Lateral trunk flexion at IC; E, Right hip flexion, IC; F, Left
hip flexion, IC; G, Right hip flexion, MAX; H, Left hip flexion, MAX; I, Right hip flexion, DSP; J, Left hip flexion, DSP; K, Right hip abduction
or adduction, IC; L, Left hip abduction or adduction, IC; M, Right hip abduction, MAX; N, Left hip abduction, MAX; O, Right hip-abduction,
DSP; P, Left hip-abduction, DSP; Q, Right hip adduction, MAX; R, Left hip adduction, MAX; S, Right hip adduction, DSP; T, Left hip
adduction, DSP; U, Right knee flexion, IC; V, Left knee flexion, IC; W, Right knee flexion, MAX; X, Left knee flexion, MAX; Y, Right knee
flexion, DSP; Z, Left knee flexion, DSP; AA, Right knee valgus or varus, IC; BB, Left knee valgus or varus, IC; CC, Right knee valgus or
varus, MAX; DD, Left knee valgus or varus, MAX; EE, Right knee valgus or varus, DSP; and FF, Left knee valgus or varus, DSP.
Abbreviations: IC, initial ground contact of the jump landing; MAX, maximum joint angle during the landing phase of the initial landing;
DSP, joint-angle displacement from initial ground contact to maximum joint angle during the landing phase of the initial landing.
Continued on next page.
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