Abstract

Background: The human tracking algorithm called OpenPose can detect joint points and calculate joint angles. However,
the reliability and validity of OpenPose have not been clarified yet.

Research question: Are there the enough reliability and validity of OpenPose based motion analysis?

Methods: 20 healthy young subjects participated in this study. The motion task was a bilateral squat. The joint angles of
the trunk, hip, knee, and ankle were calculated using OpenPose and VICON. Kinematic measurements by
three-dimensional motion analysis devices were recorded using VICON. Simultaneously, the images were taken with a
digital camera from the right side. After the images were processed with OpenPose, joint angles were calculated from
estimated joint points. To confirm the test-retest reliability within device, intraclass correlation coefficients [ICC (1, 3)]
were calculated. To confirm the validity, linear regression analysis and ICC (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.

Results: ICCs (1, 3) of the data obtained by OpenPose and VICON were almost perfect. There were significant
associations between the data obtained by OpenPose and VICON. ICCs (2, 1) between the data obtained by OpenPose and
VICON were almost perfect or substantial for trunk, knee and ankle joints, and fair on the hip joint. There were fixed
biases on knee and ankle joints, and proportional biases on trunk and hip joint.

Significance: OpenPose based motion analysis is reliable and has the advantage of being low cost and easier to operate
than conventional methods. In future, to consider the clinical utility of OpenPose, it is necessary to identify the error
between the true values indicating actual joint movement and data obtained by OpenPose with its correction for fixed and

proportional biases.

Keywords

Motion analysis; Human pose tracking algorithm; OpenPose



1. Introduction

Physical therapists or athletic trainers estimate abnormalities from the motions of patients and athletes and isolate
problems in a clinical setting. In most clinical and sports fields these professionals perform motion analysis by observation,
and analysis by observation depends on the ability of the evaluators. However, it is difficult to confirm that the data are
objective (1). Therefore, in case of more detailed motion analysis, the marker-based systems such as a three-directional
motion analysis system and accelerometer are used in order to gain objective data on the motions. Many kinds of research
using three-dimensional motion analysis devices such as the VICON motion system or Optotrak have already been
published (2-4). However, there are some disadvantages to marker-based systems. The equipment is expensive and requires
time and technical skill for attaching sensors (5). Therefore, they are used in limited special environments such as hospitals
and laboratories. In most clinical fields, it is therefore difficult to establish an environment where motion evaluations could
be performed using marker-based systems.

OpenPose, a posture tracking algorithm that uses deep learning was recently developed and has become an important
method for human posture tracking. OpenPose is a real-time system for body, foot, hand, and facial feature points (in total
135 feature points) detection on single image (6-8). Although there are few studies about applying OpenPose to motion
analysis, it is possible to record each subject during motion tasks using one or two digital video cameras and analyze
motions of trunk and limbs from the captured images.

OpenPose is Open Source Software and is included in the OpenCV library (9, 10). The license has allowed
non-commercial use for free. Although commercial use requires some expenses, it could reduce costs compared to
conventional motion analysis devices such as the VICON motion system. Image analyses by OpenPose only need standard
digital video cameras or digital video camera-equipped tablets available on the market in addition to software. The system is
easier to use, portable, and does not require a laboratory setting. If it is indeed possible to analyze motion using OpenPose,
this method could be more applicable in clinical and sports fields. However, there are few preceding studies on OpenPose;
the reliability and validity of its motion analysis has not been verified yet, and its value is open to dispute. Therefore, the
purpose of this study was to clarify associations and agreements of motion analysis using between OpenPose with VICON

during the bilateral squat, and confirm the reliability and validity of motion analysis using OpenPose.



2. Methods
2.1 Subjects

The subjects were 20 healthy young people (16 males and 4 females; age, 26.0 £ 3.4 years; mean height, 169.6 + 6.3
cm; mean mass, 63.4 + 10.4 kg; mean body mass index, 21.2 + 2.5 kg/m?). All subjects were university students. Those who
had a serious medical history in the extremities and trunk were excluded. This study was approved in advance by the ethics
committee of Kyoto University (approval number: R1823), and all subjects were given full written explanations before
obtaining consent to participate. The GPower V.3.1.9.3 program was used to determine appropriate sample size before this
study. When single regression coefficient would exceed 0.6, which is defined as strong (11), it was found that 17 subjects
must had been enrolled to have 80% power with 5% error level on two-tailed test.

OpenPose detects feature points from changes in pixels captured by the RGB camera. In the case of subjects wearing
very loose or very dark-colored garments, feature points are prone to misidentification. To prevent misidentification of
feature points, the subjects were asked to wear appropriately fitted light-colored garments.

2.2 Motion task

In each experimental trial, participants were asked to perform a bilateral squat. Data were initially collected for 3
seconds in the standing posture with their hands folded across under their chest. The subjects were then asked to execute the
bilateral squat, down in 3 seconds to the maximum range so as not to hide the reflective markers at the anterior superior iliac
spine, as shown in Figure 1. The angles of trunk anterior tilt and lower limb flexion were arbitrary. Finally, the subjects
returned to the initial position in 3 seconds. After several practice trials, three trials were recorded.

2.3 Data collection and processing

Regarding the bilateral squat, peak angles of the trunk, hip, knee, and ankle joint on the right side were measured,
and the changes of each angle relative to the standing position were calculated (mean value for 2 seconds).

To measure the joint angles in a conventional way, kinematic measurements by three-dimensional motion analysis
devices were recorded using the VICON motion system (Vicon Nexus; Vicon Motion Systems Ltd., Oxford, England) with
eight cameras at a sampling rate of 60 Hz and a low-pass filter with a 6 Hz cut off. According to the VICON Plug-in-Gait
marker placement protocol, 20 reflective markers were attached to the 7th cervical vertebra, 10th thoracic vertebra, clavicle,

and sternum and bilaterally to the anterior superior iliac spine, posterior superior iliac spine, lateral thigh, lateral femoral



epicondyle, lateral shank, lateral malleolus, second metatarsal head, and calcaneus.

Kinematic measurements by two-dimensional analysis using human pose tracking algorithms were recorded using
one camera-equipped tablet. The motion images were recorded using one digital video camera-equipped tablet from the
right side at a sampling rate of 60 Hz and a low-pass filter with a 6 Hz cut off. The feature points of each joint were
estimated using OpenPose from the captured images of subjects during the bilateral squat recorded using one digital video
camera.

2.4 Data analysis

With respect to VICON, the angles of the thoracic spine segment, hip, knee and ankle joints in the sagittal plane
were processed using the Vicon Clinical Manager software package. The trunk angle was measured in the global
coordinates of the thoracic spine segment. With respect to OpenPose, the joint angles were measured from the estimated
feature points of each joint. Figure 1 presents the placement and definition of each feature point, and the joint angles
between each feature point were calculated from the obtained marker coordinates as shown in Table 1. The mean values of
three trials were calculated and used for analyses.

2.5 Statistical analysis

First, since it was confirmed that the results of the analysis of the same image twice using OpenPose were in
complete agreement the test-retest reliability within device was assessed using intraclass correlation coefficients [ICC (1,
3)]. ICCs were determined as follows: 0.81— 1.0; almost perfect, 0.61—0.80; substantial, 0.41—0.60; moderate, 0.21—
0.40; fair, 0.00—0.20; slight (12). Next, to confirm the validity, 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. ICC (2, 1)
between the data obtained by OpenPose and VICON were calculated. Furthermore, agreements between the data obtained
by OpenPose and VICON were assessed by Bland-Altman analysis. The level of significance was set at 0.05. Statistical

analyses were performed using IBM SPSS Statistics, version 26 (IBM Japan Ltd., Tokyo, Japan).

3. Results
3.1 Reliability

Mean values + standard deviation, regression models and ICC (1, 3)] for each joint angle measured using OpenPose



and VICON are described in Table 2. ICCs (1, 3) of the data obtained by VICON were almost perfect (ICCs=0.87—0.93,
p<0.01). Similarly, there were high ICCs (1, 3) of the data obtained by OpenPose (ICCs=0.92—0.96, p<0.01). The excellent
reliability was confirmed on the joint angles measured using OpenPose.
3.2 Validity

Typical example on temporal changes are indicated in Figure 2. The regression models and ICC (2, 1) for each joint
angle measured using OpenPose and VICON are described in Table 3. Regarding all joints, the data obtained by OpenPose
were associated with the data obtained by VICON (R?=0.26 —0.83, p<<0.05). Although, ICCs (2, 1) between the data
obtained by OpenPose and VICON were almost perfect or substantial on trunk, knee and ankle joints (ICCs>0.60, p<0.01),
fair on the hip joint (ICC=0.37, p<0.05). Bland—-Altman plot for each joint angle measured using OpenPose and VICON are
provided in Figure 3. There were proportional biases on trunk and hip joint, and as the trunk angle increased, OpenPose
values trended smaller than VICON values, and the hip joint angle increased, OpenPose values trended larger than VICON

values as shown. Moreover, there were fixed biases on knee and ankle joints.

4. Discussions

In this study, the feature points of each joint were estimated using OpenPose from the captured images of subjects
during bilateral squat recorded using one digital video camera, and the joint angles were measured from the estimated
feature points of each joint. The main findings of this study were that there were almost perfect ICCs (1, 3) on OpenPose
values of all joints. Moreover, there were associations between the data obtained by OpenPose and VICON on all joints.
However, there were fixed biases on knee and ankle joints, and proportional biases on trunk and hip joint. This study was
the first attempt to apply OpenPose to motion analysis.

In recent years, video analysis technologies, especially marker-less systems using a human pose tracking
algorithm have improved tremendously. Previous studies reported significant differences between a human pose tracking
algorithm called Kinect and conventional motion analysis systems. Kinect, which was released from Microsoft in 2010,
consists of RGB cameras equipped with an infrared-based depth sensor and can observe movement without attaching
reflective markers and without using controllers. Thereby it is possible to recognize the position and orientation of a part of

the human body. In contrast to conventional motion analysis systems, the advantages of the Kinect measured motion



analysis systems are greater convenience to operate, portability, and economical efficiency. Several studies have examined
the reliability and validity of Kinect by comparing Kinect and conventional motion analysis systems, for example, VICON
and Optotrak (13-19). As a result of measuring the angles of lower limbs during treadmill gait using Kinect, ICCs of peak
knee flexion-swing angle and peak knee flexion-contact angle were high, whereas ICC of total ankle dorsiflexion range was
moderate, and ICC of hip flexion range was slight (13). Furthermore, in the studies about gait analysis using Kinect and
VICON or Optotrack, there were significant differences of hip extension, hip flexion, knee extension and flexion angle
between Kinect and VICON, and correlation coefficients between Kinect and VICON were moderate on knee extension and
knee flexion but weak on hip extension and hip flexion (14). As described above, there are significant differences between
Kinect and conventional motion analysis systems, therefore, at the moment, Kinect could not be said to be sufficiently
reliable.

Recently released OpenPose is similar to Kinect, less expensive than conventional three-dimensional motion
analysis devices such as VICON, widely available, and does not require special skills and knowledge. Furthermore,
OpenPose does not need makers or sensors attached to the body and needs only a standard digital camera or
camera-equipped tablet. It is more convenient than conventional devices such as VICON. However, there have been no
studies about the reliability and validity of the motion analysis system using OpenPose. Therefore, in this study, we
compare measurements using OpenPose with those of VICON.

First, ICCs (1, 3) indicating the test-retest reliability within device were in almost complete agreement. At all joint
angles, there were significant positive associations between the OpenPose and VICON values. However, while ICC (2, 1) of
the trunk, knee, ankle joints were enough high, the hip joint only was fair. Moreover, there were fixed biases on knee and
ankle joints, and proportional biases on trunk and hip joint. One of the reasons is, while VICON is a three-dimensional
motion analysis system, OpenPose provides only two-dimensional motion data from the image captured from provided one
digital camera. As a result, motions with rotation have not been measured accurately. Another reason is that there are
differences in measurement methods of angles between OpenPose and VICON, thereby the measurement values of the trunk
and hip joint angles were affected by the movement of the pelvis and spine. In VICON, the trunk is defined as the sagittal
displacement of the thoracic segments in the global coordinates, whereas in OpenPose it is the sagittal plane angle of a

straight line connecting “Neck" and "MidHip" relative to a perpendicular line to the floor passing through "Background".



Therefore, it is considered that OpenPose has a smaller value than VICON in motions like the upper trunk flexion relative to
the lower trunk. The hip joint is defined, in VICON, as the sagittal plane angle of the thigh relative to the pelvis, whereas in
OpenPose, the sagittal plane angle of a straight line connecting "RHip" and "RKnee" relative to a straight line connecting
"Neck" and "MidHip". Therefore, it is considered that OpenPose has a smaller value than VICON in motions like deep
flexion of the hip joint with a posterior tilt of the pelvis. In the case of the motion tasks in the sagittal or frontal plane
without rotation, or without spinal flexion and pelvic tilt, two-dimensional analysis using OpenPose might be enough to
provide valid results. In addition, to eliminate fixed and proportional biases, it is necessary to offset the absolute value of
the joint angle.

Several limitations of this study should be noted. First, there are limitations due to the features of OpenPose. The
errors between the true value indicating actual joint movement and the data obtained by OpenPose or VICON have not been
revealed yet. To verify the clinical utility of OpenPose in the future, it is necessary to correct the data for fixed and
proportional biases, and investigate the error between the true values and the data obtained by OpenPose with offset.

Next, there are limitations due to being two-dimensional motion analysis devices. Thereby, motion tasks with rotation may
reduce accuracy. It is necessary to correct fixed and proportional biases for improving validity and confirm whether it is
applicable for other motion tasks. Moreover, as a limitation of this study, it has not yet been verified that OpenPose could be
applied to other motion tasks such as gait. Considering the clinical utility of OpenPose, bilateral squat was adopted for the
motion task in this study, and the peak angles during motion task were measured following previous studies (13, 14, 17, 19).
However, it is possible to set sampling rates of the RGB cameras used in this study up to 60 Hz, which could apply to faster
motion tasks. Finally, although the number of subjects in this study was sufficient to meet the sample sizes, it was minimum.
In addition, the subjects were limited to young healthy persons, and did not include the patients and the elderly with
disorders. To consider the clinical utility of OpenPose in the future, it is necessary to verify the reliability and validity for

the patients and the elderly.

5. Conclusions
The current study verified the reliability and validity of OpenPose based motion analysis during the bilateral squat.

The test-retest reliability within device were in almost complete agreement Moreover, the angles of the trunk and lower



limb joints measured using OpenPose were associated with those angles measured using VICON on all joints. It was
suggested that it should be possible to measure joint angles using OpenPose from images captured with one digital video
camera. OpenPose could reduce costs and times due to the marker-less system, and be easy to use outside laboratory.
However, to enhance the clinical utility of OpenPose in the future, it is necessary to consider offset for fixed and
proportional biases, and investigate the error between the true value and the data obtained by OpenPose. Future research is

required to verify the reliability and validity for the patients and the elderly with disorders.
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Figure 1. Placement and definition of each feature point in OpenPose

The figure shows the feature points estimated by OpenPose in the standing posture with the hands folded across the chest
(@) and during a bilateral squat (b).

Abbreviations: Neck—border between cervical and thoracic vertebrae; RShoulder—right shoulder joint; RElbow-right
elbow joint; MidHip—center of right and left hip joints; RHip-right hip joint; RKnee-right knee joint; RAnkle-right ankle

joint; RSmallToe-right 5th metatarsophalangeal joint; RHeel-right heel.
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Figure 2. Typical example on temporal changes during the bilateral squat.
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Figure 3. Bland—-Altman plot for each joint angle measured using OpenPose and VICON.

Abbreviations: Diff (OpenPose - VICON): value measured using VICON subtracted from value measured using
OpenPose; Mean (OpenPose and VICON): mean of measurements using VICON and measurements using OpenPose.
Foot note: Thick line denotes bias (mean of difference) and thin lines denote 95% limits of agreement (upper: mean + 1.96

standard deviations of difference; lower: mean — 1.96 standard deviations of difference).



Table 1. Axis and movement directions of each joint by OpenPose

Joint Angle

Trunk The angle of a straight line connecting "Neck™ and "MidHip" relative to vertical

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

Hi
P a straight line connecting "Neck" and "MidHip"
Knee The angle of "RHip", "RKnee" and "RAnkle"
Ankle The angle of a straight line connecting "RHeel" and "RSmallToe" relative to

a straight line connecting "RKnee" and "RAnkle"

Abbreviations: Neck-the border between cervical and thoracic vertebrae; MidHip—the center of right and left hip joints;
RHip-right hip joint; RKnee-right knee joint; RAnkle—right ankle joint; RSmallToe-right 5th metatarsophalangeal joint;

RHeel-right heel.



Table 2. Mean values * standard deviation and the intraclass correlation coefficient [ICC (1, 3)] for each joint angle measured using OpenPose and VICON.

OpenPose VICON
Mean value + standard deviation ICC (1, 3) [95% confidence intervals] Mean value + standard deviation ICC (1, 3) [95% confidence intervals]
(degree) (p value) (degree) (p value)
Trunk 31.33 £ 8.95 0.95 [0.88—0.98] (p<0.01) 32.60 = 12.66 0.92 [0.84—0.97] (p<0.01)
Hip 88.01 + 15.91 0.96 [0.91—0.98] (p<0.01) 81.92 +7.85 0.87 [0.72—0.94] (p<0.01)
Knee 87.48 + 13.55 0.96 [0.92—0.98] (p<0.01) 94.86 + 15.81 0.93 [0.85—0.97] (p<0.01)
Ankle 25.88 + 5.92 0.92 [0.83—0.97] (p<0.01) 29.42 + 5.63 0.90 [0.79—0.96] (p<0.01)

Abbreviations: ICC—intraclass correlation coefficient.



Table 3. The regression models and intraclass correlation coefficient [ICC (2, 1)] for each joint angle measured using OpenPose and VICON.

95% confidence intervals

95% confidence intervals

Unstandardized for B R? for ICC (2,1
Dependent variable Independent variables . Constant ICC(2, 1) @1
coefficients B

(p value) (p value)
Trunk angle obtained Trunk angle obtained 123 595 0.89—1.58 0.76 0.82 0.61—0.93
by VICON by OpenPose (p<0.01) (p<0.01)
Hip angle obtained Hip angle obtained 0.25 5074 0.04—0.46 0.26 0.37 -0.03—0.68
by VICON by OpenPose (p<0.05) (p<0.05)
Knee angle obtained Knee angle obtained 200 1.06 0.82—1.30 0.83 0.80 0.13—0.94
by VICON by OpenPose (p<0.01) (p<0.01)

Ankle angle obtained Ankle angle obtained .62—1. -0.00—0.
g ! 9 ' 0.84 7.66 0627106 0.75 0.00—0.93
by VICON by OpenPose (p<0.01) (p<0.01)

Abbreviations: ICC—intraclass correlation coefficient.



