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Abstract: Access to healthcare, including physiotherapy, is increasingly occurring through virtual
formats. At-home adherence to physical therapy programs is often poor and few tools exist to
objectively measure participation. The aim of this study was to develop and evaluate the potential
for performing automatic, unsupervised video-based monitoring of at-home low-back and shoulder
physiotherapy exercises using a mobile phone camera. Joint locations were extracted from the videos
of healthy subjects performing low-back and shoulder physiotherapy exercises using an open source
pose detection framework. A convolutional neural network was trained to classify physiotherapy
exercises based on the segments of keypoint time series data. The model’s performance as a function
of input keypoint combinations was studied in addition to its robustness to variation in the camera
angle. The CNN model achieved optimal performance using a total of 12 pose estimation landmarks
from the upper and lower body (low-back exercise classification: 0.995 £ 0.009; shoulder exercise
classification: 0.963 £ 0.020). Training the CNN on a variety of angles was found to be effective in
making the model robust to variations in video filming angle. This study demonstrates the feasibility
of using a smartphone camera and a supervised machine learning model to effectively classify
at-home physiotherapy participation and could provide a low-cost, scalable method for tracking
adherence to physical therapy exercise programs in a variety of settings.

Keywords: human activity recognition; pose detection; machine learning

1. Introduction

Shoulder pain caused by symptomatic degenerative rotator cuff tears and low back
pain (LBP) are highly prevalent conditions associated with decreased mobility and quality
of life [1-6]. Conservative management with physical therapy has been established as an
effective treatment leading to improved patient-reported outcomes for both of these condi-
tions [7-10]. Essential to this effective management are high rates of patient participation in
a physical therapy program [11,12]. Unfortunately, at-home participation in physiotherapy
is often poor and decreases over time [11-13]. Current tools to measure adherence often rely
on patient-reported diaries which are subject to low rates of completion and can suffer from
a range of other biases [14,15]. Establishing objective measures of adherence is therefore a
clinically useful component of physiotherapy and remains a challenging problem [15,16].

In recent years, wearable inertial measurement units (IMUs), such as those contained
in widely available smartwatches and smartphones, have been used for a variety of human
activity recognition tasks [17-19]. In the context of physical therapy, ref. [20] developed a
smartwatch-based sensor system which was able to detect shoulder physiotherapy exercises
using hand-crafted IMU time series features or a three-layer convolutional neural network
(CNN) [12,21]. This sensor system was subsequently expanded by [22] to eight IMUs worn
around the body, and it was shown that a system of three IMUs worn on the low back,
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thigh, and ankle could be used to classify low-back exercises. Although these systems
have been shown to be effective in measuring physiotherapy performance, they require
hardware configurations that are highly-specific to the exercise type (watch vs. pants) and
required substantial development to expand the approach from the shoulder exercises to
those performed for other anatomical sites (i.e., the lower back) [20,22].

Video data offer the potential ability to measure the movement of the entire body.
Existing platforms often rely on specialized hardware (e.g., Microsoft Kinect [23]) or costly
motion capture systems [24]. In particular, support vector machines (SVM) have been
trained on keypoints obtained from Microsoft Kinect systems for emotion and gesture
recognition [25]. Pre-trained image classification models have also been used to extract
features from video frames, with an SVM used to classify postural control metrics [26].
Ref. [27] used a custom configuration of off-the shelf IMUs coupled with a depth camera and
hand-crafted algorithms to compute gait and posture metrics. However, these methods lack
the ability to run directly on a smartphone without any additional customized hardware.
Recently, the emergence of open source pose detection frameworks such as OpenPose [28],
MoveNet [29], and BlazePose [30] has made direct biomechanical analysis possible with
single-camera videos. Machine learning models have been trained with 2D pose keypoints
for predicting gait metrics such as walking speed and cadence [31,32] and fall detection [33].
The increased availability of open source pose detection models capable of running in
real-time on most smart phones (or other consumer electronics containing cameras such
as smart-home devices) offer the potential to provide a scalable platform for the detection
of a wide variety of physical therapy exercises with a single camera. However, to our
knowledge, pose detection and time series models have not been used to directly classify
physiotherapy activity.

The purpose of this study was to evaluate the suitability of using a single camera
to detect and classify physiotherapy exercises in a variety of anatomic locations. To test
this, we developed and optimized a proof-of-concept system for classifying the videos
of exercises from both a shoulder and an LBP physical therapy program with machine
learning. In addition, we performed an analysis of the model’s robustness to variation in
the camera angle and assessed the minimum number of subjects required to train such a
model. It is hypothesized that videos of shoulder and low back physiotherapy exercises
could be classified based on the temporal changes in the keypoint locations estimated by
a pose detection model. Furthermore, we hypothesize that model architectures used to
classify the temporal signals of the inertial data of physiotherapy exercises could be used
to classify keypoint time series derived from video data. Although we apply these models
to physiotherapy exercise classification, they could provide a platform for scalable activity
recognition in a wide range of applications such as physical rehabilitation, remote care, gait
analysis, and sports and fitness.

2. Materials and Methods
2.1. Dataset

Exercises from two evidence-based rehabilitation protocols were used in this study.
Seven exercises used to treat full-thickness atraumatic rotator cuff tears [7] were chosen
for the shoulder activity task. Seven exercises used by [22] from the McKenzie low-back
physiotherapy framework [34] were selected for the low-back exercise task. Both sets of
exercises were chosen to incorporate movement in a variety of planes which are typical of
exercises prescribed for rotator cuff tears and LBP, respectively. The full list of exercises
performed for each task can be found in Appendix A. Exercises are referred to as “symmet-
rical” if the movement was bilateral, with both sides of the body moving in unison (e.g.,
push-ups). “Asymmetrical” exercises refer to unilateral movements which are performed
to one side (e.g., internal rotation with the left arm).

Twenty-one healthy adult subjects with no prior history of low-back pain or shoulder
rotator cuff pathology were recruited for this study. Subjects provided informed consent to
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participate in a study approved by the Sunnybrook Health Sciences Centre Research Ethics
Board (REB # 3505).

Participants performed 10 repetitions of each exercise from both the shoulder and
low-back tasks while being filmed with two smartphone cameras. Asymmetrical exercises
were performed for five repetitions on each side. Because each exercise is performed with
a slightly different body position and orientation, the camera positioning relative to the
participant was specific to each exercise. The two cameras were positioned at an angle of
45°-90° apart relative to the participant, with as much of the participant’s body in view
as possible. One camera angle per activity class was used for model optimization and
experimentation. The recordings from the second camera angle for each exercise were held
out in order to assess the model’s robustness to camera angle. Participants were filmed
in a variety of settings which incorporated various types of lighting, backgrounds and
occlusion. The exercise type, participant number, camera angle, and body side (e.g., left,
right, or symmetrical) were labelled by researchers for all videos.

The data processing and modeling methodology is summarized in Figure 1. Thirty-
three-keypoint skeletons were extracted for all frames of all single-camera videos using
BlazePose [30]. BlazePose was implemented using the MediaPipe Python package [35]
and was found to run with an average frame rate of 32 frames per second on an Intel i5
CPU. Each keypoint was represented by a four-axis vector containing the x, y, z, image
coordinates of the keypoint in addition to the “visibility” v of the keypoint. The resulting
datasets for low back D5 = {(X;, v;)|N,} and shoulder Dgyy = {(X;, y;)|™,} containing
time series (derived from N and M videos, respectively) and ground truth exercise labels
y; were used for classification model training. Each time series X; was represented by a
matrix of keypoints k; containing the four-axis keypoint coordinates for n frames:

Xi = {K, Ky, ..., Kz} 1)
K; = {x,y, z v} ()

The matrices X; were subsequently flattened to shape (132, ) for model training so
that for the jth frame in the ith video, we have:

Xi,j = (k1XI kly/ klz/ ceey k33v)- (3)

Keypoints Estimated with Blazepose
o Predicted Exercise
Engineered Feature Classification Exercise  Labels

Engineered
Feature SVM

Computation

Preprocessing

Keypoint Time Series Coordinate
N il T Transform

Sliding
Window
Segmentation

Predicted Exercise
Exercise  Labels

=[]

Figure 1. The design of the proposed platform. Subjects are filmed with a single camera using

Time Series Classification

a smartphone while performing physiotherapy exercises. Joint keypoints are estimated for each
video frame using BlazePose, resulting in a timeseries of keypoint coordinates for each video. A
coordinate transform is applied to the keypoint timeseries in addition to sliding window segmentation.
The keypoint time series segments are then used to train and evaluate a convolutional neural
network (CNN). As a baseline comparison, engineered features are computed for each time series
segment and used to train a support vector machine (SVM). Both models are trained to predict
the physiotherapy exercise being performed in the given segment (seven-class classification). This
process was performed for shoulder activities (Table A1) and again for low-back activities (Table A2).
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2.2. Preprocessing

All sequences were resampled to a sampling rate of 25 Hz using cubic interpolation.
Resampled values are computed by fitting a third-order spline to the data and interpolating
new values at the specified sampling rate. Each resampled skeleton time series was
segmented using a sliding window segmentation with a window width of 400 samples
(16 s). This sampling rate and window width were chosen via a grid search, with a limit of
20 s (roughly two repetitions) placed on the possible window width. A window stride of
50 samples (2 s) was used as a data augmentation strategy. Using a smaller stride value
effectively creates increasingly overlapping windows, thus increasing the size of the dataset.
All interpolation and segmentation steps were performed using Seglearn, an open source
Python package [36].

2.3. Exercise Classification Models

Two time series classification models were used in this study. First, a support vector
machine (SVM) classifier, trained on hand-crafted time series features, was used as a
baseline model. Eleven engineered features were computed for each segmented keypoint
time series using the Seglearn Python package [36]. The resulting features were normalized
to zero mean and unit variance and used to train a SVM model with a linear kernel
and a regularization parameter of 0.025. Feature normalization and model training was
performed using the Scikit-Learn Python package [37]. The SVM was chosen as the baseline
model due to its relative simplicity and interpretability as a classifier.

A convolutional neural network (CNN) was also trained directly on keypoint time
series segments. The CNN architecture proposed by [38] was adopted for this study. This
model architecture was chosen because it is considered a strong baseline for time series
classification [39] and has been found to be effective in activity classification tasks with
IMU data [22,38]. This relatively simple CNN architecture has been shown to outperform
models with more modern architectural features such as skip connections or LSTM layers
in time series classification tasks [39]. The implementation of this CNN in this study
consisted of three 1D convolutional layers, each with 128, 256 and 128 feature maps,
respectively. Each convolutional layer was followed by batch normalization and a rectified
linear unit (ReLU). Global average pooling was used after the last convolutional layer. This
improves the model’s robustness to temporal translations and has been shown to lead to
optimal performance in inertial classification tasks [39]. After global average pooling, L?
normalization was performed, followed by a fully connected layer with softmax activation.
The CNN was trained using the Adam optimizer with categorical cross entropy loss for
50 epochs and a learning rate of 0.005. Softmax activation and the Adam optimizer are
both widely used for optimizing CNNss for classification [40,41] and were chosen for their
success in previous classification tasks with IMU time series [20,22,38]. All CNN models
tested in this study had identical architectures with the exception of different numbers of
input channels due to the keypoint combinations as described in Section 2.6.1.

2.4. Baseline Model Optimization

A grid search was employed to optimize the keypoint combinations, input channels,
coordinate transforms and window width, in addition to model-specific hyperparameters
for both the SVM and CNN models in each classification task. The search included the
{x,y}, {x,y,2} and {x,y,z,v} input channel combinations along with the keypoint combi-
nations and coordinate transforms described in Sections 2.6.1 and 2.6.2. Window widths of
50, 100, 200, 400, and 500 samples were tested. The learning rate of the CNN was tuned,
with values of 0.01, 0.005, 0.001, and 0.0001 were tested. The optimized model settings for
each classification task are shown in Table 1. The CNN model for each classification task
was used for subsequent experiments. All optimized models used a window width of 16 s
and a sampling rate of 25 Hz.
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Table 1. The optimized models used for subsequent experiments. For each model (CNN and SVM)
and each classification task (low back and shoulder), a grid search was performed to select the optimal
input channels, keypoint set, and coordinate transforms. All models used a window width of 16 s
and a sampling rate of 25 Hz. Model accuracies in a 5-fold cross validation experiment, split by
subject, using videos from only one camera angle per exercise are shown below.

Model Classification Task Channels Keypoints Transforms Accuracy
SVM Low back {x,y} Major joints Translation 0.992 4 0.011
BlazePose
SVM Shoulder {x,y,z,0} without face None 0.972 +0.016
CNN Low back {x,y,2z,v} COCO Translation 0.995 + 0.009
CNN Shoulder {x,y,2,0} Major joints Translation 0.963 + 0.020

and rotation

2.5. Performance Evaluation

All experiments were trained and evaluated using a 5-fold cross validation approach,
splitting folds by participant. This ensured that recordings from the same patient did not
appear in both the training and test sets. The same splitting strategy was used for each
experiment, ensuring that the records contained in each fold were consistent throughout
our study. The mean class-balanced accuracy and 95% confidence interval across folds are
reported for each experiment.

2.6. Experiments
2.6.1. Keypoint Combinations

The BlazePose pose detection model returns a skeleton of 33 body keypoints for
each frame. However, not all of these keypoints may be required for effective activity
classification. The performance of the model in classifying activity when trained on a variety
of BlazePose keypoint combinations was therefore assessed. Five keypoint combinations
were selected based on their relevance to the biomechanics of the physiotherapy activities
and in consideration of standard keypoint sets used in other pose detection frameworks.
Each set described here is a subset of the pose keypoints returned by BlazePose:

e All Keypoints: The full set of 33 BlazePose keypoints.

¢ All Without Face: Twenty-two keypoints containing the BlazePose set without key-
points on the face.

¢ COCO Keypoints: Set of 17 keypoints used in the COCO [42] dataset. These are a
subset of the BlazePose set which contain fewer keypoints on the face and hands.

*  Major joints: Twelve keypoints made up of the shoulders, elbows, wrists, hips, knees
and ankles.

e Upper Body Joints: Eight keypoints made up of the shoulders, elbows, wrists, and hips.

The effect of each keypoint set on model performance was evaluated for the CNN
using 5-fold cross validation, splitting folds by participant. Only keypoint time series from
videos filmed from one camera angle per exercise were used in this experiment.

2.6.2. Coordinate Transforms

Two coordinate transforms were developed in order to account for the participant’s
position and orientation in the image field of view. A translation was applied to the
skeletons by computing the point midway between the hips (BlazePose keypoints 24 and
25) and setting this as the origin K, resulting in the translated set of keypoints X! for the
ith record

Ky + K
K, = 242 25 @)

X} = X; — K,. ©)
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A rotation transformation was also developed order to account for the orientation of
the participant’s body relative to the camera. In each frame, a new set of orthonormal basis
vectors {&, ¥, 2} were computed such that X and § are in the plane formed by the shoulders
and K,. These basis vectors are then stacked to create the rotation matrix R which is applied
to all keypoints in the frame, resulting in the translated and rotated keypoints Xf, j for the
jth frame in the ith record :

R={%y 2} ©)
X} = RX( . @)

In order to assess the impact of transforms on model performance, three CNN models
were trained and validated using 5-fold cross validation, with each model using one of the
following transforms during preprocessing;:

¢ None: No transform was applied. The raw keypoints in image pixel coordinates from
BlazePose were passed to the CNN.

e  Translation: The translation transformation was applied to all keypoint timeseries.

*  Translation and rotation: The translation followed by a rotation was applied to all
keypoint timeseries.

Only records from one camera angle per exercise were used in this experiment. The “vis-
ibility” of each keypoint was left unchanged during translation and rotation transformations.

2.6.3. Camera Angles

Robustness to different camera angles is essential for the effective deployment of
a video-based classification system. As such, the CNN'’s classification performance on
recordings filmed from previously unseen camera angles in our dataset was evaluated.
Additionally, the effects of coordinate transforms (Section 2.6.2) on model performance for
those angles was investigated. This experiment was performed in two stages: First the
three CNN models were trained on records from only one camera angle per exercise, with
each model using one of the transforms from Section 2.6.2 (none, translation, translation
followed by rotation). The three models were then tested on records from the first and the
second camera angle for each exercise. In the second stage of this experiment, the three
CNN models were trained on both the first and second angle for each exercise, and tested
on both the first and second angle. Both stages of the experiment employed the same 5-fold
cross validation, splitting folds by subject to avoid data leakage. Results are reported as the
mean =+ 95% CI across the five folds.

2.6.4. Training Saturation

The validation performance of the CNN with respect to the amount of data used to
train the model was also assessed. The same subject-split 5-fold cross validation used in
experiments Sections 2.6.1-2.6.3 was created. A random subset of subjects in the training
set of each fold was used to train the CNN and the validation set was used to test the model.
This was repeated for a variety of training set sizes, each time testing on the same held-out
validation set. This was performed using only records filmed from one camera angle for
each exercise for both the low-back and shoulder classification tasks. Results are reported
as the mean accuracy across the five folds, & the 95% confidence interval.

3. Results
3.1. Baseline Models

The SVM and CNN models were optimized for each classification task. Models and
input settings were optimized with a grid search across model hyperparameters, keypoint
combinations, channels (x, y, z, v), and coordinate transforms using only one camera angle
for each exercise. The optimized keypoint parameters and the resulting performance in
5-fold cross validation are reported in Table 1. Although the highest classification accuracy
was achieved by the CNN model for low back exercise classification (0.995 £ 0.009) and
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the SVM provided the best performance for shoulder exercise classification (0.972 =+ 0.016),
neither model significantly outperformed the other within each classification task. The
runtime of the preprocessing and classification pipeline was 0.28 & 0.07 s (mean =+ SD) for
each record on an Nvidia Titan RTX 24GB GPU, with the mean record length of 66 + 20 s
(mean £ SD). The optimized CNN models for both classification tasks were used for
subsequent experiments.

3.2. Keypoint Combinations

The effect of keypoint selection on CNN exercise classification performance for the
both the low back and shoulder tasks is plotted in Figure 2. The model performance
degraded significantly for the “upper body joints” keypoint set in both classification tasks.
All other keypoint combinations that were tested resulted in at least 98% accuracy for low
back and at least 94% accuracy for shoulder exercise classification.

1.02 CNN, Low Back Exercise Classification 1.02 CNN, Shoulder Exercise Classification
1.00 1.00
0.98 0.98

Balanced Accuracy
o
o
=
Balanced Accuracy
o
o
S~

o
©
o
o
©
S

0.88 0.88
0.86 0.86
N N A D N N N o\ N N
P P & 0 PP AR
g < & & N & & & & 5
& < 5 & \S S <@ 5 & \d
N 5 N N b N & 5 & b
© &° 2 < G &° ¢ <P
& ¢ > & 0 o
N L N o L
v < NS v ¢ N
Keypoint Set Keypoint Set

Figure 2. The effect of pose keypoint combinations on CNN classification performance for the low
back (left) and shoulder (right) exercise classification tasks. The mean £ 95% CI class-balanced
accuracy across 5-fold cross validation is shown. All models were trained and validated using only
one camera angle for each exercise.

3.3. Coordinate Transforms

The impact of applying a translation and/or rotation to BlazePose keypoints prior to
CNN training is assessed in Figure 3. Model performance on low-back classification was not
significantly affected by either transform, although a translation and rotation resulted in an
increased inter-fold variability. Each additional transform did offer a slight improvement in
performance in the shoulder exercise classification task, although both models which used
transforms were within the 95% confidence interval of the model trained on raw keypoints.

3.4. Camera Angles

The performance of the CNN in classifying exercises recorded for a previously unseen
camera angle is shown in Figure 4. The model performance is significantly degraded when
classifying records from the second angle (up to 50% decrease in accuracy). Coordinate
transforms did not have a significant effect on performance in the low back exercise
classification task and resulted in degraded performance in the second angle for shoulder
exercise classification. The performance of the CNN when trained with records collected
from both angles is shown in Figure 5. When trained on records filmed from both the
first and second angle, the CNN’s performance was not significantly different for the two
angles, although the inter-fold variation in accuracy was much higher than the baseline
models in Table 1. However, when training on both angles, the CNN performance on the



Sensors 2023, 23, 363

8 of 16

two angles was lower than the baseline models by 2-5%. Additionally, the coordinate
transforms provided a 7-10% increase in accuracy for low-back exercise classification when
training and testing on both angles.

CNN, Low Back Exercise Classification CNN, Shoulder Exercise Classification
1.001 1.00
0.98 0.98
0.96 0.96
> >
1% =
o e
3 0.94 3 0.94
1%} 1)
< <
el el
() 17
2 0.92 2 0.92
© ©
© ©
o [2a]
0.90 0.90
0.88 0.88
0.86 0.86
e o Qo e Qo N
& XY O N ~ O
¥ & S < & S
& O @ & NS
& /\@gzp < /\@gz@
’b(\ ’b(\
Transform Transform

Figure 3. Effect of coordinate transforms on classification model performance for low back (left) and
shoulder (right) exercises, using only videos from one camera angle for each exercise. Plots show the
mean + 95% CI class-balanced accuracy in a 5-fold cross validation experiment, creating folds by
participant. The transform (either no transform, translation, or translation and rotation) was applied
to both training and validation records in each fold.

CNN Robustness to New Camera Angles

Low Back Exercise Classification Shoulder Exercise Classification
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0.8 0.81
> >
1*) 1%
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Eel el
i Q
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f=4 c
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© 0.4 © 0.4
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0.2
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0.0-
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Transform Transform

Figure 4. CNN robustness to new camera angles. The CNN was trained on records filmed from
one camera angle (“Ist angle”, in blue) and tested on a held-out set of records filmed from the
second camera angle for each exercise (“2nd angle”, in orange). This was performed using a 5-fold
cross-validation approach, splitting the folds by subject to prevent data leakage. This experiment was
repeated for low-back exercise classification (left) and shoulder exercise classification (right), and
evaluated the impact of coordinate transforms (no transform, translation, or translation and rotation).
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CNN Robustness to Camera Angles in the Training Set

1.10 Low Back Exercise Classification 110 Shoulder Exercise Classification
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Figure 5. CNN robustness to camera angles in the training set. The CNN was trained on records from
both camera angles for each exercise and tested on both camera angles in a 5-fold cross validation
approach, splitting folds by subject. This was repeated for both low back (left) and shoulder (right)
classification tasks, using each coordinate transform.

3.5. Training Saturation

The performance of the CNN with respect to the training set size is shown in Figure 6.
The CNN’s performance on low back exercise classification degraded significantly when
trained on fewer than seven subjects. When training on seven or more subjects, the CNN
achieves near optimal classification accuracy. The model does not reach this same plateau
in performance for shoulder classification. An increase in shoulder activity classification
performance is shown as the number of training subjects increases, with this increase
slowing above eleven subjects.

CNN Training Saturation

=
o
i

o
00
i

Validation Accuracy
o o
i o

| —— Low Back
—— Shoulder

1 3 5 7 9 11 13 15
Number of Training Subjects

Figure 6. CNN performance as a function of training set size. The CNN was trained on a random
subset of subjects from the training set of a 5-fold cross validation split and tested on a constant held-
out validation set. The mean accuracy + 95% CI is shown for various training set sizes (displayed as
the number of subjects). This is shown for both the low back (blue) and shoulder (orange) classification
tasks. Only records from one camera angle for each exercise were used in this experiment.
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4. Discussion

This work describes the development and evaluation of machine learning models
(SVM and CNN) for classifying videos of low-back and shoulder physiotherapy activities
based on time series data derived from pose detection keypoints over the course of the
video. The CNN achieved a performance on par with the SVM baseline when trained and
evaluated on time series derived from the videos of a single camera angle for each exercise.
All models achieved a classification accuracy above 95% in both low-back and shoulder
exercise classification tasks. Models performed better on the low back task, perhaps due
to the wider variety of full-body movements involved in those exercises. The low-back
protocol included two exercises which were performed while standing, and several of
which were performed while lying on the ground in various configurations.

Further investigation into the use of different possible keypoint combinations as inputs
to the model showed that any keypoint combination which includes at least the major joints
(shoulders, elbows, wrists, hips, knees and ankles) resulted in optimal performance. As a
result, a wide variety of pose detection models which offer various keypoint topologies such
as BlazePose (33 keypoints), MoveNet (17 keypoints), or OpenPose (15, 18, or 25 keypoints)
could offer viable inputs to a CNN. This improves the flexibility of our model and increases
the number of options available for cross-platform deployment in a home setting.

When deploying a video-based classification system into a home setting, it is cru-
cial that the system is invariant to variation in the camera setup. In particular, the lo-
cation of a subject in the camera frame and the orientation of the subject relative to the
camera must be accounted for. In order to do this, we leverage the relatively recent
emergence of 3-dimensional, single-camera pose detection models. BlazePose produces
a three-dimensional representation of joint locations for each video frame. The x and y
values of these 3D joint locations are represented as pixel coordinates within the frame and
the z values reflect an estimate of the “depth” of the joint in or out of the frame. These
keypoint locations are therefore highly dependent on the position of the participant in the
camera frame, as well as the orientation of the participant (e.g., facing the camera, back to
the camera, side-on to the camera, etc.). In order to study the effects of these parameters,
camera angles relative to each participant were labelled and the dataset was separated into
two subsets: one set of records which used the first camera angle for each exercise, and one
set which used the second camera angle for each exercise. We then used these two datasets
to study the robustness of our models to different camera angles.

We also developed two coordinate transforms which attempted to account for the
location and orientation of the participant in the camera frame. Neither the translation
nor rotation resulted in significant improvement in CNN performance when training and
testing on the first angle from each exercise (Figure 3). We also evaluated the CNN’s
robustness to new camera angles by testing the model on held-out records from the second
camera angle (Figure 4). The model performed significantly worse on records from the
held-out angles when no transformation was applied to input keypoints. This was expected,
since in the absence of a coordinate transform, videos taken from different angles would
create different keypoint time series. However, applying a translation and/or rotation to
the training and held-out records did not significantly improve performance. For shoulder
exercise classification, the transforms resulted in a slight decrease in CNN performance
on held-out records. The ineffectiveness of these transforms to account for camera angles
may be due to the high variance of the z axis in 3D pose-detection models. The visual
inspection of the keypoint time series revealed that the z channel contains significantly more
high-frequency noise than the x and y channels. An example of this is shown in Figure Al.
It is likely that the rotation described in Equation (7) propagates this noise across all three
dimensions of the rotated signal. In order to test whether we could train the model itself to
be robust to multiple angles, we retrained the CNN on records collected from both angles,
shown in Figure 5. The resulting model had virtually equal classification performance on
records filmed from either angle. However, the translation and rotation transforms did
offer improved performance in low-back classification for both angles compared to using
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no coordinate transform. Additionally, the performance of the CNNs when trained on
records from multiple angles was lower than the models trained and tested on a single
angle by only 2-5%. Our results suggest that training the CNN on multiple angles coupled
with a translation transformation is an effective way of making a model robust to variations
in the camera angle which occur in a home environment.

Results across all our experiments showed that the model classification of low-back
physiotherapy exercises was consistently better than shoulder exercise classification. This
could be explained by the different characteristics of the exercises in the two datasets. In
particular, the shoulder dataset contained more asymmetrical exercises. This would result
in roughly half the amount of training data for these exercises, since only five repetitions
were performed for each side, compared to ten for symmetrical exercises. Furthermore,
only records from one camera angle-side combination were used for each exercise. This
theory is supported by the training saturation results in Figure 6 which show that, unlike
in low-back classification, the CNN does not reach a plateau in performance for shoulder
exercise classification as more training subjects are used. This suggests that it is likely
that adding more training data could improve the performance of the model on shoulder
exercise classification.

Although the effect of the camera angle on model performance was explored in
quantitative experiments, this study was limited by the availability of only two camera
angles for each exercise. Prior to deployment into a clinic or a home setting, models would
have to be retrained on a wide range of possible camera angles. Unfortunately, the lack
of publicly available datasets of videos of physiotherapy exercises with labelled camera
angles makes this difficult. Additionally, this study only included healthy participants.
An investigation of the CNN'’s ability to generalize to patients with low back or shoulder
pathology performing these exercises is crucial to the successful deployment of this system.
A further limitation of our study was the use of only the SVM and CNN models. Testing
a wider selection of engineered feature models (k-nearest neighbours, random forest,
XGBoost, etc.) may have yielded a higher performance. Alfakir et al. [22] compared the
performance of nine engineered feature models in classifying IMU time series of low-
back physiotherapy and found that XGBoost and random forest models performed best.
However, rather than performing an exhaustive search of model candidates, the purpose of
our study was to test the ability of a CNN architecture optimised for IMU classification to
generalize to video keypoint time series classification. To provide a baseline for comparison,
we chose one engineered feature model (the SVM) due to its simplicity and interpretability.

Recently, several studies have used video-based pose detection models to estimate
a range of biomechanical metrics. In particular, single-camera pose keypoints have been
used to directly compute various temporal gait parameters [43]. In an approach similar to
ours, several studies have trained time series machine learning models on single-camera
pose keypoint data to predict gait parameters such as walking speed [31,32]. Other studies
have used the transfer learning of pre-trained image classification models to classify videos
of upper-limb tension tests on a single-frame basis [44]. Ref. [45] used dynamic time
warping to compare the pose keypoint time series of a patient and a coach and derive
an exercise performance score of lower limb exercises. However, to our knowledge this
is the first study to directly classify the entire recordings of physical therapy exercises.
Classification provides a direct, actionable outcome which can be used to track adherence,
whereas predicting biomechanical movement metrics requires another layer of modeling
or interpretation in order to derive actionable outcomes. To our knowledge, this is also
the first study to directly study the dependence of the camera angle on the performance of
classification models. Ref. [46] avoided the issue of camera angle dependence by combining
the 2D pose estimates from two cameras into a single 3D keypoint representation. However,
this would face significant deployment barriers in a home setting (requiring two cameras
recording simultaneously and perhaps consistent positioning). Using two or more cameras
would require the user to position both at specific angles and ensure they are in the frame
of view of both cameras at all times. Our proposed solution of training models on records
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collected from multiple camera angles is designed to allow a home-based application to
operate effectively and robustly on data acquired from a single smartphone camera.

The CNN architecture chosen in this study was originally optimised to classify the
IMU time series of physiotherapy activities [38]. When trained on the signals of pose key-
points, this model proved to be an effective classifier of videos of physiotherapy activities.
Minimal effort was required to extend the model from shoulder activity classification to
low-back activity classification. In contrast, when expanding an IMU-based model to a
new anatomic location or activity type, significant optimization of the hardware setup
and sensor locations is required [22]. This suggests that a future video-based application
for at-home physiotherapy participation measurement could be scaled to a wide range of
activities with limited development effort required.

Future directions for this work should include testing these models on patients un-
dergoing low-back or shoulder physiotherapy in a home setting. Prior to this, it would be
crucial to retrain the CNN on keypoints collected from a wider variety of camera angles in
order to ensure that the system is robust to variation in the camera angle. Additionally, it
is anticipated that factors such as poor lighting and occlusion are more likely to occur in
an uncontrolled home setting and could hinder keypoint extraction. Thus, the robustness
of both the keypoint detection and the CNN classifier should be studied with respect to
environmental factors. Finally, further deployment of this system into a remote care setting
would require the development of a smartphone application to extract the pose keypoints
and run the classification CNN.

5. Conclusions

Classification models trained on the time series of keypoints from pre-trained pose
detection models can effectively classify the videos of physiotherapy exercises. Furthermore,
this technology can be easily extended to multiple anatomical sites and exercise types. These
models can learn to account for videos filmed from multiple camera angles with very little
loss in classification accuracy. Finally, datasets for model training can be created with
as few as seven to eleven participants. However, this study was performed on healthy
participants. This technology should be tested on patients undergoing shoulder or low-
back physiotherapy in a home setting prior to widespread deployment. The ability to use
single-camera videos to measure physiotherapy activity lowers the bar to entry for many
users and removes the requirement for specialized hardware. This proof-of-concept work is
an important step towards developing a scalable application for measuring physiotherapy
adherence in a home setting.
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Appendix A. List of Low-Back and Shoulder Physiotherapy Exercises

Table Al. Shoulder physiotherapy exercises used in the study.

Exercise Name Symmetrical
Abduction stretching Yes
Flexion No
Wall push-ups Yes
External rotation No
Internal rotation No
Row Yes
Pull downs Yes

Table A2. Low-back physiotherapy exercises used in the study.

Exercise Name Symmetrical
Sustained prone position Yes
Dynamic extension in standing Yes
Dynamic extension in lying Yes
Dynamic flexion in lying Yes
Flexion rotation with one leg No
Flexion rotation with both legs No

Dynamic side glide in standing No
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Appendix B. Sample Pose Detection Time Series

Flexion in lying, pose detection output

Time series, left knee
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Figure A1. Sample keypoint time series from one video of a subject performing flexion in lying. The

top plot shows the x, y and z coordinates of the left knee over the course of the video, estimated by
BlazePose. The right knee is shown in the bottom plot.

References

1. Morris, A.C.; Singh, J.A.; Bickel, C.S.; Ponce, B.A. Exercise therapy following surgical rotator cuff repair. Cochrane Database Syst.
Rev. 2015. [CrossRef]

2. Vander Windt, D.; Koes, B.W.; De Jong, B.A.; Bouter, L.M. Shoulder disorders in general practice: Incidence, patient characteristics,
and management. Ann. Rheum. Dis. 1995, 54, 959-964. [CrossRef]

3. Luime, J.; Koes, B.; Hendriksen, I.; Burdorf, A.; Verhagen, A.; Miedema, H.; Verhaar, ]. Prevalence and incidence of shoulder pain
in the general population; a systematic review. Scand. J. Rheumatol. 2004, 33, 73-81. [CrossRef] [PubMed]

4.  Fatoye, F; Gebrye, T.; Odeyemi, I. Real-world incidence and prevalence of low back pain using routinely collected data. Rheumatol.
Int. 2019, 39, 619-626. [CrossRef]

5. Strine, TW.; Hootman, J.M. US national prevalence and correlates of low back and neck pain among adults. Arthritis Care Res.
2007, 57, 656—665. [CrossRef]

6. Kato, S.; Demura, S.; Shinmura, K.; Yokogawa, N.; Kabata, T.; Matsubara, H.; Kajino, Y.; Igarashi, K.; Inoue, D.; Kurokawa,
Y.; et al. Association of low back pain with muscle weakness, decreased mobility function, and malnutrition in older women: A
cross-sectional study. PLoS ONE 2021, 16, e0245879. [CrossRef]

7. Kuhn, J.E;; Dunn, WR,; Sanders, R.A.; An, Q.; Baumgarten, K.M.; Bishop, ].Y.; Brophy, R.H.; Carey, ].L.; Holloway, B.G.; Jones,
G.L,; et al. Effectiveness of physical therapy in treating atraumatic full-thickness rotator cuff tears: A multicenter prospective
cohort study. J. Shoulder Elb. Surg. 2013, 22, 1371-1379. [CrossRef]

8.  Airaksinen, O.; Brox, J.I.; Cedraschi, C.; Hildebrandyt, J.; Klaber-Moffett, J.; Kovacs, F.; Mannion, A.E,; Reis, S.; Staal, J.; Ursin,
H.; et al. European guidelines for the management of chronic nonspecific low back pain. Eur. Spine J. 2006, 15, s192. [CrossRef]

9. Narvani, A.; Imam, M.; Godeneche, A.; Calvo, E.; Corbett, S.; Wallace, A.; Itoi, E. Degenerative rotator cuff tear, repair or not
repair? A review of current evidence. Ann. R. Coll. Surg. Engl. 2020, 102, 248-255. [CrossRef]

10. Namnagani, EI.; Mashabi, A.S.; Yaseen, K.M.; Alshehri, M.A. The effectiveness of McKenzie method compared to manual therapy
for treating chronic low back pain: A systematic review. |. Musculoskelet. Neuronal Interact. 2019, 19, 492.

11.  Mclean, S.; Holden, M.; Haywood, K.; Potia, T.; Gee, M.; Mallett, R.; Bhanbhro, S. Recommendations for exercise adherence
measures in musculoskeletal settings: A systematic review and consensus meeting. Syst. Rev. 2014, 3, 1-6.

12.  Burns, D.; Boyer, P.; Razmjou, H.; Richards, R.; Whyne, C. Adherence patterns and dose response of physiotherapy for rotator

cuff pathology: Longitudinal cohort study. JMIR Rehabil. Assist. Technol. 2021, 8, €21374. [CrossRef]


http://doi.org/10.1002/14651858.CD011531
http://dx.doi.org/10.1136/ard.54.12.959
http://dx.doi.org/10.1080/03009740310004667
http://www.ncbi.nlm.nih.gov/pubmed/15163107
http://dx.doi.org/10.1007/s00296-019-04273-0
http://dx.doi.org/10.1002/art.22684
http://dx.doi.org/10.1371/journal.pone.0245879
http://dx.doi.org/10.1016/j.jse.2013.01.026
http://dx.doi.org/10.1007/s00586-006-1072-1
http://dx.doi.org/10.1308/rcsann.2019.0173
http://dx.doi.org/10.2196/21374

Sensors 2023, 23, 363 15 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Kroeze, R.J.; Smit, T.H.; Vergroesen, P.P.; Bank, R.A.; Stoop, R.; van Rietbergen, B.; van Royen, B.]J.; Helder, M.N. Spinal fusion
using adipose stem cells seeded on a radiolucent cage filler: A feasibility study of a single surgical procedure in goats. Eur. Spine
J. 2015, 24, 1031-1042. [CrossRef]

Argent, R.; Daly, A.; Caulfield, B. Patient involvement with home-based exercise programs: Can connected health interventions
influence adherence? JMIR mHealth uHealth 2018, 6, €8518. [CrossRef]

Nicolson, PJ.; Hinman, R.S.; Wrigley, T.V,; Stratford, PW.; Bennell, K.L. Self-reported home exercise adherence: A validity and
reliability study using concealed accelerometers. J. Orthop. Sport. Phys. Ther. 2018, 48, 943-950. [CrossRef]

Frost, R.; Levati, S.; McClurg, D.; Brady, M.; Williams, B. What adherence measures should be used in trials of home-based
rehabilitation interventions? A systematic review of the validity, reliability, and acceptability of measures. Arch. Phys. Med.
Rehabil. 2017, 98, 1241-1256. [CrossRef]

Nguyen, M.; Fan, L.; Shahabi, C. Activity Recognition Using Wrist-Worn Sensors for Human Performance Evaluation.
In Proceedings of the 2015 IEEE International Conference on Data Mining Workshop (ICDMW), Atlantic City, NJ, USA,
14-17 November 2015; pp. 164-169. [CrossRef]

Garcia-Ceja, E.; Brena, R.F,; Carrasco-Jimenez, J.C.; Garrido, L. Long-term activity recognition from wristwatch accelerometer
data. Sensors 2014, 14, 22500-22524. [CrossRef]

Yang, J.Y.; Wang, ].S.; Chen, Y.P. Using acceleration measurements for activity recognition: An effective learning algorithm for
constructing neural classifiers. Pattern Recognit. Lett. 2008, 29, 2213-2220. [CrossRef]

Burns, D.M.; Leung, N.; Hardisty, M.; Whyne, C.M.; Henry, P.; McLachlin, S. Shoulder physiotherapy exercise recognition:
Machine learning the inertial signals from a smartwatch. Physiol. Meas. 2018, 39, 75007. [CrossRef]

Burns, D.; Razmjou, H.; Shaw, J.; Richards, R.; McLachlin, S.; Hardisty, M.; Henry, P.; Whyne, C.; et al. Adherence tracking with
smart watches for shoulder physiotherapy in rotator cuff pathology: Protocol for a longitudinal cohort study. JMIR Res. Protoc.
2020, 9, €17841. [CrossRef]

Alfakir, A.; Arrowsmith, C.; Burns, D.; Razmjou, H.; Hardisty, M.; Whyne, C.; et al. Detection of Low Back Physiotherapy
Exercises With Inertial Sensors and Machine Learning: Algorithm Development and Validation. JMIR Rehabil. Assist. Technol.
2022, 9, €38689. [CrossRef] [PubMed]

Rashid, F.A.N.; Suriani, N.S.; Nazari, A. Kinect-based physiotherapy and assessment: A comprehensive. Indones. J. Electr. Eng.
Comput. Sci. 2018, 11, 1176-1187. [CrossRef]

Menolotto, M.; Komaris, D.S.; Tedesco, S.; O’Flynn, B.; Walsh, M. Motion Capture Technology in Industrial Applications: A
Systematic Review. Sensors 2020, 20, 5687. [CrossRef]

Gavrilova, M.L.; Ahmed, E; Bari, H.; Liu, R.; Liu, T.; Maret, Y.; Kawah Sieu, B.; Sudhakar, T., Multi-Modal Motion-Capture-Based
Biometric Systems for Emergency Response and Patient Rehabilitation. In Research Anthology on Rehabilitation Practices and
Therapy; 1GI Global: Hershey, PA, USA 2021; pp. 653-678.

Lee, P; Chen, T.B.; Wang, C.Y.; Hsu, S.Y.; Liu, C.H. Detection of Postural Control in Young and Elderly Adults Using Deep and
Machine Learning Methods with Joint-Node Plots. Sensors 2021, 21, 3212. [CrossRef] [PubMed]

Tsakanikas, V.D.; Gatsios, D.; Dimopoulos, D.; Pardalis, A.; Pavlou, M.; Liston, M.B.; Fotiadis, D.I. Evaluating the performance of
balance physiotherapy exercises using a sensory platform: The basis for a persuasive balance rehabilitation virtual coaching
system. Front. Digit. Health 2020, 2, 545885. [CrossRef]

Cao, Z.; Simon, T.; Wei, S.E.; Sheikh, Y. Realtime multi-person 2d pose estimation using part affinity fields. In Proceedings of the
IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21-26 July 2017; pp. 7291-7299.

Votel, R.; Li, N. Next-Generation Pose Detection with Movenet and Tensorflow,js. 2021. Available online: https:/ /blog.tensorflow.
org/2021/05/next-generation-pose-detection-with-movenet-and-tensorflowjs.html (accessed on 1 November 2021).
Bazarevsky, V.; Grishchenko, I.; Raveendran, K.; Zhu, T.; Zhang, F.; Grundmann, M. BlazePose: On-device Real-time Body Pose
tracking. arXiv 2020. [CrossRef]

Kidzinski, L.; Yang, B.; Hicks, J.L.; Rajagopal, A.; Delp, S.L.; Schwartz, M.H. Deep neural networks enable quantitative movement
analysis using single-camera videos. Nat. Commun. 2020, 11, 1-10. [CrossRef]

Lonini, L.; Moon, Y.; Embry, K.; Cotton, R.J.; McKenzie, K.; Jenz, S.; Jayaraman, A. Video-Based Pose Estimation for Gait Analysis
in Stroke Survivors during Clinical Assessments: A Proof-of-Concept Study. Digit. Biomarkers 2022, 6, 9-18. [CrossRef]
Ramirez, H.; Velastin, S.A.; Aguayo, P; Fabregas, E.; Farias, G. Human Activity Recognition by Sequences of Skeleton Features.
Sensors 2022, 22, 3991. [CrossRef]

McKenzie, R.; May, S. The Lumbar Spine: Mechanical Diagnosis and Therapy; Spinal Publications New Zealand Limited: Waikanae,
Wellington, New Zealand, 2003; Volume 1.

Lugaresi, C.; Tang, J.; Nash, H.; McClanahan, C.; Uboweja, E.; Hays, M.; Zhang, F; Chang, C.L.; Yong, M.G; Lee, J.; et al.
Mediapipe: A framework for building perception pipelines. arXiv 2019, arXiv:1906.08172.

Burns, D.M.; Whyne, C.M. Seglearn: A Python Package for Learning Sequences and Time Series. . Mach. Learn. Res. 2018, 19, 1-7.
Pedregosa, E.; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.; Dubourg,
V.; et al. Scikit-learn: Machine Learning in Python. |. Mach. Learn. Res. 2011, 12, 2825-2830.

Burns, D.; Boyer, P.; Arrowsmith, C.; Whyne, C. Personalized Activity Recognition with Deep Triplet Embeddings. Sensors 2022,
22,5222, [CrossRef]


http://dx.doi.org/10.1007/s00586-014-3696-x
http://dx.doi.org/10.2196/mhealth.8518
http://dx.doi.org/10.2519/jospt.2018.8275
http://dx.doi.org/10.1016/j.apmr.2016.08.482
http://dx.doi.org/10.1109/ICDMW.2015.199
http://dx.doi.org/10.3390/s141222500
http://dx.doi.org/10.1016/j.patrec.2008.08.002
http://dx.doi.org/10.1088/1361-6579/aacfd9
http://dx.doi.org/10.2196/17841
http://dx.doi.org/10.2196/38689
http://www.ncbi.nlm.nih.gov/pubmed/35998014
http://dx.doi.org/10.11591/ijeecs.v11.i3.pp1176-1187
http://dx.doi.org/10.3390/s20195687
http://dx.doi.org/10.3390/s21093212
http://www.ncbi.nlm.nih.gov/pubmed/34063144
http://dx.doi.org/10.3389/fdgth.2020.545885
https://blog.tensorflow.org/2021/05/next-generation-pose-detection-with-movenet-and-tensorflowjs.html
https://blog.tensorflow.org/2021/05/next-generation-pose-detection-with-movenet-and-tensorflowjs.html
http://dx.doi.org/10.48550/ARXIV.2006.10204
http://dx.doi.org/10.1038/s41467-020-17807-z
http://dx.doi.org/10.1159/000520732
http://dx.doi.org/10.3390/s22113991
http://dx.doi.org/10.3390/s22145222

Sensors 2023, 23, 363 16 of 16

39.

40.

41.

42.

43.

44.

45.

46.

Wang, Z.; Yan, W.; Oates, T. Time series classification from scratch with deep neural networks: A strong baseline. In Proceedings
of the 2017 International Joint Conference on Neural Networks (ITCNN), Anchorage, AK, USA, 14-19 May 2017; pp. 1578-1585.
Krizhevsky, A.; Sutskever, I.; Hinton, G.E. Imagenet classification with deep convolutional neural networks. Commun. ACM 2017,
60, 84-90. [CrossRef]

Kingma, D.P; Ba, J. Adam: A method for stochastic optimization. arXiv 2014, arXiv:1412.6980.

Lin, T.Y.; Maire, M.; Belongie, S.; Hays, J.; Perona, P.; Ramanan, D.; Dollar, P; Zitnick, C.L. Microsoft coco: Common objects in
context. In Proceedings of the European Conference on Computer Vision, Zurich, Switzerland, 6-12 September 2014; Springer:
Berlin/Heidelberg, Germany, 2014; pp. 740-755.

Stenum, J.; Rossi, C.; Roemmich, R.T. Two-dimensional video-based analysis of human gait using pose estimation. PLoS Comput.
Biol. 2021, 17, e1008935. [CrossRef]

Choi, W.; Heo, S. Deep Learning Approaches to Automated Video Classification of Upper Limb Tension Test. Healthcare 2021,
9, 1579. [CrossRef]

Chen, T,; Or, C.K. Development and pilot test of a machine learning-based knee exercise system with video demonstration,
real-time feedback, and exercise performance score. In Proceedings of the Human Factors and Ergonomics Society Annual Meeting;
SAGE Publications Sage CA: Los Angeles, CA, USA, 2021; Volume 65, pp. 1519-1523.

Uhlrich, S.D.; Falisse, A.; Kidziniski, L..; Muccini, J.; Ko, M.; Chaudhari, A.S.; Hicks, J.L.; Delp, S.L. OpenCap: 3D human
movement dynamics from smartphone videos. bioRxiv 2022. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1145/3065386
http://dx.doi.org/10.1371/journal.pcbi.1008935
http://dx.doi.org/10.3390/healthcare9111579
http://dx.doi.org/10.1101/2022.07.07.499061

	Introduction
	Materials and Methods
	Dataset
	Preprocessing
	Exercise Classification Models
	Baseline Model Optimization
	Performance Evaluation
	Experiments
	Keypoint Combinations
	Coordinate Transforms
	Camera Angles
	Training Saturation


	Results
	Baseline Models
	Keypoint Combinations
	Coordinate Transforms
	Camera Angles
	Training Saturation

	Discussion
	Conclusions
	Appendix A
	Appendix B
	References

