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ABSTRACT

Background: The human tracking algorithm called OpenPose can detect joint points and measure segment and
joint angles.

Research question: What is the validity of OpenPose-based gait analysis?

Methods: Twenty-four healthy young people participated in this study. The participants were assessed during
walking and running. Pelvic segment angles, and hip, knee, and ankle joint angles during treadmill walking and
running were measured using VICON. Simultaneously, images were captured using digital cameras from the right
and back sides. After processing with OpenPose, the corresponding angles were measured from the estimated
joint points. To validate these estimations, linear regression analysis was performed, and intraclass correlation
coefficients [ICCs (2, 1)] between the data obtained by OpenPose and VICON were calculated. Furthermore, the
agreement between the data obtained by OpenPose and VICON was assessed by Bland-Altman analysis.
Resuits: For most ranges of motion (ROM) in the sagittal plane, the hip, knee, and ankle joints had large co-
efficients of determination, without proportional biases. For most peak angles in the sagittal plane, the knee and
ankle joints had large coefficients of determination without proportional biases, although the hip joint had
nonsignificant coefficients of determination and proportional biases. In particular, for the hip flexion-extension
ROM and peak knee flexion angle during running and the knee ROM during slow walking, the ICCs showed good
to excellent agreement. However, for the parameters of the pelvis and hip joint in the frontal plane, there were
nonsignificant coefficients of determination and poor ICCs with fixed and proportional biases.

Significance: The lower limb ROM in the sagittal plane during gait can be measured by the OpenPose-based
motion analysis system. The markerless systems have the advantage of being more economical and conve-
nient than conventional methods.

1. Introduction

analysis is performed by observation. However, it is difficult to confirm
that the data are objective [5]. Therefore, for more detailed gait anal-

Experts conduct gait analyses to identify motion abnormalities in
clinical evaluations. The gait parameters for quantitative evaluations
include the step length, step width, gait velocity, steps, cadence, gait
cycle time, step duration, joint angles, heart rate, and oxygen saturation.
Simple quantitative evaluations such as a 10 m or less platform walk test
for step length, gait velocity, steps [1,2], and a 6 min walking test [3]
and incremental shuttle walking test for gait endurance [4] are used in
clinical and research fields.

For the quantitative evaluation of joint motion during walking, gait

ysis, the marker-based system and accelerometer are used convention-
ally. Many kinds of studies using marker-based system devices such as
VICON have been published [6,7]. However, conventional motion
analysis systems such as the marker-based system and accelerometer
have some disadvantages. Conventional motion analysis systems are
expensive; moreover, time and technical skills are needed to attach
makers [8] or sensors. Therefore, they are used in limited special envi-
ronments such as laboratories. In most clinical fields, it is therefore
difficult to establish an environment where motion evaluations could be
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performed using conventional motion analysis systems.

In recent years, video analysis technologies, especially markerless
systems using a human pose tracking algorithm, have improved
tremendously. Kinect, which was released in 2010, comprises RGB
cameras equipped with an infrared-based depth sensor and can observe
motion without requiring the attachment of reflective markers and the
use controllers, making it possible to recognize the position and orien-
tation of a part of the human body. The Kinect motion analysis system is
easier to operate, more portable, and more economical than conven-
tional motion analysis systems. However, previous studies reported
significant differences between Kinect and conventional motion analysis
systems such as VICON or Optotrak [9-14]. In a previous study [9]
analyzing platform gait analysis using Kinect and VICON, the correla-
tions indicating validity and intraclass correlation coefficients [ICCs]
indicating reliability were determined. The correlations for most of
spatiotemporal parameters were large. However, for the kinematic pa-
rameters such as the lower limb angles, the correlations were medium or
small. Similarly, in another previous study [10] analyzing treadmill gait
using Kinect and VICON, although the correlations for most of the
spatiotemporal parameters and knee angles were medium or large, the
correlations for the hip angles in the sagittal plane were small. There-
fore, although Kinect can be used for spatiotemporal measurements, it
may not be a suitable valid tool for obtaining kinematic measurements
during walking.

OpenPose is a posture tracking algorithm employed to estimate the
posture of multiple people from the images captured by a monocular
camera using a convolutional neural network, which is a type of deep
learning network [15,16]. Similar to Kinect, OpenPose does not require
the attachment of makers or sensors to the body, and does not require
technical expertise. Furthermore, unlike Kinect, OpenPose does not need
special cameras. OpenPose is a real-time system for feature point
detection on single images captured by a standard digital camera.
Therefore, it is possible to record the motion of each participant using
one digital camera and analyze the motions of the trunk and limbs from
the captured images. In addition, OpenPose is an open source software
that can be found in the OpenCV library [17-19], and its license allows
for its non-commercial use for free. Moreover, its commercial use ex-
penses are lower than those associated with conventional motion anal-
ysis devices, making it more convenient and economical than
conventional portable devices, and it does not require a laboratory
setting. If it is indeed possible to analyze gait using OpenPose, it could be
more applicable in clinical fields. Our previous study has already
demonstrated the reliability and validity of motion analysis during squat
using OpenPose. Device test-retest reliability was in nearly complete
agreement, and the angles of the trunk and lower limb joints during
squat, measured using OpenPose, were associated with the corre-
sponding angles measured using VICON [20]. In addition to our study
[20], the joint positions during walking were estimated using OpenPose
and conventional marker-based systems in recently published studies
[21,22] and the differences in corresponding joint positions were pre-
sented. However, studies on the validity of OpenPose for measuring the
segment and joint angles during walking and more dynamic tasks, such
as running, have not been conducted. Therefore, the purpose of this
study was to clarify correlations and agreements of gait analysis using
OpenPose with VICON during walking and running, and confirm the
validity of gait analysis using OpenPose.

2. Methods
2.1. Participants

The participants were 24 healthy young people (17 males and 7 fe-
males; mean age: 26.1 + 4.6 years; mean height: 167.9 + 7.7 cm; mean
mass: 61.1 &+ 10.8 kg). Individuals with a history of serious injuries, such
as ligament or musculoskeletal injuries, neurological disorders, frac-
tures, and those who had undergone surgery in the extremities and trunk
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were excluded. This study was approved in advance by the ethics
committee of Kyoto University (approval number: R1823), and all the
participants provided informed consent. GPower V.3.1.9.4 was used to
determine the appropriate sample size for this study. For linear regres-
sion analyses, 20 participants needed to be enrolled to obtain an effect
size exceeding 0.35, which is deemed large [21], and achieve a power of
80 % with a 5% error level in a one-tailed test. Previous studies targeted
at healthy people on gait analysis using Kinect and VICON indicated that
at least 20 participants were required [9-12]. Thus, we enrolled 24
participants in our study. OpenPose detects feature points from changes
in pixels. To prevent misidentification, the participants were asked to
wear appropriately sized light-colored garments that were not loose and
did not interfere with motion.

2.2. Motion task

In each experimental trial, the participants were randomly asked to
perform treadmill walking and running. The velocities were as follows:
slow walking: 2.5km/h (0.69m/s), moderate walking: 4.0km/h
(1.11 m/s), fast walking: 5.5km/h (1.53m/s), and running: 8.5km/h
(2.36 m/s). After several practice trials, at least four gait cycles during
which the participants remained stable were recorded.

2.3. Data collection and processing

For conventional measurement of the segment and joint angles, ki-
nematic measurements by three-dimensional (3D) motion analysis sys-
tems were recorded using VICON (Vicon Nexus; Vicon Motion Systems
Ltd., Oxford, England) with eight cameras. Kinematic measurements by
two-dimensional (2D) analysis using human pose tracking algorithms
were recorded using two digital cameras. The digital video cameras
were set at 1.8 m at the back and to the right of the participants. The
camera lens height was set to 91.5 cm. The motion images were recorded
from the right and back side. The feature points of each joint were
estimated using OpenPose from the captured images of the participants
during treadmill walking and running. The cut-off frequency of the filter
was determined using residual analysis [23]. The data from both devices
were recorded at a sampling rate of 60 Hz with a low-pass filter using a
6 Hz cut-off frequency.

2.4. Data analysis

The peak angles of pelvic elevation and depression, hip flexion,
extension, abduction, adduction, knee flexion and extension, ankle
dorsiflexion, and plantar flexion were measured, and the ranges of
motion (ROM) during each gait cycle were calculated. Heel contact was
identified from the images in each frame visually, and the gait cycle was
defined. The peak angles and ROM were calculated, and the mean values
of four successful gait cycles were used for the analyses.

According to the VICON Plug-in Gait marker placement protocol, 16
reflective markers were attached bilaterally to the anterior superior iliac
spine (ASIS), posterior superior iliac spine (PSIS), lateral thigh, lateral
femoral epicondyle, lateral shank, lateral malleolus, second metatarsal
head, and calcaneus. In addition to these markers, the center of each
joint was estimated from the following actual measured values: inter-
anterior superior iliac spine distance, leg length (the ASIS to the
lateral malleolus), knee width, and ankle width. First, the pelvis segment
coordinate system was defined from the ASIS and PSIS markers. The
pelvic origin was taken as the midpoint of both ASIS markers. The Y-axis
was the direction from the right ASIS marker to the left ASIS marker. The
X-axis was the direction starting from the midpoint of both PSIS markers
to the midpoint of both ASIS markers and continuing forward. The Z-axis
was the direction perpendicular to the X and Y axes and continuing
upward. The thigh was defined as a coordinate system as follows: The Z-
axis was the direction from the center of the knee joint to the center of
the hip joint. The Y-axis was taken parallel to the line from the center of
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the knee joint to the lateral femoral epicondyle marker. The X-axis was
the direction perpendicular to the Y and Z axes and continuing forward.
The shank was defined as a coordinate system as follows: The Z-axis was
the direction from the center of the ankle joint to the center of the knee
joint. The Y-axis was taken parallel to the line from the center of the
ankle joint to the lateral malleolus marker. The X-axis was the direction
perpendicular to the Y and Z axes and continuing forward. The foot was
defined as a coordinate system as follows: The Z-axis was the direction
from the second metatarsal head to calcaneus markers and continuing
forward. The Y-axis was taken parallel to the line from the center of the
ankle joint to the lateral malleolus marker. The X-axis was the direction
perpendicular to the Y and Z axes and continuing downward. The clin-
ical manager software in VICON was used to calculate the pelvic angle
on the global coordinate system, and the relative angles between the
coordinate systems of each segment in the lower limb, using Euler an-
gles. The angle of the pelvic elevation and depression was measured
between the transverse axis in the frontal plane of the laboratory (the
horizontal axis perpendicular to the participant’s axis of progression)
and the pelvic Y-axis. The Y-axis represented hip flexion and extension,
knee flexion and extension, and ankle dorsiflexion and plantar flexion.
The X-axis represented hip abduction and adduction.

With respect to OpenPose, the segment and joint angles were
measured from the estimated feature points of each joint. Fig. 1 presents
the placement and definition of each feature point, and the segment and
joint angles between each feature point were measured from the ob-
tained marker coordinates as shown in Table 1.

"RSmallToe"

"LHip"
"MidHip"
"RKnee"
"RAnkle"
"RHeel"
a. The frontal image b. The sagittal image
Table 1

Definitions of segments and joints based on OpenPose.
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2.5. Statistical analysis

First, to confirm that the results obtained by VICON can be predicted
from the data obtained by OpenPose, linear regression analyses were
performed by using the data obtained by OpenPose as the independent
variables and the data obtained by VICON as the dependent variables.
The correlation coefficients (r) were determined and values between 0.1
and 0.3 and those between 0.3 and 0.5 and those greater than 0.5 rep-
resented small, medium, and large correlations, respectively [24].
Therefore, the coefficients of determination (R?) between 0.01 and 0.09
showed a small correlation, those between 0.09 and 0.25 showed a
medium correlation, and those greater than 0.25 showed large corre-
lations. Next, to confirm if the data obtained by OpenPose agreed with
the data obtained by VICON, the ICCs (2, 1) between the data obtained
by OpenPose and VICON were calculated. The ICCs < than 0.5 showed a
poor agreement, those between 0.5 and 0.75 showed a moderate
agreement, those between 0.75 and 0.9 showed a good agreement, and
those greater than 0.90 showed an excellent agreement [25]. Further-
more, agreement between the data obtained by OpenPose and VICON
was assessed by the Bland-Altman analysis. The level of significance was
set at 0.05. The statistical analyses were performed using IBM SPSS
Statistics, version 26 (IBM Japan Ltd., Tokyo, Japan).

3. Results

Typical examples of temporal changes during moderate walking are
indicated in Fig. 2. The mean values + standard deviations for each peak
angle and ROM using OpenPose and VICON are listed in Table 2.

Fig. 1. Placement and definition of each
feature point by OpenPose.

The figure shows the feature points estimated
by OpenPose in the frontal image (left panel: a)
and sagittal image (right panel: b).
Abbreviations: Neck; border between cervical
and thoracic vertebrae; RHip; right hip joint,
LHip; left hip joint, MidHip; center of RHip and
LHip, RKnee; right knee joint, RAnkle; right
ankle joint, RHeel; right heel, RSmallToe; right
5th metatarsophalangeal joint.

OpenPose estimates all the feature points from
each image.

Segments and joints Angles

Pelvis Elevation / Depression

Hip Flexion / Extension

Hip Abduction / Adduction

Knee Flexion / Extension

Ankle Dorsiflexion / Plantar flexion

The angle of a straight line connecting "RHip" and "LHip" relative to horizontal

The angle of a straight line connecting "RHip" and "RKnee" relative to a straight line connecting "Neck" and "MidHip"

The angle of the straight line connecting "RHip" and "RKnee" relative to the perpendicular line connecting "RHip" and "LHip"
The angle of "RHip", "RKnee" and "RAnkle"

The angle of a straight line connecting "RHeel" and "RSmallToe" relative to a straight line connecting "RKnee" and "RAnkle"

Abbreviations : Neck; border between cervical and thoracic vertebrae; RHip; right hip joint, LHip; left hip joint, MidHip; center of RHip and LHip, RKnee; right knee
joint, RAnkle; right ankle joint, RHeel; right heel, RSmallToe; right 5th metatarsophalangeal joint.
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Fig. 2. Typical example of temporal changes during moderate walking.

Abbreviations: elevation; pelvic tilt to upper right, depression; pelvic tilt to lower right.
Mean values and standard deviations of four gait cycles in a participant were are shown as lines with bands. Black lines with dark gray bands denote the data obtained
by OpenPose, and black dotted lines with light gray bands denote the data obtained by VICON.

Table 2
Mean values + standard deviation (degree) for each peak angle and range measured using OpenPose and VICON.

Velocity Slow walking Moderate walking Fast walking Running

Motion
Device OpenPose VICON OpenPose VICON OpenPose VICON OpenPose VICON
Elevation 2.04+1.30 3.19+1.54 1.49+1.03 4.56 +1.92 1.45+0.91 5.57 £1.77 2.23+1.08 3.87+£1.52

a. Pelvis Depression 3.24+0.83 4.28 +£1.48 2.48+0.79 5.30+1.78 2.50£1.04 6.30 +1.52 2.54+1.41 4.25+1.31
Range 5.28+1.61 7.47 £2.27 3.89+£1.07 9.86 + 3.04 4.40 £1.09 11.87 +£2.58 4.77 £1.59 8.12+1.90
Flexion 23.29+£3.35 26.36 +4.61 26.59 +£2.42 28.23+4.43 27.75+2.26 31.52+4.32 26.86 +4.31 35.33+5.67
Extension 12.18 +2.84 12.31 +£5.61 14.69+1.71 16.14+5.24 18.35+2.47 18.80 +5.03 17.87 +1.61 10.79+3.76

b. Hip Range 35.48 +£4.30 38.66 +4.54 41.28 £2.95 44.37 +2.80 46.09 + 2.86 50.32+3.45 44.73 £4.59 46.12 +£5.20
Abduction 2.24+1.77 6.20 +2.82 2.17+1.78 7.46 +£2.71 2.14+1.81 8.50 + 2.29 0.48+1.93 4.89 +2.02
Adduction 5.07 £ 1.66 4.86 +2.46 5.99+1.58 6.57 +2.78 6.31+1.41 7.13+2.82 5.87 £2.75 9.16 +3.03
Range 7.31 +£1.46 11.06 +£3.17 8.16 +1.17 14.03 +2.67 8.45£1.50 15.63 +2.70 6.06 +2.01 14.05+3.32
Flexion 58.64 +£4.52 55.50 +£4.22 63.46 £ 4.09 60.93 + 3.66 63.23 +4.07 61.46 £ 3.39 81.64 +£8.18 79.91 £9.21

c. Knee Extension —2.39+4.42 2.06 +4.05 —5.00 +3.34 1.38+£3.63 —7.67 +3.55 —0.81+3.87 —14.65 +4.03 —6.57 £3.91
Range 56.25 +5.42 57.57 £5.26 58.46 +4.59 62.31 +£4.45 55.56 + 4.61 60.65 + 4.52 66.99 + 6.44 73.34 £7.62
Dorsiflexion 11.68 +2.88 15.26 +2.94 11.57 +£3.53 15.05+3.93 8.98 £3.53 12.10+3.24 17.76 = 2.41 24.64 £2.98

d. Ankle Plantar flexion 7.72+5.69 8.94 +£6.08 14.09+6.14 17.23+7.96 18.46 +£7.35 21.88+7.57 22.78 £8.06 25.46 +£10.22
Range 19.40 £ 6.25 24.20 +5.49 25.67 £6.39 32.27 £7.80 27.43+6.77 33.98+7.19 40.54 +8.24 50.10 £9.45

Abbreviations: elevation; pelvic tilt to upper right, depression; pelvic tilt to lower right.

Negative values for knee extension angles indicate flexion positions.

For most parameters of the pelvis, the coefficients of determination
were nonsignificant, and the ICCs showed poor agreement (ICC =
-0.06-0.23). For the pelvis elevation angle during running and pelvis
depression angle during fast walking only, there were medium co-
efficients of determination (R?= 0.18-0.20, p < 0.05) (Table 3). There
were fixed and proportional biases, and as the angles increased, the
OpenPose values trended smaller than the VICON values (Table 4).

For the hip flexion-extension ROM, the coefficients of determinations
were large R%= 0.55-0.81, p < 0.01) (Table 3), and there were fixed
biases but no proportional biases (Table 4). In particular, for the hip
flexion-extension ROM during running, the ICC showed good agreement
(ICC=0.86) (Table 3). However, for most parameters of the hip flexion
and extension angles, the coefficients of determination were nonsignif-
icant, and the ICCs were poor (ICC =0.02-0.48) (Table 3). Moreover,
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there were fixed and proportional biases, and as the angles increased,
the OpenPose values became smaller than the VICON values (Table 4).
For most parameters of the hip abduction and adduction angles,
although the coefficients of determinations were nonsignificant, or
medium to large (RZ: 0.21-0.53, p < 0.05), and the ICCs were poor
(ICC=0.03-0.56) (Table 3). Moreover, there were fixed and propor-
tional biases, and as the angles increased, the OpenPose values became
smaller than the VICON values (Table 4). For most parameters of the hip
abduction-adduction ROM, the coefficients of determination were
nonsignificant, and the ICCs were poor (ICC=0.03-0.11) (Table 3).
Additionally, there were fixed and proportional biases, and as the angles
increased, the OpenPose values became smaller than the VICON values
(Table 4).

For most of the knee angles and ROM, the coefficients of
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Table 3
The regression models and the intraclass correlation coefficients [ICC (2, 1)] for each peak angle and range measured using OpenPose and VICON.
a. Pelvis
Motion Velocity Unstandardized coefficients B Constant 95 % CI for B (p value) R? ICC (2,1) 95 % CI for ICC (2, 1)
Slow walking 0.107 3.029 —0.430 to 0.645 (p =0.682) 0.008 0.068 —0.220 to 0.401
Elevation Moderate walking —0.092 4.701 —0.920 to 0.736 (p =0.820) 0.002 —0.014 —0.122 to 0.171
Fast walking 0.127 5.381 —0.730 to 0.984 (p =0.761) 0.004 0.010 —0.050 to 0.126
Running 0.602 2.528 0.038 to 1.168 (p = 0.038) 0.181 0.229 —0.103 to 0.554
Slow walking -0.122 —4.610 —0.930 to 0.687 (p =0.758) 0.005 —0.045 —0.330 to 0.306
Depression Moderate walking 0.633 —-3.727 —0.319 to 1.585 (p =0.182) 0.080 0.069 —0.077 to 0.293
Fast walking 0.647 —4.688 0.066 to 1.228 (p =0.031) 0.195 0.078 —0.048 to 0.311
Running 0.077 —4.051 —0.332 to 0.487 (p=0.699) 0.007 0.047 —0.154 to 0.322
Slow walking —0.370 9.416 —1.001 to 0.261 (p =0.236) 0.066 0.156 —0.407 to 0.194
Range Moderate walking —1.041 13.992 —2.186 to 0.104 (p =0.073) 0.139 —0.055 —0.149 to 0.145
Fast walking 0.264 10.827 —0.769 to 1.296 (p = 0.602) 0.013 0.009 —0.028 to 0.084
Running 0.185 7.234 —0.337 to 0.708 (p =0.470) 0.024 0.055 —0.084 to 0.271
b. Hip
Motion Velocity Unstandardized coefficients B Constant 95 % CI for B (p value) R? ICC(2,1) 95 % CI for ICC (2, 1)
Slow walking 0.547 13.621 —0.011 to 1.105 (p = 0.054) 0.158 0.299 —0.057 to 0.607
Flexion Moderate walking 0.366 18.507 —0.428 to 1.159 (p =0.349) 0.040 0.157 —0.216 to 0.506
Fast walking 0.111 28.442 —0.732 to 0.954 (p=0.787) 0.003 0.031 —0.195 to 0.325
Running 0.650 17.874 0.145 to 1.155 (p =0.014) 0.244 0.199 —0.097 to 0.536
Slow walking 1.146 1.655 0.436 to 1.856 (p =0.003) 0.338 0.479 0.093 to 0.737
Extension Moderate walking 1.137 0.557 —0.120 to 2.393 (p=0.074) 0.138 0.211 —0.178 to 0.553
Fast walking 0.699 —5.966 —0.145 to 1.544 (p=0.100) 0.118 0.279 —0.143 to 0.611
Running 0.203 —7.157 —0.827 to 1.234 (p = 0.686) 0.008 0.016 —0.066 to 0.164
Slow walking 0.868 7.886 0.603 to 1.132 (p < 0.001) 0.678 0.656 —0.031 to 0.882
Range Moderate walking 0.704 15.290 0.423 to 0.986 (p < 0.001) 0.550 0.473 —0.104 to 0.796
Fast walking 0.985 4.924 0.675 to 1.294 (p < 0.001) 0.664 0.426 —0.082 to 0.784
Running 1.022 0.411 0.806 to 1.238 (p < 0.001) 0.813 0.864 0.625 to 0.946
Slow walking 1.085 3.768 0.567 to 1.602 (p < 0.001) 0.462 0.255 —0.090 to 0.622
Abduction Moderate walking 1.111 5.042 0.651 to 1.571 (p < 0.001) 0.533 0.184 —0.052 to 0.541
Fast walking 0.779 6.837 0.339 to 1.219 (p =0.001) 0.380 0.105 —0.036 to 0.387
Running 0.119 5.018 —0.383 to 0.622 (p =0.622) 0.013 0.031 —0.070 to 0.215
Slow walking 0.890 —0.352 0.365 to 1.415 (p = 0.002) 0.359 0.563 0.212 to 0.785
Adduction Moderate walking 0.979 —0.710 0.332 to 1.626 (p = 0.005) 0.309 0.472 0.105 to 0.729
Fast walking 0.922 —1.306 0.135 to 1.709 (p = 0.024) 0.211 0.353 —0.026 to 0.651
Running 0.585 —5.527 0.124 to 1.046 (p =0.016) 0.270 0.337 —0.094 to 0.674
Slow walking 0.649 6.319 —0.267 to 1.565 (p =0.156) 0.089 0.107 —0.102 to 0.381
Range Moderate walking 0.645 8.762 —0.319 to 1.609 (p =0.179) 0.080 0.042 —0.049 to 0.205
Fast walking 0.734 9.428 0.006 to 1.462 (p =0.048) 0.166 0.054 —0.040 to 0.238
Running 0.317 12.136 —0.473 to 1.107 (p=0.413) 0.034 0.032 —0.050 to 0.186
c. Knee
Motion Velocity Unstandardized coefficients B Constant 95 % CI for B (p value) R? ICC(2,1) 95 % CI for ICC (2, 1)
Slow walking 0.786 9.430 0.562 to 1.009 (p < 0.001) 0.707 0.670 —0.040 to 0.891
Flexion Moderate walking 0.706 16.107 0.464 to 0.949 (p < 0.001) 0.623 0.652 0.054 to 0.869
Fast walking 0.574 25.179 0.307 to 0.841 (p <0.001) 0.475 0.617 0.243 to 0.822
Running 1.079 —8.174 0.935 to 1.222 (p < 0.001) 0.917 0.934 0.791 to 0.975
Slow walking 0.720 —3.784 0.469 to 0.972 (p < 0.001) 0.616 0.507 —0.101 to 0.821
Extension Moderate walking 0.874 —5.745 0.588 to 1.159 (p < 0.001) 0.647 0.301 —0.051 to 0.694
Fast walking 0.698 —4.552 0.329 t01.068 (p =0.001) 0.412 0.237 —0.077 to 0.607
Running 0.696 —3.629 0.397 to 0.995 (p < 0.001) 0.515 0.234 —0.056 to 0.614
Slow walking 0.911 6.341 0.764 to 1.058 (p < 0.001) 0.883 0.914 0.703 to 0.968
Range Moderate walking 0.849 12.700 0.640 to 1.057 (p <0.001) 0.764 0.644 —0.086 to 0.892
Fast walking 0.816 15.299 0.575 to 1.057 (p < 0.001) 0.692 0.515 —0.089 to 0.835
Running 1.136 —2.757 0.988 to 1.284 (p < 0.001) 0.920 0.674 —0.050 to 0.915
d. Ankle
Velocity Unstandardized coefficients B Constant 95 % CI for B (p value) R? ICC(2,1) 95 % CI for ICC (2, 1)
Slow walking 0.376 10.863 —0.044 to 0.797 (p=0.077) 0.135 0.213 —0.103 to 0.532
Dorsiflexion Moderate walking 0.655 7.462 0.257 to 1.054 (p =0.003) 0.346 0.413 —0.065 to 0.724
Fast walking 0.604 6.677 0.299 to 0.909 (p < 0.001) 0.433 0.465 —0.071 to 0.769
Running 0.566 14.580 0.079 to 1.054 (p =0.025) 0.209 0.107 —0.059 to 0.382
Slow walking 0.506 —5.031 0.089 to 0.922 (p =0.020) 0.224 0.472 0.099 to 0.731
Plantar flexion Moderate walking 0.875 —4.889 0.452 to 1.298 (p < 0.001) 0.456 0.603 0.249 to 0.810
Fast walking 0.697 —9.020 0.362 to 1.031 (p < 0.001) 0.459 0.620 0.255 to 0.822
Running 0.910 —4.730 0.519 to 1.301 (p < 0.001) 0.515 0.677 0.387 to 0.846
Slow walking 0.613 12.308 0.334 to 0.891 (p < 0.001) 0.486 0.524 —0.034 to 0.802
Range Moderate walking 0.980 7.122 0.658 to 1.302 (p < 0.001) 0.644 0.554 —0.093 to 0.841
Fast walking 0.865 10.258 0.592 to 1.137 (p < 0.001) 0.663 0.568 —0.095 to 0.852
Running 0.885 14.223 0.563 to 1.207 (p < 0.001) 0.596 0.486 —0.103 to 0.808

Abbreviations: elevation; pelvic tilt to upper right, depression; pelvic tilt to lower right, CI, confidence intervals; ICC, intraclass correlation coefficient.

The linear regression analyses were performed by using the data obtained by OpenPose as independent variable and the data obtained by VICON as dependent variable.
Only statistically significant variables in regression analysis (p values <0.05) are shown in bold. Moreover, the variables exceed thresholds (R*>0.25, ICC > 0.5) were
highlighted with underlined.
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Table 4
Fixed and proportional biases by Bland-Altman analysis for each peak angle and range measured using OpenPose and VICON.
a. Pelvis
Fixed bias Proportional bias
Motion Velocity
Bias 95 % CI for bias (p value) LoA (Upper-Lower) Regression equation (p value)
Slow walking —1.234 —2.034 to —0.430 (p = 0.004) —4.947 to 2.479 y =—0.484 — 0.287x (p = 0.459)
Elevation Moderate walking —3.075 —4.014 to —2.136 (p < 0.001) —7.432 to 1.283 y=0.442 —1.162x (p = 0.005)
Fast walking —4.111 —4.928 to —3.294 (p < 0.001) —7.902 to —0.321 y=—-0.240 — 1.103x (p = 0.003)
Running —1.641 —2.251 to —1.031 (p < 0.001) —4.472 to 1.191 y=-0.185—0.477x (p = 0.080)
Slow walking 1.183 0.351 to 2.015 (p =0.007) —2.678 to 5.044 y=—4.064 — 1.375x (p =0.001)
Depression Moderate walking 2.817 2.085 to 3.548 (p < 0.001) —0.579 to 6.212 y=—1.481 —1.105x (p < 0.001)
Fast walking 3.807 3.210 to 4.403 (p < 0.001) 1.037 to 6.576 y=1.534—0.516x (p = 0.053)
Running 1.711 0.931 to 2.490 (p < 0.001) —1.907 to 5.328 y=2.167 +0.135x (p =0.734)
Slow walking —2.417 —3.801 to —1.033 (p =0.001) —8.842 to 4.008 y =4.470 — 1.072x (p = 0.051)
Range Moderate walking —5.891 —7.408 to —4.374 (p < 0.001) —12.932 to 1.150 y=8.107 — 2.024x (p < 0.001)
Fast walking —7.918 —9.052 to —6.784 (p < 0.001) —13.183 to —2.653 y=2.232 —1.283x (p < 0.001)
Running —3.351 —4.315 to —2.387 (p < 0.001) —7.826 to 1.124 y =—1.366 — 0.308x (p = 0.401)
b. Hip
Fixed bias Proportional bias
Motion Velocity
Bias 95 % CI for bias (p value) LoA (Upper-Lower) Regression equation (p value)
Slow walking —3.065 —4.962 to —1.168 (p = 0.003) —11.869 to 5.740 y=8.049 — 0.448x (p=0.112)
Flexion Moderate walking —1.642 —3.586 to 0.302 (p =0.094) —10.666 to 7.381 y=23.723 — 0.926x (p = 0.006)
Fast walking —-3.775 —5.782 to —1.767 (p =0.001) —13.092 to 5.543 y =28.425 — 1.087x (p = 0.004)
Running —8.473 —10.650 to —6.297 (p < 0.001) —18.576 to 1.630 y=2.776 — 0.362x (p =0.149)
Slow walking 0.124 —1.813 to 2.060 (p =0.896) —8.864 to 9.112 y=—9.73 — 0.805x (p < 0.001)
Extension Moderate walking 1.449 —0.606 to 3.505 (p =0.158) —8.090 to 10.989 y=—18.963 — 1.324x (p < 0.001)
Fast walking 0.452 —1.567 to 2.471 (p = 0.648) —8.921 to 9.825 y=—17.381 — 0.960x (p = 0.001)
Running —7.079 —8.751 to —5.408 (p < 0.001) —14.838 to 0.679 y=—25.712 — 1.300x (p < 0.001)
Slow walking —3.189 —4.303 to —2.075 (p < 0.001) —8.359 to 1.982 y =—1.054 — 0.058x (p = 0.669)
Range Moderate walking —3.092 —3.966 to —2.218 (p < 0.001) —7.149 to 0.966 y=-5.635+0.059x (p=0.721)
Fast walking —4.227 —5.072 to —3.382 (p < 0.001) —8.147 to —0.307 y=5.782 - 0.208x (p =0.138)
Running —1.394 —2.344 to —0.444 (p = 0.006) —5.803 to 3.016 y=4.566 — 0.131x (p = 0.187)
Slow walking —3.957 —4.833 to —3.081 (p < 0.001) —8.025 to 0.111 y=—1.676 — 0.541x (p = 0.005)
Abduction Moderate walking —5.283 —6.068 to —4.498 (p < 0.001) —8.927 to —1.638 y = —2.996 — 0.475x (p = 0.007)
Fast walking —6.366 —7.147 to —5.583 (p < 0.001) —9.994 to —2.736 y=-4.832-0.288x (p=0.172)
Running —4.470 —5.540 to —3.399 (p < 0.001) —9.439 to 0.499 y=—4.052 — 0.145x (p = 0.692)
Slow walking —0.205 —1.041 to 0.630 (p=0.616) —4.082 to 3.672 y = —2.604 — 0.483x (p =0.027)
Adduction Moderate walking 0.584 —0.390 to 1.559 (p =0.227) —3.94 t0 5.108 y=—3.769 — 0.693x (p = 0.003)
Fast walking 0.812 —0.247 to 1.871 (p=10.126) —4.103 to 5.727 y=—5.101 — 0.880x (p = 0.001)
Running 4.022 2.435 to 5.610 (p < 0.001) —3.348 to 11.393 y =—0.338 — 0.559x (p = 0.051)
Slow walking —3.752 —5.049 to 2.455 (p < 0.001) ~9.771 to 2.268 y =5.975 — 1.059x (p < 0.001)
Range Moderate walking —5.867 —6.961 to —4.773 (p < 0.001) —10.944 to —0.790 y=6.553 —1.118x (p < 0.001)
Fast walking —7.177 —8.231 to —6.124 (p < 0.001) —12.067 to —2.288 y=2.298 — 0.787x (p = 0.004)
Running —8.492 —10.139 to —6.845 (p < 0.001) —16.137 to —0.847 y=1.953 — 1.006x (p = 0.002)
c. Knee
Fixed bias Proportional bias
Motion Velocity
Bias 95 % CI for bias (p value) LoA (Upper-Lower) Regression equation (p value)
Slow walking 3.140 2.093 to 4.188 (p < 0.001) —1.722 to 8.003 y=—1.065+ 0.074x (p = 0.562)
Flexion Moderate walking 2.529 1.455 to 3.604 (p < 0.001) —2.459 to 7.519 y=-5.202 4 0.124x (p = 0.403)
Fast walking 1.770 0.501 to 3.039 (p =0.008) —4.119 to 7.659 y=-11.680 + 0.216x (p = 0.246)
Running 1.736 0.583 to 2.890 (p = 0.005) —3.618 to 7.090 y=-11.564 — 0.122x (p = 0.065)
Slow walking 4.452 3.269 to 5.635 (p < 0.001) —1.039 to 9.942 y=4.436 + 0.096x (p =0.522)
Extension Moderate walking 6.376 5.449 to 7.304 (p < 0.001) 2.071 to 10.681 y=6.542 — 0.091x (p = 0.521)
Fast walking 6.869 5.533 to 8.198 (p < 0.001) 0.681 to 13.050 y=7.304 — 0.103x (p =0.608)
Running 8.084 6.824 to 9.344 (p < 0.001) 2.234 to 13.934 y=7.707 4+ 0.036x (p = 0.839)
Slow walking —1.312 —2.100 to —0.524 (p = 0.002) —4.969 to 2.345 y=-3.140 + 0.032x (p = 0.674)
Range Moderate walking —3.846 —4.806 to —2.886 (p < 0.001) —8.303 to 0.610 y=-5.739 + 0.031x (p = 0.779)
Fast walking —5.100 —6.216 to —3.976 (p < 0.001) —10.293 to 0.101 y=—6.269 + 0.020x (p = 0.877)
Running —6.348 —7.329 to —5.367 (p < 0.001) —10.901 to —1.795 y=5.722 — 0.127x (p = 0.010)
d. Ankle
Fixed bias Proportional bias
Motion Velocity
Bias 95 % CI for bias (p value) LoA (Upper-Lower) Regression equation (p value)
Slow walking —3.581 —4.964 to —2.199 (p < 0.001) —9.998 to 2.835 y=-3.139-0.033x (p=0.911)
Dorsiflexion Moderate walking —3.472 —4.908 to —2.035 (p < 0.001) —10.140 to 3.196 y=-1.665— 0.136x (p = 0.537)
Fast walking —3.120 —4.306 to —1.934 (p < 0.001) —8.626 to 2.385 y=—4.216 + 0.104x (p = 0.596)
Running —6.877 —8.081 to —5.672 (p < 0.001) —12.467 to —1.286 y=-0.694 — 0.292x (p = 0.267)
Slow walking 1.214 —1.341 to 3.770 (p = 0.336) —10.647 to 13.075 y=0.460 — 0.091x (p = 0.726)
Plantar flexion Moderate walking 3.132 0.631 to 5.634 (p =0.016) —8.479 to 14.743 y=-1.680 — 0.307x (p =0.109)
Fast walking 3.423 0.890 to 5.955 (p =0.010) —8.331 to 15.177 y=2.741 — 0.034x (p =0.858)
Running 2.688 —0.336 to 5.711 (p =0.079) —11.347 to 16.722 y =—3.960 — 0.276x (p = 0.120)
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Table 4 (continued)
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d. Ankle
Fixed bias Proportional bias
Motion Velocity
Bias 95 % CI for bias (p value) LoA (Upper-Lower) Regression equation (p value)
Slow walking —4.795 —6.746 to 2.845 (p < 0.001) —13.849 to 4.259 y =—8.105 + 0.125x (p = 0.406)
Range Moderate walking —6.604 —8.569 to —4.639 (p < 0.001) —15.723 to 2.515 y=-0.218 — 0.220x (p =0.129)
8 Fast walking —6.543 —8.349 to —4.737 (p < 0.001) —14.927 to 1.841 y =—4.507 — 0.066x (p = 0.632)
Running —9.564 —12.131 to —6.997 (p < 0.001) —21.479 to 2.351 y=—-2.578 — 0.154x (p = 0.322)

Abbreviations: elevation; pelvic tilt to upper right, depression; pelvic tilt to lower right, CI, confidence interval; LoA, limit of agreement.
In the regression equation, x denotes mean between the data obtained by OpenPose and VICON, y denotes difference between the data obtained by OpenPose and
VICON. Only statistically significant variables (p values <0.05) are shown in bold.

determinations were large [R? = 0.41-0.92, p < 0.01) (Table 3), and
there were fixed biases but no proportional biases (Table 4). In partic-
ular, for the knee flexion angle during running and the knee ROM during
slow walking, the ICCs showed excellent agreement (ICC = 0.91-0.93).
For most of the ankle ROM, the coefficients of determinations were
large (R2 =0.49-0.66, p < 0.01). Although the ICCs showed moderate
correlations (ICC =0.49-0.59), the 95 % confidence intervals [CI]
ranged widely. For most parameters of the ankle angles, the coefficients
of determination were nonsignificant, or medium to large
(R2 =0.21-0.52, p<0.05), and the ICCs were poor to moderate
(ICC=0.11-0.68) (Table 3). However, for most of the ankle angles and
ROM, there were fixed biases but no proportional biases (Table 4).

4. Discussion

We observed large coefficients of determination without propor-
tional biases for most parameters of the hip flexion-extension ROM, and
the knee and ankle joints. The ICCs showed good to excellent agreement,
particularly for the hip flexion-extension ROM during running, peak
knee flexion angle during running, and knee ROM during slow walking.
However, for most parameters of the hip joint, except for the flexion-
extension ROM, and the pelvis, the coefficients of determination were
nonsignificant, and the ICCs were poor, with fixed and proportional
biases. In our previous study, correlations and agreements of motion
analysis were clarified using OpenPose with VICON during squat, and
the reliability and validity of the approach were confirmed [20].
Moreover, in a previous study in which cadence was measured using
OpenPose, clinical application of the motion analysis using OpenPose
was suggested [26]. In recent studies, the joint positions during walking
were estimated using OpenPose and marker-based systems, and the
differences in the corresponding joint positions, estimated from the two
different measurement methods, were presented [21,22]. However, the
degree of agreement between the angles measured using OpenPose with
the angles measured using VICON and the type of bias have not been
confirmed yet, and the validity of OpenPose-based gait analysis has not
been verified. This study is the first attempt to apply OpenPose to the
measurement of segment and joint angles during walking and running.

First, there were large coefficients of determinations between the
data obtained by OpenPose and VICON in the hip flexion-extension ROM
and most parameters of the knee and ankle joints. Moreover, there were
no proportional biases. For most parameters of the lower limb ROM in
the sagittal plane, the ICCs were moderate to excellent; specifically for
the hip flexion-extension ROM during running, knee flexion angle dur-
ing running, and knee ROM during slow walking, the 95 % CIs were in a
narrow range. Therefore, the validity of OpenPose was proved when
measuring the lower limb ROM in the sagittal plane. Although the mo-
tions in the sagittal plane without transverse plane rotation of the knee
and ankle joints obtained by OpenPose and VICON agreed, the motions
in the frontal plane with transverse plane rotation of the pelvis and hip
joints obtained by OpenPose and VICON not agreed. This is because,
while VICON is a 3D motion analysis system, OpenPose provides only 2D
motion data for images captured by one digital camera. Thus, motions
with transverse plane rotation were not measured accurately. In
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particular, because the angles of the hip joint and pelvis in the frontal
plane were small, the biases between the data obtained by OpenPose and
VICON increased in motions with transverse plane rotation. However,
for motion tasks without transverse plane rotation, the 2D analysis using
OpenPose might provide valid results. Furthermore, there are differ-
ences in angle measurement methods between OpenPose and VICON,
thereby measurement of the hip joint angles was affected by motion of
pelvis and spine. In VICON, the hip angle in the sagittal plane was
defined as the angle between the femur with respect to the pelvis using
local coordinates, whereas in OpenPose, it was defined as the angle of
the thigh with respect to the trunk using 2D coordinates. Therefore, the
pelvis and spine positions affect the hip angles.

The results of this study indicate that for most of the hip flexion and
extension angles, the coefficients of determination were nonsignificant,
and the ICCs were poor; moreover, fixed and proportional biases existed.
However, for the hip flexion-extension ROM, the coefficients of deter-
mination were large, and there were no proportional biases. The motion
and position of the pelvis or spine during walking or running varies
depending on the participant. In walking or running with motions or
varying positions of the pelvis or spine, differences between the hip
angle data obtained by OpenPose and VICON might occur. For example,
in walking or running with the forward pelvis tilt, the hip flexion angles
measured by OpenPose are smaller than those measured by VICON.
However, in walking or running while maintaining the pelvis tilt or
spine flexion, although the hip flexion and extension angles obtained by
OpenPose and VICON are different, the differences between the motion
analyses systems in the hip flexion-extension ROM are not noticeable.
The effects of the positions of the pelvis or spine could be eliminated in
the hip flexion-extension ROM. For the hip flexion-extension ROM and
most parameters of the knee and ankle joints, only fixed biases were
observed. Therefore, the data obtained by OpenPose can be improved by
offsetting. When measuring the hip flexion-extension ROM, OpenPose
can be used. In contrast, when measuring the hip flexion or extension
angles only, conventional marker-based systems may be appropriate.

In previous studies involving the measurement of the knee flexion
and extension angles during walking or running using Kinect and
VICON, the Pearson correlation coefficient between the measurements,
r, ranged from 0.43 to 0.69 for walking at 4.8 km/h and running at
8.8 km/h [10]. Similarly, our study revealed that the data obtained by
OpenPose and VICON during walking at 4.0km/h and running at
8.5 km/h were significantly associated, and R?, which was the coeffi-
cient of determination, ranged from 0.52 to 0.92. In another previous
study using Kinect, r, which was the Pearson correlation coefficient for
the hip flexion-extension ROM during striding, was verified by VICON
and measured at 0.49 for walking at 4.5 km/h and 0.17 for walking at
6.0 km/h [9]. Our results revealed that R which was the coefficient of
determination between the data obtained by OpenPose and VICON was
0.55 for walking at 4.0 km/h and 0.66 for walking at 5.5km/h. The
Pearson correlation coefficient between the data obtained by Kinect and
VICON, r, for the ankle ROM during striding was 0.11 for walking at
4.5 km/h and -0.26 for walking at 6.0 km/h [9]. On the other hand, the
data obtained by OpenPose and VICON showed R2, which was the co-
efficient of determination, was 0.64 for walking at 4.0 km/h and 0.66 for
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walking at 5.5 km/h. Currently, OpenPose could be recommended as an
easy and economical method for measuring segment and joint angles
during walking and running. OpenPose can measure the lower limb
angles in the sagittal plane from the images captured using one digital
camera, without requiring special equipment or specialists.

Several limitations of this study should be noted. First, due to the
features of OpenPose, it is necessary to correct the data for fixed and
proportional biases, and investigate the error between the true values
indicating actual joint motion and OpenPose values. Next, the applica-
bility of OpenPose for analyzing faster 3D motion tasks such as jumping
and throwing has not been verified yet. We must determine whether
OpenPose can be applied for measuring segment and joint angles during
faster 3D motion tasks. Furthermore, the participants were limited to
young healthy people and did not include patients and the elderly with
disorders. Thus, to apply OpenPose for gait analysis during abnormal
walking, it is necessary to verify its validity for gait analyses in patients
and the elderly.

5. Conclusions

This study verified the validity of OpenPose-based gait analysis. The
knee and ankle joint angles measured using OpenPose were significantly
associated with those measured using VICON, and only fixed biases but
no proportional biases were observed. Moreover, most parameters of the
lower limb ROM in the sagittal plane had large coefficients of determi-
nation, without proportional biases, and the ICCs were moderate to
excellent. On the other hand, for most parameters of the lower limb
angles in the frontal plane, there were nonsignificant coefficients of
determination and poor ICCs (2, 1), with fixed and proportional biases.
Similarly, the measurements of the hip joint angles in the sagittal plane
had nonsignificant coefficients of determination and poor ICCs (2, 1),
with fixed and proportional biases. Thus, we could measure the lower
limb ROM in the sagittal plane using OpenPose from the images
captured with one digital camera. Although it is not an alternative to a
complete 3D motion analysis system, OpenPose can still be used for gait
analysis. OpenPose can reduce analysis costs and times because it is a
markerless system without special cameras.
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