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Abstract

The global healthcare landscape is currently facing unprecedented challenges, neces-
sitating the exploration of innovative telehealth solutions. This Ph.D. thesis presents two
significant contributions to the field of telerehabilitation. The first contribution focuses on
developing and evaluating a MediaPipe-Based system for human rehabilitation motion, as-
sessing its reliability and validity. In the era of telehealth, the creation of a telerehabilitation
website holds great appeal, not only for its potential to address ongoing epidemics but also
for the economic benefits it offers patients by eliminating costly equipment.

The first part of the research involved comparing an artificial intelligence technique, Media-
Pipe, with conventional measurement tools, including a universal goniometer and a digital
angle ruler, to measure the range of motion. Data was collected from approximately 50 heal-
thy volunteers with the guidance of physical therapists. The reliability of the MediaPipe-
based shoulder measurement system was rigorously examined. Additionally, the study ai-
med to validate the approach by determining the 95% limits of agreement and mean diffe-
rences between MediaPipe and traditional devices. The results unequivocally demonstrated
that MediaPipe is reliable and valid for telerehabilitation, particularly in monitoring patients
recovering from specific musculoskeletal injuries, as exemplified by a right patella fracture.
The second contribution of this thesis introduces the development of a home-based physio-
therapy telerehabilitation system supported by a compelling case study. Motion rehabili-

tation is fundamental for elderly individuals and patients recovering from procedures like
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ACL surgery or a frozen shoulder. In the context of ongoing global challenges, including the
COVID-19 pandemic with its delta and omicron variants, telerehabilitation has emerged as
a prominent trend in healthcare research. This approach is particularly relevant in regions
with geographical constraints, such as the vast desert areas of Algeria, where accessibility
to healthcare facilities can be limited.

The research project’s overarching goal was to create a comprehensive telerehabilitation
website to facilitate remote rehabilitation sessions, thereby reducing the need for patients
to travel long distances for their physiotherapy. Moreover, this platform allows real-time
monitoring of patients’ range of motion (ROM) using artificial intelligence techniques to
control joint angles during motion exercises precisely.

In conclusion, this Ph.D. thesis contributes to the advancement of telerehabilitation by inte-
grating state-of-the-art technology with rehabilitation practices. It not only establishes the
reliability and validity of the MediaPipe-Based system but also demonstrates the feasibility
of a home-based telerehabilitation platform showcasing its potential to revolutionize the re-

habilitation process, especially in challenging and remote environments.

Keywords: E-health; Public health, Telerehabilitation, Rehabilitation informatics, Rehabilita-

tion, Range of motion, MediaPipe, Deep learning, Neural network.



Résumeé

Le paysage mondial des soins de santé est actuellement confronté a des défis sans pré-
cédent, ce qui nécessite 'exploration de solutions innovantes de télésanté. Cette these de
doctorat présente deux contributions significatives au domaine de la télé-rééducation. La
premiére contribution se concentre sur le développement et I’évaluation d’un systéme basé
sur MediaPipe pour le mouvement de rééducation humaine, en évaluant sa fiabilité et sa
validité. A D’ére de la télésanté, la création d’un site Web de télé-rééducation présente un
grand attrait, non seulement pour son potentiel a lutter contre les épidémies en cours, mais
également pour les avantages économiques qu’elle offre aux patients grace a I’élimination
d’équipements cotteux.

La premiére partie de la recherche impliquait la comparaison d’une technique d’intelligence
artificielle, MediaPipe, avec des outils de mesure conventionnels, notamment un goniomeétre
universel et une regle d’angle numérique, pour mesurer I’amplitude de mouvement. Les don-
nées ont été collectées aupres d’environ 50 volontaires en bonne santé sous la direction de
physiothérapeutes. La fiabilité du systéme de mesure de 1’épaule basé sur MediaPipe a été
rigoureusement examinée. De plus, I’étude visait a valider approche en déterminant les
limites d’accord a 95 % et les différences moyennes entre MediaPipe et les appareils tradi-
tionnels. Les résultats ont démontré sans équivoque que MediaPipe est a la fois fiable et
valable pour une utilisation en télé-réadaptation, en particulier pour le suivi de patients se

remettant de blessures musculo-squelettiques spécifiques, comme en témoigne une fracture

11
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de la rotule droite.

La deuxiéme contribution de cette these introduit le développement d’un systéme de télé-
réadaptation en physiothérapie a domicile, soutenu par une étude de cas convaincante. La
rééducation par le mouvement est une procédure fondamentale pour les personnes agées et
les patients qui se remettent d’interventions telles que la chirurgie du LCA ou une épaule
gelée. Dans le contexte des défis mondiaux actuels, notamment la pandémie de COVID-19
avec ses variantes delta et omicron, la télé-réadaptation est devenue une tendance impor-
tante dans la recherche sur les soins de santé. Cette approche est particulierement pertinente
dans les régions soumises a des contraintes géographiques, comme les vastes zones déser-
tiques d’Algérie, ou 'accessibilité aux établissements de santé peut étre limitée.

L’objectif primordial du projet de recherche était de créer un site Web complet de télé-
réadaptation pour faciliter les séances de réadaptation a distance, réduisant ainsi la nécessité
pour les patients de parcourir de longues distances pour leur physiothérapie. De plus, cette
plateforme permet de surveiller en temps réel I’'amplitude de mouvement (ROM) des patients
a l'aide de techniques d’intelligence artificielle pour contrdler avec précision les angles des
articulations pendant les exercices de mouvement.

En conclusion, cette theése de doctorat contribue a 'avancement de la télé-réadaptation en
intégrant une technologie de pointe aux pratiques de réadaptation. Il établit non seulement
la fiabilité et la validité du systeme basé sur MediaPipe, mais démontre également la fai-
sabilité d'une plateforme de télé-réadaptation a domicile, démontrant ainsi son potentiel a
révolutionner le processus de réadaptation, en particulier dans les environnements difficiles

et éloignés.

Mots cl : E-santé ; Santé publique, Télé-rééducation, Informatique de Rééducation, Rééducation,

Amplitude de mouvement, MediaPipe, Apprentissage profond, Réseau de neuronnes.
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General introduction

Artificial intelligence (AI) has brought about transformative changes across va-
rious facets of our lives, reverberating significantly within the medical field. The advent
of Al has revolutionized conventional healthcare practices and yielded remarkable results,
demonstrating its potential to enhance patient care, diagnostics, and treatment methodolo-
gies. The ongoing global impact of the COVID-19 pandemic has propelled the exploration
of innovative healthcare solutions, prompting scientists and researchers to seek more effi-
cient methods that can effectively address the unprecedented challenges posed by the evol-
ving healthcare landscape. In response to these challenges, numerous studies have emerged,
showcasing the integration of Al into various medical domains. Of particular interest is the
application of Al in distance rehabilitation. This domain allows healthcare practitioners to
monitor patients’ conditions remotely using easily accessible equipment, optimizing reha-
bilitation service delivery.

Within the landscape of remote rehabilitation, the primary objectives are to preserve
patient health and alleviate the burdens associated with traditional transportation methods.
The challenges of travel, often arduous and physically taxing, can have detrimental effects
on the well-being of patients undergoing rehabilitation. In light of these challenges, remote
monitoring emerges as an attractive alternative, not only eliminating the physical strains
of travel but also significantly reducing associated transportation costs. To address these

challenges more effectively, this thesis proposes the development of a dedicated website for
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16 GENERAL INTRODUCTION

remote rehabilitation tracking. This innovative solution aims to provide a user-friendly plat-
form that ensures continuous monitoring and support for patients undergoing rehabilitation,
marking a substantial step toward advancing patient-centric and technology-enhanced heal-
thcare practices.

At the heart of modern research lies integrating technology and Al techniques with the
medical field, underscoring the importance of aligning innovation with ethical considera-
tions and patient well-being. This integration necessitates a meticulous approach to ensure
patient safety and security, with treatment methods designed to adhere to medical proto-
cols and gain approval from specialists. Furthermore, safeguarding patient data is para-
mount in the era of digital healthcare. As the healthcare landscape continues to evolve with
technological advancements, this research explores the delicate balance between innovation
and ethical considerations, aiming to contribute meaningful insights to the growing body of
knowledge in Al-powered rehabilitation.

In this thesis, we explore the applications of artificial intelligence in rehabilitation, with a
specific focus on telerehabilitation. Chapter 1 sets the stage by providing a contextual back-
ground, articulating the problems addressed, and offering a historical overview. Building on
this foundation, Chapter 2 delves into the core theme, exploring the intersection of physio-
therapy, telerehabilitation, and Al In this part, we will present the first contribution relating
to the state of the art and the comparison of different techniques used. Furthermore, this
Chapter narrows the focus to the specific role of Al in rehabilitation, examining its potential
to enhance patient outcomes and optimize the rehabilitation process.

In Chapter 3, we conduct a detailed analysis of the reliability and validity of the Me-
diaPipe technique in pose estimation, providing valuable insights into its effectiveness in
telerehabilitation applications.

Building upon these research findings, Chapter 4 proposes the development of a novel
home-based website for upper and lower-limb telerehabilitation, presenting an innovative
platform to facilitate remote rehabilitation processes. The final chapter synthesizes the re-
search outcomes, highlights key findings, and offers insights into the contributions made
by the study. This thesis aims to significantly contribute to the understanding and appli-
cation of Al in rehabilitation, providing practical solutions for optimizing patient care and

improving the overall efficiency of rehabilitation practices.
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CHAPTER

Context, problem formulation, and
historical overview

1.1 Introduction

The field of physiotherapy has witnessed significant advancements in recent years,
with one notable innovation being the integration of telecommunication technologies into
rehabilitation services. Telerehabilitation, defined as the delivery of rehabilitation services
remotely using telecommunication tools, has emerged as a promising approach to providing
efficient and accessible care to patients [25]. Traditional in-person physiotherapy sessions
often pose barriers to access, including geographical limitations, transportation difficulties,
and scheduling constraints. These challenges can impede patients’ ability to receive timely
and consistent rehabilitation services, consequently affecting their overall recovery process.
Telerehabilitation, on the other hand, offers a solution by leveraging technology to provide

remote assessment, monitoring, and intervention.

Telerehabilitation presents several advantages that contribute to improved patient care.
Firstly, it eliminates geographical barriers by enabling patients to access rehabilitation
services from the comfort of their homes, thereby increasing convenience and reducing
travel costs. Secondly, it facilitates regular and continuous monitoring of patients’ progress,
allowing physiotherapists to track outcomes, adjust treatment plans, and provide timely

feedback. Thirdly, telerehabilitation empowers patients by promoting self-management and
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active participation in rehabilitation, enhancing motivation and adherence to treatment

protocols.

While telerehabilitation offers numerous benefits, it also presents particular challenges.
Technological limitations, such as internet connectivity issues or patients’ unfamiliarity
with technology, can hinder the successful implementation of telecommunication-based
rehabilitation services. Additionally, the inability to provide hands-on manual interventions
remotely may be a limitation in certain physiotherapy interventions. Ethical considerations
related to privacy, data security, and patient consent should also be addressed to ensure the

ethical practice of telerehabilitation.

1.2 Context

1.2.1 Telerehabilitation

Telerehabilitation has emerged as a transformative paradigm in the field of rehabilita-
tion medicine, offering innovative solutions to address the challenges of providing effective
therapy while ensuring accessibility and convenience for patients. The advent of tele-
communication technologies have enabled healthcare professionals to remotely deliver
rehabilitation services, thus breaking down geographical barriers and improving the quality
of care for individuals with various musculoskeletal and neurological conditions. In an era
characterized by an aging population and an increased prevalence of chronic health condi-

tions, the demand for efficient and accessible rehabilitation services have never been greater.

This thesis embarks on a journey to advance the realm of telerehabilitation, focusing
on developing a novel home-based upper- and lower-limb telerehabilitation platform. Our
research endeavors to bridge the gap between traditional in-clinic rehabilitation and the
evolving landscape of remote healthcare delivery. The primary objective of this work is to
design, implement, and validate a comprehensive telerehabilitation system that empowers
patients to engage in guided upper- and lower-limb exercises from the comfort of their

homes.



1.2. CONTEXT 21

The context in which this research unfolds is multifaceted and encompasses several cru-

cial dimensions:

Technological Advancements

Recent technological advancements, including high-speed internet connectivity, wea-
rable sensors, and virtual reality interfaces have laid the foundation for the development of
sophisticated telerehabilitation platforms. These technologies offer the potential to create
immersive and interactive rehabilitation experiences that rival traditional in-person therapy

sessions.

Healthcare Access and Disparities

Access to rehabilitation services can be hindered by geographic location, limited mobi-
lity, and socioeconomic factors. Telerehabilitation holds the promise of reducing healthcare
disparities by providing individuals in underserved areas or with mobility impairments with

access to high-quality rehabilitation programs.

Patient Empowerment

Empowering patients to take an active role in their rehabilitation journey is a central
theme of this research. A home-based telerehabilitation platform can enhance patient enga-

gement and compliance, fostering a sense of ownership over one’s recovery process.

Experimental Validation

A key aspect of this study is the rigorous experimental validation of the developed tele-
rehabilitation platform. We aim to assess its efficacy, safety, and user-friendliness through

controlled trials and user feedback, contributing valuable insights to the field.

1.2.2 Artificial intelligence

Artificial intelligence (AI) has become a transformative force across diverse domains,
revolutionizing how we approach complex problems and address societal challenges. Within
the realm of healthcare, Al has emerged as a potent ally, promising innovative solutions for

the enhancement of diagnosis, treatment, and patient care. This thesis is situated at the
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intersection of Al and healthcare, specifically focusing on the development of a novel home-
based upper- and lower-limb telerehabilitation platform. Within this context, Al serves as an
enabling technology that empowers us to create intelligent, adaptable, and patient-centric

rehabilitation experiences.

The Ubiquity of Artificial Intelligence

Al a field rooted in emulating human intelligence through machine learning, neural
networks, and data-driven algorithms, has permeated nearly every facet of modern life. Its
applications span natural language processing and computer vision to robotics and autono-
mous systems. Al has catalyzed a revolution in healthcare, driving advancements in medical
imaging, drug discovery, predictive analytics, and, most pertinently, rehabilitation.

The integration of Al into rehabilitation services holds immense promise. Al-driven sys-
tems can analyze intricate patient data, tailor exercises to individual needs, track progress
and offer real-time feedback. In the context of telerehabilitation, AI's capabilities are ampli-
fied, enabling remote monitoring, personalized treatment plans, and dynamic adjustments
based on the patient performance.

One of the primary strengths of Al in telerehabilitation is its capacity to personalize therapy
regimens. By analyzing patient data, including motor function, range of motion, and pro-
gress over time, Al algorithms can adapt exercises to optimize outcomes for each individual,
accommodating their unique needs and limitations.

Al systems can remotely monitor patient movements during rehabilitation exercises, provi-
ding instant feedback and correction when necessary. This real-time interaction enhances
patient engagement ensures proper form and reduces the risk of injury.

Through continuous data collection and analysis, Al can generate valuable insights into pa-
tient progress, allowing healthcare providers to make informed decisions about treatment

adjustments and rehabilitation planning.

Al-Driven Experimental Validation

Crucial to this research is the utilization of Al in the experimental validation of the deve-
loped telerehabilitation platform. Al can assist in analyzing data from clinical trials, asses-
sing the platform’s effectiveness, and identifying improvement areas. Moreover, Al-powered

predictive modeling can help forecast patient outcomes and refine treatment strategies.
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1.3 Segments and articulations of the human body

The human body is composed of many different segments and articulations that
allow for movement and flexibility. Understanding the structure and function of these seg-
ments and articulations are essential for physical therapists, athletes, and anyone interested
in human anatomy and movement.

Segments refer to the different regions of the body that are separated by joints or other
anatomical landmarks. The major segments of the body include the head and neck, trunk,
upper extremities, and lower extremities. These segments are further divided into smaller

regions based on their function and anatomy.

1.3.1 The head and neck segment

The head and neck are essential parts of the body that serve multiple functions,
including sensory perception, communication, and movement [26]. The head and neck seg-
ment includes the skull, face, and neck, each of which has its unique structure and functions
[27].

The skull is composed of the cranial bones, which provide protection and support for the
brain. The skull is made up of eight bones that are firmly connected by joints called sutures.
These bones include the frontal bone, parietal bone, occipital bone, temporal bone, sphenoid
bone, and ethmoid bone. The skull also contains several openings for the passage of blood
vessels and nerves, including the foramen magnum, which allows the spinal cord to connect
to the brain.

The face is located in front of the skull and includes the eyes, nose, mouth, and ears. The
eyes are responsible for visual perception and are protected by the bony orbits of the skull.
The nose is responsible for the sense of smell and contains the nasal cavity, which is lined
with mucus membranes and filled with air. The mouth is responsible for tasting, chewing,
and speaking, containing the tongue, teeth, and salivary glands. The ears are responsible for
hearing and balance, and they are composed of three parts: the outer ear, middle ear, and
inner ear.

The neck comprises the cervical vertebrae and associated soft tissues, including muscles,
tendons, and ligaments. The cervical vertebrae provide support for the head and allow for
head and neck movement. The neck also contains important blood vessels and nerves, in-

cluding the carotid arteries, jugular veins, and cervical nerves. The head and neck segment



24 CHAPITER 1. CONTEXT, PROBLEM FORMULATION, AND HISTORICAL OVERVIEW

Superficial temporal vein Cavernous sinus

Sigmoid sinus Angular vein

Occipital vein

Pterygoid plexus
Posterior auricular vein

Retromandibular vein Facial ven
Superior thyroid vein
Anterior juguler vein

External jugular vein

Middle thyroid vein

Internal jugular vein

Subclavian vein —~ - t /i Venous angle

Figure 1.1 : The head and neck anatomy [1].

also has several vital organs and structures, including the brain, spinal cord, and the thyroid
gland. The brain is the body’s control center and regulates many bodily functions, including
movement, sensation, and thought. The spinal cord is a bundle of nerves running from the
brain down the neck and back and transmitting sensory and motor signals throughout the
body. The thyroid gland is in the neck and produces hormones regulating metabolism and

growth.

1.3.2 The trunk segment

The trunk is the central part of the body and provides support and protection for
vital organs. It comprises three main regions: the chest, abdomen, and pelvis [28].

The chest region contains the heart and lungs, which are essential for breathing and
circulating oxygen. The rib cage, made up of 12 pairs of ribs, protects the chest region. The
ribs are attached to the sternum in front and the spine in the back, and they work together
to expand and contract during breathing.

The abdomen below the chest contains the digestive organs, including the stomach, in-

testines, liver, and pancreas. These organs work together to break down food and absorb
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nutrients into the body. The diaphragm separates the abdomen from the chest, a thin, dome-
shaped muscle that plays a crucial role in breathing by contracting and relaxing to create
negative pressure in the chest cavity.

The pelvis region is located at the base of the trunk and comprises the hip bones and sa-
crum. The pelvis supports the lower extremities and houses the reproductive organs, bladder,
and rectum. The hip bones are solid and dense and attach to the sacrum and coccyx to form
the pelvis. The pelvis maintains balance and stability during movement, mainly walking,
running, and jumping.

The trunk also includes a complex network of muscles, tendons, ligaments, and other
connective tissues that work together to provide stability, support, and mobility. The chest
muscles, including the major and minor, work together to help move the arms and support
the rib cage. The abdomen muscles, including the rectus abdominis and obliques, work
together to support the spine and provide stability during movement. The pelvis muscles,

including the gluteus maximus and medius, work together to keep the hips and legs.

1.3.3 The upper extremities

The shoulders, in particular, are one of the body’s most flexible and mobile joints.
They are composed of the clavicle and scapula and work together to provide stability and
support to the shoulder joint. The shoulder joint is a ball-and-socket joint that allows for
a wide range of motion in the arm, including abduction, adduction, flexion, extension, and
rotation [29].

The arm is the segment of the upper extremities that connects the shoulder to the hand.
It comprises three bones: the humerus, radius, and ulna. The humerus is the long bone that
runs from the shoulder to the elbow and provides the primary support for the arm. The
radius and ulna are the two bones in the forearm that run parallel and work together to
allow forearm rotation. The radius is on the thumb side of the forearm, while the ulna is on
the pinky side [30].

The hand is the final segment of the upper extremities and comprises the carpals, meta-
carpals, and phalanges. The carpals are eight small bones that make up the wrist and provide
stability to the hand. The metacarpals are the five bones that connect the wrist to the fin-
gers and form the palm. The phalanges are the bones in the fingers and thumbs and are

responsible for supporting the weight of objects held in the hand [31].
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The upper extremities also include muscles, tendons, ligaments, and other connective
tissues that work together to provide strength, flexibility, and support to the upper body.
The muscles of the shoulder, including the deltoid, rotator cuff muscles, and pectoralis major,
work together to provide stability and support to the shoulder joint while also allowing for
a wide range of motion. The muscles of the arm, including the biceps brachii and triceps
brachial, work together to provide strength and power to the arm during activities such as
lifting and throwing. The muscles of the hand, including the intrinsic and extrinsic muscles,

work together to allow for fine motor movements and grip strength.

Manubrium

of sternum
P -
Neck b s Y Rib |
Glenchumeral joint Tt
— E —

Shoulder

Elbow joint

Thoracic wall

/Spinous process of vertebra Tl

Scapula

Figure 1.2 : Upper limb. A. Anterior view of the upper limb. B. Superior view of the shoulder
[2].

1.3.4 The lower extremities

The lower extremities are critical for movement and mobility, enabling us to walk,
run, jump, and perform various other physical activities. The hips, in particular, play a
crucial role in facilitating movement in the leg. The hip joint is a ball-and-socket joint that
allows for a wide range of motion, including flexion, extension, abduction, adduction, and
rotation. These movements are made possible by the pelvic bones and femurs, which work

together to create a stable yet flexible joint.
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The legs are also vital for movement and support. They comprise two long bones called
the tibia and fibula, which run from the knee to the ankle. These bones work together to
provide support and stability to the leg while allowing movement. The tibia is the larger
of the two bones and is located on the medial side of the leg. It bears most of the body’s
weight and transmits forces from the knee to the ankle. Conversely, the fibula is located on
the lateral side of the leg and is much thinner and smaller than the tibia. It helps to provide
additional support and stability to the leg and plays a crucial role in ankle movement [32].

The foot is the final segment of the lower extremities and is composed of the tarsals,
metatarsals, and phalanges. The tarsals are a group of seven bones in the ankle that provide
support and stability to the foot. The metatarsals are five long bones that connect the tarsals
to the phalanges and form the foot’s arch [33]. The phalanges are the bones in the toes
responsible for supporting the body’s weight during activities such as walking and running,.
Together, the bones of the footwork provide a stable base for the body while also allowing
for a wide range of movements.

In addition to the bones, the lower extremities include muscles, tendons, ligaments, and
other connective tissues. These structures work together to provide strength, flexibility, and
support to the lower body. For example, the hip flexor muscles, including the iliopsoas,
rectus femoris, and sartorius, lift the leg forward during walking and running. The calf
muscles, including the gastrocnemius and soleus, lift the heel and push the body forward

during walking and running.
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Figure 1.3 : Bones, joints and muscle diagram of human lower limbs [3].

Overall, the lower extremities are essential for movement, balance, and stability. Unders-

tanding the anatomy and function of the hips, legs, and feet can help individuals maintain
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healthy lower extremities and prevent injury. Regular exercise and proper nutrition can also
help to improve the strength and function of the lower extremities, leading to better overall

health and wellness.

1.3.5 Note

Articulations refer to the joints between these segments, which allow for movement and
flexibility. There are several different types of articulations, including hinge joints, ball-and-
socket joints, and pivot joints. Hinge joints, such as the elbow and knee, allow for movement
in one plane only. Ball-and-socket joints, such as the shoulder and hip, allow for movement
in multiple planes. Pivot joints, such as the joint between the atlas and axis vertebrae, allow

for rotation.

1.4 The different modes of rehabilitation

Rehabilitation is the process of restoring physical, mental, and social functions lost
or impaired due to injury, illness, or disability. There are different modes of rehabilitation,
each of which is designed to meet the specific needs and goals of the individual undergoing

rehabilitation. Here are some of the different modes of rehabilitation:

1.4.1 Physical rehabilitation

Physical rehabilitation is a necessary aspect of recovery for individuals who have
suffered an injury, illness, or surgery that has impacted their physical ability [34]. This re-
habilitation helps individuals regain their independence and improve their quality of life.
Physical rehabilitation programs are tailored to the specific needs of each individual, depen-
ding on their age, condition, and the extent of their physical limitations.

One of the primary goals of physical rehabilitation is to help individuals regain their
strength and endurance. Various exercises, including resistance training, cardiovascular
workouts, and stretching, achieve this. Resistance training involves using weights or re-
sistance bands to target specific muscle groups, while cardiovascular workouts are designed
to increase heart rate and improve cardiovascular health. Stretching helps to improve flexi-

bility and range of motion.



1.4. THE DIFFERENT MODES OF REHABILITATION 29

Physical therapy is a critical component of physical rehabilitation. It involves using spe-
cialized techniques and equipment to help individuals regain strength and mobility. Physical
therapists work with patients to develop individualized treatment plans that address their
needs. These plans may include exercises, manual therapy, and other interventions that help
to restore function and mobility.

Occupational therapy is another crucial aspect of physical rehabilitation. It focuses on
helping individuals regain the ability to perform daily activities and tasks, such as dressing,
grooming, and cooking [35]. Occupational therapists work with patients to develop strate-
gies and adaptations that make these activities more accessible and safer.

In addition to exercises and therapy, physical rehabilitation may also include other in-
terventions, such as assistive devices and technology. These tools can help individuals with
physical limitations to perform tasks that would otherwise be difficult or impossible. For
example, a wheelchair or a walker may be used to assist individuals with mobility issues
move around more easily while voice-activated technology may be used to enable indivi-
duals with limited dexterity controls their environment.

Physical rehabilitation is not just crucial for individuals who have suffered an injury or
illness. It can also benefit individuals with chronic conditions that impact their physical
ability, such as arthritis or multiple sclerosis. In these cases, physical rehabilitation can help
to improve function and mobility, reduce pain, and improve overall quality of life.

The benefits of physical rehabilitation are numerous. In addition to improving physical
function and mobility. It can also help to reduce pain, improve mental health, and increase
social engagement. Physical rehabilitation can also help to reduce the risk of future injuries

or complications by improving strength and balance.

1.4.2 Cognitive rehabilitation

Cognitive rehabilitation is a type of rehabilitation that focuses on improving cog-
nitive functioning in individuals who have experienced brain injuries or other cognitive
impairments [36]. It is designed to help people regain or develop the skills they need to per-
form daily activities and improve their quality of life. Cognitive rehabilitation can be used to
treat a range of cognitive impairments, including memory loss, attention deficits, language
impairments, and executive functioning deficits.

Cognitive rehabilitation programs typically involve a multidisciplinary team of health-
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care professionals, including psychologists, occupational therapists, speech therapists, and
neuropsychologists. The team works together to develop an individualized treatment plan
tailored to each patient’s specific needs. The treatment plan may include a variety of inter-
ventions, such as cognitive exercises, behavioral therapies, and medication management.

One of the primary goals of cognitive rehabilitation is to improve a patient’s ability to
perform daily activities [37]. This may include tasks such as cooking, cleaning, and mana-
ging finances. Cognitive rehabilitation programs often include training in functional skills
to achieve this goal. This involves practicing the skills necessary to perform specific tasks
and gradually increasing the difficulty of those tasks as the patient improves.

Another important goal of cognitive rehabilitation is to improve a patient’s cognitive
abilities. This may involve exercises to improve memory, attention, and problem-solving
skills. For example, a patient with memory loss may be asked to practice remembering a list
of items, while a patient with attention deficits may be asked to complete tasks that require
sustained attention.

Cognitive rehabilitation can also be used to address emotional and psychological issues
that can arise following a brain injury or other cognitive impairment [38]. This may involve
therapy designed to help patients cope with feelings of frustration, anxiety, or depression.
By addressing these emotional issues, cognitive rehabilitation can improve a patient’s overall
well-being and quality of life.

The effectiveness of cognitive rehabilitation varies depending on the severity of the cog-
nitive impairment and the specific interventions used. However, research has shown that
cognitive rehabilitation can be effective in improving cognitive functioning and daily living
skills in many patients. Additionally, early intervention is often associated with better out-
comes, so it is critical to seek treatment as soon as possible following a brain injury or other

cognitive impairment.

1.4.3 Psychological rehabilitation

Psychological rehabilitation is a type of rehabilitation that focuses on addressing
the emotional, social, and cognitive aspects of an individual’s recovery. It aims to improve
an individual’s overall well-being and quality of life following a traumatic event, illness, or

injury. Psychological rehabilitation can be used to treat a wide range of conditions, including
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post-traumatic stress disorder (PTSD), anxiety disorders, depression, and substance abuse
disorders [39].

Psychological rehabilitation typically involves a multidisciplinary team of healthcare
professionals, including psychologists, psychiatrists, social workers, and occupational thera-
pists. The team works together to develop an individualized treatment plan tailored to each
patient’s specific needs. The treatment plan may include a variety of interventions, such as
psychotherapy, medication management, and behavioral therapies.

One of the primary goals of psychological rehabilitation is to help individuals cope with
the emotional and psychological effects of their illness or injury. This may involve therapy
designed to help patients address issues such as depression, anxiety, and PTSD. Therapies
used in psychological rehabilitation can vary widely, but may include cognitive-behavioral
therapy (CBT), exposure therapy, and mindfulness-based interventions.

Another essential goal of psychological rehabilitation is to help individuals rebuild their
social and occupational roles. This may involve skills training and vocational rehabilitation,
which can help patients improve their ability to manage daily activities, interact with others,
and return to work or school.

In addition to treating the symptoms of a specific condition, psychological rehabilitation
also aims to promote overall well-being and quality of life. This may involve promoting a
healthy lifestyle changes, such as improving diet and exercise habits and developing positive
coping strategies to manage stress and other challenges.

The effectiveness of psychological rehabilitation can vary depending on the specific
condition being treated, as well as the individual’s personal circumstances and treatment
history. However, research has shown that psychological rehabilitation can be effective in
improving outcomes for many patients. For example, studies have found that CBT can be
effective in treating depression, anxiety, and PTSD, while vocational rehabilitation can im-

prove employment outcomes for individuals with disabilities.

1.4.4 Vocational rehabilitation

Vocational rehabilitation is a type of rehabilitation that focuses on helping indi-
viduals with disabilities or other barriers to employment to find and maintain meaningful

employment [40]. It is designed to help individuals build the skills and knowledge they
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need to pursue a successful career, improve their financial independence, and enhance their
overall quality of life.

Vocational rehabilitation programs typically involve a team of professionals, including
vocational counselors, job coaches, and rehabilitation specialists. The team works with the
individual to assess their abilities, interests, and goals, and then develop a personalized plan
to help them achieve their vocational objectives.

One of the primary goals of vocational rehabilitation is to help individuals develop the
skills and knowledge they need to succeed in the workforce. This may involve skills trai-
ning, education, or vocational counseling to help the individual identify their strengths and
interests, and determine the best career path for them.

Another important goal of vocational rehabilitation is to help individuals overcome bar-
riers to employment. This may involve assistance with job search activities, such as resume
writing and interviewing skills, as well as job placement services and on-the-job training.

Vocational rehabilitation can also involve the use of assistive technology and accommo-
dations to help individuals perform their job duties. This may include specialized equipment,
software, or other tools to enable individuals with physical, sensory, or cognitive impair-
ments to perform their job duties effectively.

The advantage of vocational rehabilitation can vary depending on the individual’s speci-
fic circumstances and the type of program and services used. However, research has shown
that vocational rehabilitation can be effective in helping individuals with disabilities achieve
employment and improve their quality of life. For example, studies have found that vo-
cational rehabilitation can improve employment outcomes, reduce dependence on public

assistance, and increase earnings for disabled individuals.

1.4.5 Substance abuse rehabilitation

Substance abuse rehabilitation is a type of rehabilitation that focuses on helping
individuals overcome addiction and regain control over their lives. It aims to address the
physical, psychological, and social aspects of addiction, and to help individuals develop the
skills and knowledge they need to maintain a sober lifestyle.

Substance abuse rehabilitation programs typically involve a combination of therapies,
support groups, and other interventions. The specific program and services used can vary

depending on the individual’s needs, the severity of their addiction, and other factors.
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One of the primary goals of substance abuse rehabilitation is to help individuals detoxify
and overcome physical dependence on drugs or alcohol. This may involve medical treatment,
such as medication-assisted treatment (MAT) to help manage withdrawal symptoms and
reduce the risk of relapse.

Another goal of substance abuse rehabilitation is to help individuals address the under-
lying psychological and emotional issues that may have contributed to their addiction. This
may involve individual or group therapy, cognitive-behavioral therapy (CBT), and other
forms of counseling to help individuals develop coping skills and improve their mental
health.

Substance abuse rehabilitation also aims to help individuals rebuild their social and occu-
pational roles. This may involve vocational rehabilitation and job training to help individuals
find and maintain meaningful employment, as well as family therapy and other support ser-
vices to help individuals repair relationships with loved ones and develop a strong support
network.

The usefulness of substance abuse rehabilitation can vary depending on the individual’s
specific circumstances, the severity of their addiction, and the program and services used.
However, research has shown that substance abuse rehabilitation can be effective in helping
individuals overcome addiction and improve their overall quality of life. For example, studies
have found that MAT can be effective in reducing the risk of relapse and improving treatment

outcomes for individuals with opioid addiction.

1.4.6 Community-based rehabilitation

Community-based rehabilitation (CBR) is a type of rehabilitation that is designed
to provide services and support to individuals with disabilities or other rehabilitation needs
within their own communities [41]. CBR aims to improve the quality of life for individuals
with disabilities and promote their participation in society by addressing barriers to partici-
pation and providing access to necessary services and resources.

CBR programs are typically community-driven and involve collaboration between in-
dividuals with disabilities, their families, and community members and organizations. The
programs may be implemented by government agencies, non-governmental organizations,
or community-based organizations, and they may include a range of services, such as edu-

cation, health care, vocational training, and social support.
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One of the primary goals of CBR is to promote social inclusion and community participa-
tion for individuals with disabilities [42]. This may involve advocacy and awareness-raising
efforts to promote the rights of individuals with disabilities and reduce stigma and discrimi-
nation, as well as efforts to increase access to community resources and services.

In addition, CBR is to provide individuals with disabilities with the skills and knowledge
they need to live independently and participate in their communities. This may involve skills
training, such as vocational training or mobility training, as well as access to assistive devices
and technologies to help individuals overcome physical, sensory, or cognitive barriers to
participation.

CBR also aims to improve the health and well-being of individuals with disabilities by
providing access to necessary health care services and promoting healthy lifestyles. This
may involve efforts to increase access to medical care and rehabilitation services as well as
initiatives to promote healthy behaviors, such as exercise and good nutrition.

The advantage of CBR can vary depending on the specific program and services used,
as well as the social and economic context in which the program is implemented. However,
research has shown that CBR can be effective in improving the quality of life for indivi-
duals with disabilities and promoting their participation in society. For example, studies
have found that CBR can improve access to education, employment, and social support, and
reduce social isolation and stigma for individuals with disabilities.

In conclusion, rehabilitation is a multifaceted process that involves different modes of
rehabilitation to meet the unique needs and goals of each individual. Whether it’s physical,
cognitive, psychological, vocational, substance abuse, or community-based rehabilitation,

the goal is always to help individuals regain function, independence, and quality of life.

1.5 Exercises recommended for home physiotherapy
rehabilitation

Home physiotherapy rehabilitation is a vital component of recovering from injury
or illness and can help to restore strength, flexibility, and range of motion. Here are some

exercises that are commonly recommended for home physiotherapy rehabilitation:
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1.5.1 Range of motion exercises

Range of motion exercises are an essential part of home-based physiotherapy re-
habilitation. These exercises improve joint mobility, flexibility, and overall range of motion.
Range of motion exercises can be used for individuals recovering from an injury, surgery,
or illness that has impacted their physical ability. These exercises also benefit individuals
suffering from chronic conditions, such as arthritis or Parkinson’s disease.

Range of motion exercises involves moving a joint through its full range of motion, either
actively or passively. The individual performs an active range of motion exercises, while a
caregiver or healthcare professional performs a passive range of motion exercises. These
exercises can be done using bodyweight, resistance bands, or other equipment, depending
on the specific needs of the individual.

Range of motion exercises are beneficial for several reasons. First, they help improve joint
flexibility and mobility, reducing pain and stiffness. Second, they can improve circulation
and lymphatic flow, which can help to reduce swelling and inflammation. Third, range of
motion exercises can improve balance and coordination, reducing the risk of falls and other
injuries.

There are many different types of range of motion exercises that can be used in home-
based physiotherapy rehabilitation. These exercises can be tailored to the specific needs and
abilities of the individual. Some examples of the range of motion exercises include:

Shoulder circles

This exercise involves moving the shoulders in a circular motion, both clockwise and
counterclockwise. This exercise can help to improve shoulder mobility and flexibility.

Knee bends

This exercise involves bending and straightening the knee, either actively or passively.
This exercise can help to improve knee mobility and flexibility.

AnKle circles

This exercise involves moving the ankles in a circular motion, both clockwise and coun-
terclockwise. This exercise can help to improve ankle mobility and flexibility.

Neck stretches

This exercise involves gently stretching the neck in different directions. This exercise
can help to improve neck mobility and reduce neck pain.

Hip rotations



36 CHAPITER 1. CONTEXT, PROBLEM FORMULATION, AND HISTORICAL OVERVIEW

(\

Figure 1.4 : Ankle circles.

This exercise involves rotating the hips in a circular motion, both clockwise and coun-

terclockwise. This exercise can help to improve hip mobility and flexibility.

1.5.2 Strengthening exercises

These exercises are designed to help individuals regain strength in their muscles,
which may have been weakened as a result of injury, surgery, or illness. Strengthening exer-
cises are also beneficial for individuals with chronic conditions, such as multiple sclerosis or
cerebral palsy, who may experience muscle weakness or fatigue.

Strengthening exercises can be done using bodyweight, resistance bands, or weights,
depending on the specific needs and abilities of the individual. These exercises typically
involve working the major muscle groups of the body, including the arms, legs, back, and
core. Some examples of strengthening exercises include:

Squats

This exercise involves bending the knees and lowering the body into a seated position,
then standing back up. Squats can help to strengthen the muscles in the legs and buttocks.

Push-ups

This exercise involves lowering the body to the ground and then pushing back up. Push-
ups can help to strengthen the muscles in the chest, shoulders, and arms.

Bicep curls

This exercise involves holding a weight or resistance band and curling it towards the
body, working the muscles in the upper arms.

Leg press
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This exercise involves pushing the weight away with the legs while sitting or lying down,
working the muscles in the legs.

Plank

This exercise involves holding a push-up position while keeping the body straight, wor-
king the muscles in the core.

Strengthening exercises are beneficial for a number of reasons. First, they can help to
improve overall strength and endurance, which can improve physical function and reduce
the risk of falls or other injuries. Second, strengthening exercises can help to increase muscle
mass, which can help to improve bone density and reduce the risk of osteoporosis. Third,
these exercises can help to improve balance and coordination, which can reduce the risk of
falls and other injuries.

It is important to note that strengthening exercises should be done under the guidance
of a qualified healthcare professional, such as a physiotherapist or occupational therapist.
These professionals can develop a personalized treatment plan that takes into account the

individual’s specific needs and abilities and can help to monitor progress over time.

1.5.3 Balance exercises

These exercises focus on improving an individual’s ability to maintain stability

and avoid falls by improving balance and coordination:

Balance exercises

These are especially important for individuals who have suffered from injuries or ill-
nesses that affect their mobility or for older adults who may be at a higher risk for falls.

There are many different types of balance exercises that can be done in the comfort of
one’s own home. One simple exercise is standing on one foot while holding onto a stable
surface, such as a chair or countertop, for balance. This exercise can be progressed by closing
the eyes or by standing on a foam pad or unstable surface, which challenges the body’s ability
to maintain balance.

Another balance exercise that can be done at home is the heel-to-toe walk. This exercise
involves walking in a straight line, placing the heel of one foot in front of the toe of the
other foot with each step. This exercise challenges balance and coordination and can be

progressed by walking backwards or by adding in turns.
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Figure 1.5 : Exercise examples with clinical applications: (A) T-test, (B) Agility ladder drills,
(C) Single-leg deadlifts, (D) Single-leg stance (on foam), (E) Vertical jumps, and (F) Squat
jumps [4].

Sit to stand exercise
Is another effective balance exercise that can be done at home. This exercise involves sit-
ting in a chair and standing up without using the arms for support. This exercise strengthens

the leg muscles and improves balance and coordination.

1.5.4 Stretching exercises

Stretching exercises are a fundamental component of home-based physiotherapy
rehabilitation. These exercises are designed to improve flexibility and range of motion,
which can help to reduce pain and improve physical function. Stretching exercises are parti-
cularly beneficial for individuals who have suffered from injuries or surgeries that limit their
mobility and those with chronic conditions such as arthritis.

Stretching exercises can be done using bodyweight or props such as a foam roller, re-
sistance bands, or yoga blocks. These exercises can target specific muscle groups or can be
tull-body stretches. Examples of stretching exercises include:

Hamstring stretch
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Figure 1.6 : Sit-to-stand [5].

This exercise involves sitting on the floor with legs straight out in front of the body and

reaching towards the toes to stretch the hamstring muscles [43].

Figure 1.7 : Flexibility test "chair sit and reach" [6].

Quadriceps stretch
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This exercise involves standing with one hand on a wall or other stable surface and
pulling one foot up towards the buttocks to stretch the quadriceps muscle [44].

Spinal twist

This exercise involves lying on the back with knees bent and twisting the legs to one
side while keeping the shoulders on the ground to stretch the spine and hips [45].

Shoulder stretch

This exercise involves holding a resistance band or towel behind the back and pulling it
towards the body to stretch the shoulders [46].

Neck stretch

This exercise involves gently bringing the ear towards the shoulder to stretch the neck
muscles [47].

Stretching exercises are important for a number of reasons. First, they can help to im-
prove flexibility and range of motion, which can reduce the risk of injury and improve phy-
sical function. Second, stretching exercises can help to reduce muscle tension and soreness,
which can alleviate pain and discomfort. Third, stretching exercises can help to improve
posture, which can reduce the risk of developing musculoskeletal problems such as back
pain.

It is important to note that stretching exercises should be done under the guidance of a
qualified healthcare professional, such as a physiotherapist or occupational therapist. These
professionals can develop a personalized treatment plan that takes into account the indivi-

dual’s specific needs and abilities and can help to monitor progress over time.

1.5.5 Breathing exercises

These exercises can help to improve lung function, increase oxygen saturation
levels, and reduce shortness of breath.

There are many different types of breathing exercises that can be used in home-based
physiotherapy rehabilitation, each with its own specific benefits. Some examples of brea-
thing exercises include:

Diaphragmatic breathing

This exercise involves taking deep breaths, allowing the diaphragm to expand and
contract fully. It can help to improve oxygenation and reduce shortness of breath [48].

Pursed lip breathing
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This exercise involves exhaling slowly through pursed lips, which can help to regulate
breathing and reduce shortness of breath [49]. Inspiratory muscle training

This exercise involves using a device to provide resistance during inhalation, which can
help to strengthen the muscles used in breathing [50]. Controlled coughing

This exercise involves taking a deep breath and coughing to clear the lungs of mucus and
other secretions [51].

Breathing exercises can be done in a variety of positions, including sitting, standing, and
lying down. They can also be combined with other exercises, such as physical therapy exer-
cises, to improve overall physical function and reduce symptoms of respiratory conditions.

In addition to their physical benefits, breathing exercises can also help to reduce stress
and anxiety. By focusing on the breath and slowing down the breathing process, individuals

can calm their mind and reduce feelings of tension and anxiety.

1.5.6 Posture exercises

Posture exercises are an important component of home-based physiotherapy re-
habilitation, particularly for individuals who have poor posture or are recovering from an
injury or surgery that has affected their posture. These exercises can help to improve align-
ment, reduce pain, and prevent further injury.

There are many different types of posture exercises that can be used in home-based phy-
siotherapy rehabilitation, each with their own specific benefits. Some examples of posture
exercises include:

Shoulder blade squeeze

This exercise involves squeezing the shoulder blades together while sitting or standing,
which can help to improve posture and reduce pain in the upper back and neck [47].

Chin tuck

This exercise involves gently tucking the chin in towards the neck, which can help to
align the spine and reduce strain on the neck and shoulders [52].

Wall angels

This exercise involves standing with the back against a wall and slowly raising and lo-
wering the arms, which can help to improve posture and reduce pain in the upper back and
shoulders [53].

Cat-camel stretch
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This exercise involves moving the spine through a range of motion by alternately arching
and rounding the back while on hands and knees, which can help to improve posture and
reduce pain in the lower back.

Posture exercises can be done throughout the day, either as part of a structured exercise
routine or as simple movements incorporated into daily activities. They can also be combi-
ned with other exercises, such as strengthening exercises or range of motion exercises, to
improve overall physical function and reduce pain.

In addition to their physical benefits, posture exercises can also help to improve self-
confidence and reduce feelings of anxiety or depression. By improving posture, individuals
can feel more comfortable and confident in their bodies, which can have a positive impact
on their overall mental health.

It is important to note that the specific exercises recommended for home physiothe-
rapy rehabilitation will vary depending on the individual’s condition, injury, or illness. It
is always recommended to work with a qualified physiotherapist to design a personalized
rehabilitation program that is safe and effective for your needs. Additionally, it is important
to follow the prescribed exercises consistently and gradually increase intensity or duration

under the guidance of a physiotherapist.

1.6 General information on telerehabilitation

1.6.1 General definition of telerehabilitation

Telerehabilitation is a mode of healthcare delivery that uses telecommunication
technology to provide rehabilitation services remotely to patients. It can be defined as the de-
livery of rehabilitation services using information and communication technologies (ICTs),
such as videoconferencing, telemonitoring, and mobile health (mHealth) applications. Te-
lerehabilitation can be used to provide a wide range of rehabilitation services, including
physical therapy, occupational therapy, speech therapy, and cognitive rehabilitation.

Here are some general definitions of telerehabilitation from authoritative sources:

The World Health Organization (WHO) defines telerehabilitation as "the delivery of re-
habilitation services over telecommunication networks and the internet to facilitate the ex-
change of medical information from one site to another for diagnosis, consultation, treat-

ment, education, and training." (source: WHO, 2010)
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The American Telemedicine Association (ATA) defines telerehabilitation is "the applica-
tion of assessment, intervention, education, and monitoring using telecommunication tech-
nologies to assist or support rehabilitation services, including self-management." (source:
ATA, 2013)

The Canadian Institute for Health Information (CIHI) defines telerehabilitation is "the
use of technology to deliver rehabilitation services, such as physical therapy, occupational
therapy, and speech therapy to patients in remote or underserved areas." (source: CIHI, 2016)

Telerehabilitation has the potential to improve access to rehabilitation services for indi-
viduals who live in remote or underserved areas, have mobility or transportation limitations,
or face other barriers to accessing in-person rehabilitation services. It can also help to reduce
healthcare costs, increase patient satisfaction, and improve clinical outcomes. However, it
is important to note that telerehabilitation is not a replacement for in-person rehabilitation
services and should be used as a supplement to, not a substitute for traditional rehabilitation

services when appropriate.

1.6.2 A historical overview of telerehabilitation

Telerehabilitation has its roots in the broader field of telemedicine, which began
to emerge in the 1960s with the development of videoconferencing technology. The idea of
using this technology to deliver rehabilitation services remotely to patients gained traction
in the 1990s, and since then, telerehabilitation has become an increasingly popular mode of
healthcare delivery. Here is a historical overview of telerehabilitation:

1990s: Early studies of telerehabilitation [54; 7; 55; 56] focused on the use of videocon-
ferencing technology to deliver rehabilitation services to patients in remote or underserved
areas, such figure 1.8. These studies demonstrated that videoconferencing was a feasible
and effective way to deliver rehabilitation services and that patients were generally satisfied
with the care they received.

2000s: The development of new technologies, such as telemonitoring and mobile health
(mHealth) applications, expanded the scope of telerehabilitation beyond videoconferencing.
Researchers began to explore the use of telemonitoring to monitor patients’ progress and
provide feedback, and the use of mHealth applications to deliver rehabilitation exercises
and track patients’ adherence to treatment plans [57; 58; 59; 60; 61; 8], such show figure 1.9.

2010s: The growing popularity of telerehabilitation led to the development of new tele-
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Figure 1.8 : The VC-105 video telephone connected to a standard television and transmitting
over POTS. As an option, patient and clinician are able to view both the transmitted and
received image, with simultaneous audio. [7].
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Figure 1.9 : General architecture of the system using wireless Body Area Network based on
J2ME for M-Health applications [8].
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health policies and regulations, as well as the establishment of telehealth programs in many
healthcare organizations. A number of studies demonstrated that telerehabilitation was ef-
fective in improving clinical outcomes and reducing healthcare costs, particularly in the
areas of stroke rehabilitation and musculoskeletal rehabilitation [62; 63; 64; 65; 66].

2020s: The COVID-19 pandemic accelerated the adoption of telerehabilitation [67; 68;
69; 70; 71; 72; 73], as many healthcare organizations began to offer remote rehabilitation
services to patients to reduce the risk of infection. Telerehabilitation is now seen as an
essential component of healthcare delivery, and it is likely to continue to grow in popularity
in the coming years.

Overall, the history of telerehabilitation has been characterized by a gradual evolution
from early studies of videoconferencing to the development of new technologies and the
establishment of telehealth programs in healthcare organizations. While telerehabilitation
is still a relatively new field, it has shown great promise in improving access to rehabilitation

services and reducing healthcare costs.

1.6.3 Domains of the utilization of telerehabilitation

Telerehabilitation can be used across a wide range of domains to provide remote
rehabilitation services to patients who are unable to physically attend therapy sessions. Here

are some of the domains where telerehabilitation has been found to be effective:

Neurological rehabilitation

Telerehabilitation has been used to provide rehabilitation services to patients with
various neurological conditions, such as stroke, Parkinson’s disease, multiple sclerosis, and

traumatic brain injury [74; 75].

Cardiopulmonary rehabilitation

Telerehabilitation can be used to provide rehabilitation services to patients with
heart or lung conditions, such as chronic obstructive pulmonary disease (COPD), heart fai-

lure, and pulmonary rehabilitation [76; 77].
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Orthopedic rehabilitation

Telerehabilitation can be used to provide rehabilitation services to patients with
orthopedic conditions, such as post-operative rehabilitation, joint replacement, and sports
injuries [60; 78].

Geriatric rehabilitation

Telerehabilitation can be used to provide rehabilitation services to older adults

who have mobility issues or other age-related conditions [79; 80].

Mental health rehabilitation

Telerehabilitation can be used to provide mental health services, such as cognitive-
behavioral therapy (CBT) and psychotherapy, to patients with mental health conditions, such

as depression, anxiety, and post-traumatic stress disorder (PTSD) [63; 81].

Pediatric rehabilitation

Telerehabilitation can be used to provide rehabilitation services to children with

developmental delays, cerebral palsy, and other pediatric conditions [82; 83].

Speech-language pathology

Telerehabilitation can be used to provide speech and language therapy services
to patients with speech and language disorders, such as aphasia, dysarthria, and stuttering
[58; 84].

Occupational therapy

Telerehabilitation can be used to provide occupational therapy services to patients
with conditions that impact their ability to perform daily activities, such as Parkinson’s di-

sease, stroke, and spinal cord injury [85; 86].
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1.7 Potential applications of physiotherapy
telerehabilitation

1.7.1 Postoperative rehabilitation

Postoperative rehabilitation is a critical component of the recovery process for
patients who have undergone surgery. Physiotherapy is often used to help patients regain
their strength, mobility, and functionality after surgery. With the emergence of telerehabi-
litation, there is an opportunity to provide postoperative rehabilitation services to patients
more conveniently and cost-effectively [87; 88].

One benefit of telerehabilitation for postoperative rehabilitation is that it allows patients
to receive care from the comfort of their homes. This can be particularly beneficial for pa-
tients who live in remote or rural areas or who have mobility or transportation challenges
that make it difficult to attend in-person physiotherapy sessions. By providing care remotely,
telerehabilitation can help to ensure that patients receive the support they need to recover
and regain their independence.

Another benefit of telerehabilitation for postoperative rehabilitation is that it can pro-
vide more personalized and targeted care. By leveraging digital technologies and artificial
intelligence, telerehabilitation can give real-time feedback, and monitoring of patient pro-
gress. This can help to ensure that patients are following their rehabilitation plans correctly
and can allow for adjustments to be made as needed to optimize their recovery.

Telerehabilitation can also help to reduce the burden on healthcare providers and im-
prove the efficiency of care delivery. With telerehabilitation, physiotherapists can simulta-
neously provide care to multiple patients without traveling to different locations. This can
help to reduce costs and improve access to care, particularly for patients who live in areas
with limited healthcare resources.

One potential application of physiotherapy telerehabilitation for postoperative rehabili-
tation is in the area of joint replacement surgery. Joint replacement surgery is a standard
procedure for patients with osteoarthritis, and postoperative rehabilitation is critical to en-
sure that patients regain their mobility and functionality. Telerehabilitation can provide a
convenient and an effective way for patients to receive physiotherapy care after joint re-
placement surgery, particularly for patients who live far away from healthcare providers or

who have mobility challenges that make it difficult to attend in-person sessions.
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However, there are also some challenges associated with using telerehabilitation for post-
operative rehabilitation. For example, not all patients may have access to the technology and
internet infrastructure needed to receive telerehabilitation services. Additionally, there may
be concerns about the quality and safety of care delivered remotely, particularly for patients
with complex needs or who require more hands-on care.

In conclusion, telerehabilitation has the potential to transform the the way that post-
operative rehabilitation services are delivered. By providing patients with more convenient
and personalized care, telerehabilitation can help to improve patient outcomes and reduce
the burden on healthcare providers. However, there are also challenges that need to be
addressed, such as ensuring that patients have access to the necessary technology and in-
frastructure, and ensuring that the quality and safety of care are not compromised. With
continued innovation and investment in this area, physiotherapy telerehabilitation is poised
to become an increasingly important component of postoperative rehabilitation in the years

to come.

1.7.2 Chronic conditions management

Chronic conditions are long-term medical conditions that require ongoing mana-
gement and support. These conditions can be physical, such as chronic pain or arthritis,
or they can be mental health conditions, such as depression or anxiety. Physiotherapy is a
critical component of chronic condition management, as it can help patients improve their
physical functioning, reduce pain, and improve their quality of life. With the emergence of
telerehabilitation, there is an opportunity to provide physiotherapy services to patients with
chronic conditions in a more convenient and accessible way [89; 90].

One of the benefits of using telerehabilitation for chronic condition management is that
it can help to improve patient access to care. Patients with chronic conditions often require
ongoing support from healthcare providers, which can be challenging to access due to fac-
tors such as geographical barriers, mobility limitations, or transportation challenges. By
providing care remotely, telerehabilitation can help to ensure that patients receive the sup-
port they need to manage their condition, regardless of where they live or their ability to
travel to healthcare facilities.

Another benefit of telerehabilitation for chronic condition management is that it can

provide patients with greater control over their care. With telerehabilitation, patients can
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access care on their schedule and can receive support from healthcare providers in real-time
through video conferencing, messaging platforms, or other digital means. This can help
empower patients to take an active role in managing their condition, which can improve
their engagement and motivation to make positive changes to their health behaviors.

Telerehabilitation can also help improve care delivery efficiency and reduce healthcare
costs. By providing care remotely, healthcare providers can reach more patients in less time
without having to travel to different locations. This can help to reduce overhead costs, which
can translate into cost savings for patients and healthcare systems. Additionally, telerehabi-
litation can help to prevent the need for unnecessary emergency room visits or hospitaliza-
tions, which can be costly and disruptive to patients’ lives.

One potential application of physiotherapy telerehabilitation for chronic condition ma-
nagement is in the area of chronic pain management. Chronic pain is a common condition
that affects millions of people worldwide, and it can be challenging to manage with traditio-
nal approaches. Physiotherapy can help to reduce pain and improve physical functioning,
but access to physiotherapy services can be limited due to factors such as geographical bar-
riers or high costs. Telerehabilitation can provide a more convenient and accessible way for
patients to access physiotherapy services, which can help to improve pain management and
reduce the need for medication or other more invasive treatments.

However, some challenges are associated with telerehabilitation for chronic condition
management. For example, not all patients may have access to the technology and inter-
net infrastructure needed to receive telerehabilitation services. Additionally, there may be
concerns about the quality and safety of care delivered remotely, particularly for patients

with complex needs or who require more hands-on care.

1.7.3 Injury rehabilitation

Injury rehabilitation is an essential aspect of physiotherapy, as it helps patients to
recover from injuries and regain their physical functioning. Whether it’s a sports injury or
an injury resulting from an accident, physiotherapy can be a vital component of the rehabi-
litation process. With the emergence of telerehabilitation, there is an opportunity to provide
physiotherapy services to patients with injuries in a more convenient and accessible way. In
the literature, there are many types of research on this topic [91; 92]

One of the benefits of using telerehabilitation for injury rehabilitation is that it can help
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to improve patient access to care. Patients with injuries often require ongoing support from
healthcare providers, which can be challenging to access due to factors such as geographical
barriers, mobility limitations, or transportation challenges. By providing care remotely, tele-
rehabilitation can help to ensure that patients receive the support they need to recover from
their injuries, regardless of where they live or their ability to travel to healthcare facilities.

Another benefit of telerehabilitation for injury rehabilitation is that it can give patients
greater control over their care. With telerehabilitation, patients can access care on their sche-
dule and can receive support from healthcare providers in real-time through video conferen-
cing, messaging platforms, or other digital means. This can help to empower patients to take
an active role in their recovery, which can improve their engagement and motivation to make
positive changes to their health behaviors.

Telerehabilitation can also help improve care delivery efficiency and reduce healthcare
costs. By providing care remotely, healthcare providers can reach more patients in less time
without having to travel to different locations. This can help to reduce overhead costs, which
can translate into cost savings for patients and healthcare systems. Additionally, telerehabi-
litation can help to prevent the need for unnecessary emergency room visits or hospitaliza-
tions, which can be costly and disruptive to patients’ lives.

One potential application of physiotherapy telerehabilitation for injury rehabilitation is
in the area of sports injury rehabilitation. Sports injuries are common, particularly among
athletes, and can be challenging to manage with traditional approaches. Physiotherapy can
help to reduce pain and inflammation, improve range of motion and flexibility, and streng-
then the affected area to prevent further injury. Telerehabilitation can provide a more conve-
nient and accessible way for athletes to access physiotherapy services, which can help them
recover faster and return to their sports activities sooner.

Finally, some challenges are associated with using telerehabilitation for injury rehabili-
tation. For example, not all injuries may be suitable for remote care, particularly those that
require more hands-on or specialized care. Additionally, there may be concerns about the
quality and safety of care delivered through remote means, particularly for patients with

complex needs or who require more intensive rehabilitation.
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1.7.4 Elderly care

Elderly care is a growing concern for healthcare providers worldwide. With an in-
creasing elderly population and the rising prevalence of chronic conditions such as arthritis,
osteoporosis and stroke, there is a need for innovative approaches to deliver effective and
accessible care to this population. One potential solution is the use of physiotherapy telere-
habilitation [93], which has the potential to provide elderly patients with a more convenient
and accessible way to receive care.

One of the primary benefits of using telerehabilitation for the elderly care is that it can
help to improve patient access to care. Many elderly patients have mobility limitations or
other health conditions that make it challenging for them to travel to healthcare facilities for
in-person appointments. By providing care remotely, telerehabilitation can help to ensure
that elderly patients receive the support they need to manage their conditions, regardless of
their location or mobility status.

Another benefit of telerehabilitation for elderly care is that it can help to improve patient
engagement and motivation. Older adults often face social isolation and may experience
feelings of loneliness, which can contribute to poor health outcomes. By providing remote
care, telerehabilitation can help to provide a sense of connection and engagement with heal-
thcare providers, which can motivate patients to be more proactive about their health and
well-being.

Telerehabilitation can also help to reduce healthcare costs and improve the efficiency of
care delivery. By providing care remotely, healthcare providers can reach more patients in
less time without traveling to different locations. This can help to reduce overhead costs and
translate into cost savings for patients and healthcare systems. Telerehabilitation can also
help prevent unnecessary emergency room visits or hospitalizations, which can be costly
and disruptive to elderly patients’ lives.

One potential application of physiotherapy telerehabilitation for elderly care is in the
area of fall prevention. Falls are a significant concern for older adults and can lead to severe
injuries such as hip fractures or head trauma. Physiotherapy can help improve balance and
mobility, reducing the risk of falls. Telerehabilitation can provide a convenient and accessible
way for elderly patients to receive physiotherapy services, which can help prevent falls and
improve overall quality of life.

There are also challenges associated with using telerehabilitation for elderly care. For
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example, not all elderly patients may have access to the necessary technology or infrastruc-
ture to participate in remote care. Additionally, there may be concerns about the quality
and safety of care delivered through remote means, particularly for elderly patients with

complex needs or who require more intensive rehabilitation.

1.7.5 Pediatrics

Pediatrics is a specialized area of healthcare that focuses on the physical, cogni-
tive, and emotional development of children. Physiotherapy plays an essential role in the
treatment and management of various pediatric conditions, such as cerebral palsy, muscu-
lar dystrophy, and developmental delays [94]. The use of physiotherapy telerehabilitation
in pediatrics has the potential to provide children with a more accessible, convenient, and
engaging way to receive care.

One of the primary benefits of using telerehabilitation for pediatric physiotherapy is
that it can help to improve patient access to care. Many children with disabilities or chro-
nic conditions face challenges in accessing care due to mobility limitations or the need for
specialized care. By providing care remotely, telerehabilitation can help to ensure that chil-
dren receive the support they need to manage their conditions, regardless of their location
or mobility status.

Another benefit of telerehabilitation in pediatrics is that it can help to increase patient
engagement and motivation. Children often have shorter attention spans and may struggle
with in-person physiotherapy sessions. Telerehabilitation can provide a more engaging and
interactive platform for physiotherapy, using games, videos, and other multimedia tools to
keep children motivated and interested in their therapy sessions.

Physiotherapy telerehabilitation can also help to reduce healthcare costs and improve
the efficiency of care delivery. By providing care remotely, healthcare providers can reach
more patients in less time without traveling to different locations. This can help to reduce
overhead costs and translate into cost savings for patients and healthcare systems. Additio-
nally, telerehabilitation can help prevent the need for unnecessary emergency room visits
or hospitalizations, which can be costly and disruptive to children’s lives.

One potential application of physiotherapy telerehabilitation in pediatrics is in the area
of early intervention for developmental delays. Early identification and intervention for de-

velopmental delays can improve children’s outcomes and reduce the need for more intensive
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interventions later in life. Telerehabilitation can provide a convenient and accessible way for
children to receive early intervention services, which can improve developmental outcomes
and overall quality of life.

But, there are also defiances associated with using telerehabilitation in pediatrics. For
example, younger children may need help with using technology or may need access to
the necessary equipment or internet connection. Additionally, telerehabilitation may not be
suitable for children with complex conditions or who require more intensive rehabilitation.

In conclusion, physiotherapy telerehabilitation has the potential to transform the way
that care is delivered to pediatric patients. By providing more accessible, convenient, and
engaging care, telerehabilitation can help to improve patient outcomes, reduce healthcare
costs, and enhance patient engagement and motivation. However, some challenges need to
be addressed, such as ensuring that patients have access to the necessary technology and
infrastructure, and ensuring that the quality and safety of care are not compromised. With
continued innovation and investment in this area, physiotherapy telerehabilitation is poised

to become an increasingly important component of pediatric care in the years to come.

1.7.6 Athlete rehabilitation

Athlete rehabilitation is a specialized area of physiotherapy that focuses on the
recovery and rehabilitation of athletes following injury or surgery [95]. Traditionally, ath-
lete rehabilitation has been conducted in person, with athletes working closely with phy-
siotherapists to develop customized treatment plans and exercises to aid in their recovery.
However, the use of physiotherapy telerehabilitation in athlete rehabilitation has the poten-
tial to revolutionize the way that care is delivered, providing athletes with a more accessible,
convenient, and personalized ways to receive care.

One of the primary benefits of using telerehabilitation in athlete rehabilitation is that it
can help to improve patient access to care. Many athletes, particularly those who compete
at the elite level, travel frequently, and may struggle to attend in-person appointments with
their physiotherapists. By providing care remotely, telerehabilitation can help to ensure
that athletes receive the support they need to recover from their injuries, regardless of their
location or travel schedule.

Another benefit of using telerehabilitation in athlete rehabilitation is that it can help to

improve patient engagement and motivation. Athletes are often highly motivated indivi-



54 CHAPITER 1. CONTEXT, PROBLEM FORMULATION, AND HISTORICAL OVERVIEW

duals who are focused on their recovery and returning to competition as quickly as possible.
Telerehabilitation can provide a more engaging and interactive platform for physiotherapy,
using video analysis and other multimedia tools to help athletes better understand their in-
juries and the rehabilitation process.

Telerehabilitation can also help to reduce healthcare costs and improve the efficiency of
care delivery. By providing care remotely, healthcare providers can reach more patients in
less time without traveling to different locations. This can help to reduce overhead costs and
translate into cost savings for athletes and healthcare systems. Additionally, telerehabilita-
tion can help prevent the need for unnecessary emergency room visits or hospitalizations,
which can be costly and disruptive to athletes’ lives.

One potential application of physiotherapy telerehabilitation in athlete rehabilitation is
in the area of injury prevention. Telerehabilitation can provide athletes with access to cus-
tomized exercise programs and injury prevention strategies that can help to reduce the risk
of future injuries. Additionally, telerehabilitation can give the athletes real-time feedback
on their form and technique, helping to ensure that they are performing exercises correctly
and safely.

In the realm of athlete rehabilitation, the utilization of telerehabilitation is challenging.
For example, athletes may require specialized equipment or tools to aid their rehabilitation,
which may not be available in all locations. Additionally, telerehabilitation may not be sui-

table for athletes with complex injuries or who require more intensive rehabilitation.

1.7.7 Mental health

Physiotherapy telerehabilitation is a promising avenue for managing mental
health conditions. Mental health disorders are common and can cause significant impair-
ment in individuals’ daily lives. Physiotherapy telerehabilitation offers a flexible and conve-
nient way to access care, particularly for those living in rural or remote areas or with diffi-
culty traveling to in-person appointments.

One potential application of physiotherapy telerehabilitation in mental health is for the
treatment of anxiety and depression. These are among the most common mental health
conditions, and physiotherapy can be an effective adjunct to traditional therapies. Physio-
therapy telerehabilitation can provide patients access to evidence-based interventions such

as exercise, relaxation techniques, and breathing exercises. Patients can receive instruction



1.7. POTENTIAL APPLICATIONS OF PHYSIOTHERAPY TELEREHABILITATION 55

and guidance from their physiotherapist via video conferencing, making it easier to fit the-
rapy into their schedules and reduce travel time.

Another potential application of physiotherapy telerehabilitation in mental health is for
the treatment of post-traumatic stress disorder (PTSD). PTSD can develop after exposure
to a traumatic event, and individuals with PTSD may experience a range of physical and
mental symptoms. Physiotherapy telerehabilitation can offer virtual sessions that provide
safe exposure therapy, relaxation techniques, and physical exercise programs that can help
manage PTSD symptoms.

Telerehabilitation can also be helpful in the management of chronic pain, which can
have a significant impact on mental health. Pain can cause depression, anxiety, and sleep
disturbances, which in turn can worsen pain symptoms. Physiotherapy telerehabilitation
can provide patients with customized exercise programs that can help manage pain and im-
prove mood. Patients can also receive education on pain management strategies and advice
on modifying their activities to reduce pain.

Physiotherapy telerehabilitation can also be effective in the treatment of substance abuse
disorders. Substance abuse is a significant public health concern, and individuals with sub-
stance abuse disorders are often stigmatized and have limited access to care. Physiotherapy
telerehabilitation can provide access to treatment for individuals who may not have access
to traditional in-person rehabilitation programs. Patients can receive guidance and support
from their physiotherapists through exercises, breathing techniques, and mindfulness-based
interventions.

However, one of the main challenges is ensuring the quality and safety of care. Physio-
therapists need to be adequately trained to provide care through telehealth platforms and
must be able to identify patients who may not be appropriate candidates for virtual care.
Additionally, some individuals may require more intensive in-person care, and telerehabili-

tation may not be suitable for all mental health conditions.
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1.8 Physiotherapy telerehabilitation outcomes and
challenges

1.8.1 Outcomes of physiotherapy telerehabilitation

Physiotherapy telerehabilitation, which involves the use of technology to deliver
physiotherapy interventions remotely, has been shown to have several positive outcomes.

These include:

Improved Access to Care

Telerehabilitation allows patients to access physiotherapy services from the com-
fort of their own homes, which can be especially beneficial for individuals with mobility

issues, those who live in remote areas, or those who have difficulty traveling.

Increased Patient Compliance

Telerehabilitation has been shown to improve patient compliance with their re-
habilitation program, as it allows patients to complete their exercises at home and on their

own schedule. This can lead to better outcomes and faster recovery times.

Cost Savings

Telerehabilitation can be less expensive than traditional in-person physiotherapy,
as it eliminates the need for patients to travel to appointments and reduces the need for

physical therapy facilities.

1.8.2 Challenges of Physiotherapy Telerehabilitation

Technology Limitations

Telerehabilitation requires reliable technology, such as high-speed internet and
video conferencing software, which may not be available to all patients. In addition, some
patients may have difficulty using the technology, which could limit their ability to partici-

pate in telerehabilitation.
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Lack of Personal Interaction

Telerehabilitation may not provide the same level of personal interaction between
the patient and physiotherapist as traditional in-person physiotherapy. This could limit the
physiotherapist’s ability to provide hands-on care or make adjustments to the patient’s treat-

ment plan based on their physical response.

Privacy and Security Concerns

Telerehabilitation raises concerns about the privacy and security of patient in-
formation. Physiotherapy practices must ensure that they are using secure technology and
following best practices for data protection to ensure patient confidentiality is maintained.
Overall, despite the challenges, telerehabilitation has the potential to improve access to phy-
siotherapy services, increase patient compliance, and reduce costs. With continued advance-
ments in technology and increased adoption of telerehabilitation by physiotherapy practices,
it is likely that telerehabilitation will become an increasingly important part of physiothe-

rapy treatment in the future.

1.9 How we can improve the physiotherapy
telerehabilitation?

There are several ways to improve physiotherapy telerehabilitation, including:

Customized treatment plans

Creating personalized treatment plans for patients based on their individual needs and

goals.

Interactive exercises

Using interactive exercises and gamification to make the rehabilitation process engaging

and fun for patients.

Real-time feedback

Providing real-time feedback to patients during their exercises to improve their technique

and motivate them.
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Remote monitoring

Using technology to remotely monitor patients’ progress and adjust their treatment plans
accordingly.
Wearable devices

Using wearable devices to track patients’ movements and provide feedback to both pa-

tients and therapists.

Videoconferencing

Utilizing videoconferencing allows patients to interact with their therapists in real-time

and receive guidance and support.

Tele-assessment

Conducting tele-assessments to evaluate patients’ progress and determine if adjustments

need to be made to their treatment plans.

Accessible platforms

Ensuring that telerehabilitation platforms are accessible and easy to use for patients of

all ages and abilities.

Collaborative approach

Encouraging a collaborative approach between patients, therapists, and healthcare pro-

viders to ensure the best outcomes.

Adapting to new technology

Continuously adapting to new technology and incorporating it into telerehabilitation to

improve patient outcomes.

Continuous evaluation

Continuously evaluating the effectiveness of telerehabilitation programs and making ne-

cessary adjustments to improve outcomes.
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1.10 Objectives of the thesis

The objectives of this thesis are to present an artificial intelligence technique in-
tegrated into a website to control the rehabilitation progress of some patients. But firstly,
we need to study the reliability and validity of the MediaPipe technique and compare it with
other popular techniques such as the clinical goniometer and the angle ruler.

The proposed website and the technique used in it will be validated through real experi-

ments.

1.11 Main contributions of the thesis

The main contributions can be listed as follows:

Contribution 1: State of the art

In this part, we will present the first contribution relating to the state of the art and
the comparison of different techniques used. It encompasses critical areas like usability,
accessibility, privacy, customization, technical support, social support, feedback, patient en-
gagement, and the latest technology trends in motion tracking, 3D animation, and telecom-
munication. Additionally, it explores the state of the art in physiotherapy telerehabilitation,
including virtual reality, gamification, sensors, robotics devices, and computer vision tech-
niques. The section concludes with a discussion on challenges and solutions in Al-driven
physiotherapy telerehabilitation.

Contribution 2: Reliability and validity analysis of MediaPipe-based measure-
ment system for some human rehabilitation motions

Our first contribution involves a comprehensive comparison between the MediaPipe
technique, a universal goniometer, and a digital angle ruler for measuring range of mo-
tion. With the help of physical therapists, data was gathered from approximately 50 healthy
volunteers for shoulder movements and 25 healthy persons from knee movements. The re-
liability of the MediaPipe-based shoulder and knee measurement system was evaluated. To
validate this approach, the study determined the 95% limits of agreement and mean diffe-
rence between the MediaPipe and the other two devices. The results demonstrate the Media-
Pipe’s reliability and validity in the context of telerehabilitation for the specific movements

analyzed.
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Contribution 3: A new home-based upper- and lower-limb telerehabilitation
platform with experimental validation

Introducing a tele-rehabilitation website that serves as a valuable tool for remote reha-
bilitation. This platform employs the MediaPipe technique to actively monitor and analyze
patients’ real-time range of motion (ROM). By accurately tracking the angles of limb move-

ment around joints, it significantly aids in assessing progress.

1.12 Organization of the thesis

Chapter 2 provides a state of the art and comparison of different techniques used
in physiotherapy telerehabilitation. Section 2.1 describes the human factors for designing a
telerehabilitation platform. Section 2.2 shows the technologies and techniques used for phy-
siotherapy telerehabilitation. Section 2.3 presents a comparison of techniques and devices
used in physiotherapy telerehabilitation.

Section 2.4 talks about the state on the principal algorithms for detecting and tracking
human body keypoints. Section 2.5 details the utilization of human pose estimation in the
medical domain. The last section is the conclusion of the chapter.

Chapter 3 introduces the reliability and validity analysis of the MediaPipe-based mea-
surement system for some human rehabilitation motions. It begins with an introduction.
Section 3.2 presents the MediaPipe pose estimation technique. Section 3.3 talks about graph
construction. Section 3.4 analyzes the reliability and validity of the MediaPipe-based measu-
rement system for some human rehabilitation motions, even in the upper and lower limbs.

Chapter 4 provides the development of a human-based physiotherapy telerehabilitation
system with the case study. Section 4.1 is an introduction to the chapter. Section 4.2 presents
a survey and open challenge. Section 4.3 describes the proposed system "DzTelerehab". Sec-
tion 4.4 provides the new home upper- and lower-limb telerehabilitation platform. Section
4.5 presents a patient experimental validation. Section 4.6 presents and discusses the results
obtained. Section 4.7 is the conclusion of the chapter.

The last chapter provides a general conclusion and perspectives of the thesis.
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1.13 Conclusion

In this chapter, we provide an introduction to artificial intelligence and telereha-
bilitation. To further explore the fields of physiological rehabilitation, we present a compre-
hensive overview of the segments and articulations of the human body. Subsequently, we
introduce various modes of rehabilitation, along with the exercises specialists recommend
for distance rehabilitation. These exercises are simple and can be performed by most indivi-
duals. Following that, we define telerehabilitation and provide a historical perspective on its
development and application areas. We then discuss the prospects and challenges associated
with telerehabilitation, as well as potential methods for improvement.

Finally, we identify the objectives of this thesis and its main contributions. This thesis

will thoroughly discuss and examine these points in detail.






CHAPTER

Contribution 1: State of the art

2.1 Human factors for designing telerehabilitation
platform

Designing a telerehabilitation platform that is effective and user-friendly requires
consideration of a range of human factors. Here are some key human factors to consider
when designing a telerehabilitation platform:

Usability

Usability in telerehabilitation is crucial for effective patient and healthcare pro-
vider use, impacting care quality and outcomes [96]. The platform must be intuitive, user-
friendly, and accessible on various devices, accommodating patients with physical or cog-
nitive impairments. It should facilitate effective communication and engagement through
features like video conferencing and educational materials while supporting evidence-based
interventions.

Accessibility
Telerehabilitation provides remote access to rehabilitation services, making acces-

sibility crucial. Accessibility involves usability, compatibility, and adaptability.

Privacy and security

63
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Patients’ sensitive health information must be protected from unauthorized access and cy-
berattacks, making compliance with privacy and security regulations essential for telehealth
platforms.

Encryption is a key approach, securing data both in transit and at rest. Additionally, data
must be stored securely, with access restricted to authorized personnel.

User authentication and access control are crucial. Unique credentials and two-factor
authentication ensure only authorized users can access the system, with role-based controls
limiting access to relevant data.

Customizability
Customizability is crucial in telerehabilitation, allowing tailored rehabilitation programs to
improve patient engagement, motivation, satisfaction, and outcomes.

The integration of multiple healthcare providers and caregivers facilitates communica-
tion and coordination, leading to a comprehensive rehabilitation program that considers the
patient’s medical history, preferences, and goals.

The user interface should also be customizable to meet specific patient needs, such as
large fonts for the elderly or accessible features for disabled patients.

Technical support
Telerehabilitation success hinges on well-maintained technology requiring reliable technical
support for smooth operation. This support encompasses hardware and software upkeep,
troubleshooting, and updates, crucial for maintaining platform functionality and swiftly re-
solving issues. Accessibility to support is vital for patients and clinicians, who may need aid
with setup, connectivity, or data monitoring. A dedicated support team reachable via phone,
email, or live chat ensures prompt assistance and uninterrupted rehabilitation progress.

Social support

Patients benefit greatly from social support during rehabilitation, improving adhe-
rence and outcomes. Telerehabilitation platforms should integrate features like peer commu-
nication, family involvement, and social network integration. Peer-to-peer communication
fosters motivation through shared experiences facilitated by chat rooms or forums. Family
involvement encourages adherence and emotional support, achievable through virtual ses-
sions or shared educational materials. Social network integration expands support networks

beyond the program, enhancing patient connection and motivation. Professional support is
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vital, too, with platforms offering virtual appointments or messaging systems for patient-
provider communication.

Feedback and monitoring
Telerehabilitation offers real-time feedback and monitoring, which is crucial for effective
rehabilitation. Immediate guidance through verbal cues and progress tracking enhances
patient outcomes by promptly refining techniques. Remote monitoring via wearable sen-
sors and video recordings allows therapists to track progress and adjust treatment plans
accordingly, intervening swiftly to prevent setbacks. This personalized approach, catering
to individual needs and motivation levels, ensures patient engagement and achievement of
rehabilitation goals.

Patient engagement
Enhancing patient engagement in telerehabilitation is crucial for program effectiveness. Ga-
mification, utilizing game-like elements, boosts motivation through rewards and challenges,
fostering adherence. Personalized rehabilitation programs tailored to patient needs and pre-
ferences improve relevance and motivation, leveraging patient data for customization. Social
support, facilitated through online communities, enhances engagement by fostering connec-

tion and motivation.

2.2 State of the art on physiotherapy telerehabilitation

2.2.1 Virtual reality

Virtual reality (VR) is an innovative technology that is increasingly being used in
the field of telerehabilitation. The use of VR in telerehabilitation allows patients to parti-
cipate in immersive, interactive, and engaging exercises that can improve their functional
outcomes. The technology has the potential to revolutionize telerehabilitation by providing
patients with access to more personalized and effective treatments that can be delivered
remotely.

The use of VR in telerehabilitation has been widely studied and has demonstrated posi-
tive outcomes in various clinical populations. A recent systematic review of the literature
found that the use of VR in telerehabilitation was associated with significant improvements

in upper limb function, balance, and gait speed in stroke patients. Another review found that
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VR-based telerehabilitation effectively improved arm function and quality of life in patients
with multiple sclerosis.

In addition, studies have shown that VR-based telerehabilitation can be as effective as in-
person rehabilitation while also providing patients with greater flexibility and convenience.
For example, a randomized controlled trial of VR-based telerehabilitation for stroke patients
found that the technology was as effective as in-person therapy in improving upper limb
function while also improving patient satisfaction and reducing healthcare costs.

The use of VR in telerehabilitation is not limited to stroke and multiple sclerosis patients
and the technology has shown promise in improving outcomes for a wide range of clinical
populations. For example, studies have shown that VR-based telerehabilitation can improve
mobility and balance in patients with Parkinson’s disease and reduce pain and disability in
patients with chronic low back pain.

Despite the promising results of studies on the use of VR in telerehabilitation, there are
still some challenges that need to be addressed. These include the need for more standardized
and user-friendly VR platforms, the need for more research on the long-term effects of VR-
based telerehabilitation, and the need for more extensive training for healthcare providers

on how to use VR technology in their practices.

2.2.2 Serious games

Games have been used as an effective tool in telerehabilitation to promote moti-
vation, engagement, and adherence to therapy programs. The use of games in telerehabi-
litation has shown promising results in improving functional outcomes in various clinical
populations.

A recent systematic literature review found that many researchers use game techniques

in telerehabilitation. We can cite some examples:

Reinkensmeyer et al. [97] introduced a telerehabilitation system designed explicitly for
arm and hand therapy after a stroke. This system encompasses a web-based library featuring
status tests, therapy games, and progress charts. It offers flexibility by supporting various
input devices, including a low-cost force-feedback joystick capable of providing assistance
or resistance during movements.

In another study, Karime et al. [98] presented a telerehabilitation system known as ’Tele-
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Wobble. This system incorporates a modified version of a wobbleboard equipped with sen-
sors and actuators, a software training game, and a web-service architecture. The purpose
of this system is to enable remote control and monitoring of an individual’s training pro-
gress. It aims to provide doctors with essential performance measurements obtained during
training sessions. The outcomes suggested that the Tele-Wobble system could serve as an
effective and affordable solution for home-based rehabilitation, explicitly targeting patients
with ankle deficiencies.

Molteni et al. [99] developed the HEAD platform, a telerehabilitation system focused on
restoring limb motor functions. This system emphasizes the utilization of low-cost sensors,
which are connected to a gaming module designed for cognitive-motor rehabilitation. The
system connects patients at home and hospital therapists through an infrastructure. The the-
rapists supervise the rehabilitation exercises remotely. The HEAD platform aims to provide
accessible and cost-effective rehabilitation solutions.

Octavia et al. [100] created a mobile game application to facilitate hand rehabilitation
for stroke patients. This alternative therapy approach employs the interaction design life-
cycle model to address specific patient needs within the mobile game application. The study
revealed that patients exhibited diverse reactions to the mobile game app, and the games
motivated them to work on improving their hand skills. The findings demonstrated the
potential of mobile game applications as a valuable tool in hand rehabilitation for stroke
patients.

Sierra et al. [9] focused on the development and implementation of a functional tele-
rehabilitation system "SmartRehab" (show figure 2.1), for patients with limited upper- and
lower-limb movement due to cerebral palsy. This system utilized interactive virtual environ-
ments and biomedical technologies. The system facilitated therapeutic intervention through
telerehabilitation by employing video games developed in Scratch® and utilizing Kinect as
a movement acquisition interface. The authors developed a video game using a configurable
programming language that therapists could easily modify and adjust based on each pa-
tient’s progress. This interactive and user-friendly approach motivated patients to continue
their rehabilitation journey. The study significantly improved upper and lower limb mobility

for children with cerebral palsy.
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Figure 2.1 : Patients with cerebral palsy using SmartRehab [9].

2.2.3 Sensors

Sensors have emerged as an essential tool in telerehabilitation for monitoring pa-
tient progress and providing personalized feedback. The use of sensors in telerehabilitation
has shown promising results in improving functional outcomes in various clinical popula-
tions.

In movement analysis, sensors can capture data on joint angles, muscle activity, and
movement patterns. This data can be used to provide personalized patient feedback and
monitor their progress over time. Wearable sensors such as accelerometers and gyroscopes
can also be used to measure activity levels and detect changes in physical activity patterns,
providing insight into the effectiveness of telerehabilitation programs.

In physiotherapy telerehabilitation, researchers have widely utilized sensors to enhance
the effectiveness of rehabilitation programs. Montoya et al. [101] A study involving 24 heal-
thy individuals was conducted to test a physiologically adapted video game, Force Defense.
This study aimed to create an immersive virtual rehabilitation experience and implement
biocybernetic adaptation for upper-limb rehabilitation. The method utilized surface electro-
myography (sEMG) signals in real-time to detect fatigue stages and adjust the game inter-
actively. Feedback from participants indicated that the system was both entertaining and
beneficial. Interestingly, users of the immersive system achieved perfect results compared
to users of the non-immersive system.

In another study, Cesarini et al. [10] introduced a real-time monitoring program de-
signed to support telerehabilitation sessions for the functional recovery of patients’ lower

limbs. The program used low-cost wearable sensors to monitor limb movements during re-
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habilitation exercises. It provided multimodal biofeedback to patients, enhancing the quality
of their actions. The system also assisted therapists in defining suitable exercises for each
patient and enabled the collection of historical data for monitoring therapy effects and fur-
ther analysis. This cloud-based approach facilitated remote monitoring and improved the

overall effectiveness of telerehabilitation sessions.
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Figure 2.2 : The complete system usage [10].

Ongvisatepaiboon et al. [102] proposed a machine learning method for estimating the
angle of rotation of the arm using data from an accelerometer sensor. They focused on
utilizing raw readings from the sensor to achieve accurate estimations. Parisi et al. [11]
suggested a body-sensor-network-based approach using wireless inertial nodes (Figure 2.3
). Their system aimed to diagnose Parkinson’s disease automatically and could be employed
for telerehabilitation, enabling the remote monitoring of Parkinson’s patients. This approach
provided a convenient and efficient means of monitoring the disease’s progression from a
distance.

Bariga et al. [12] presented a general approach utilizing 3D cameras and neural network-
based algorithms. The system detected static postures for control purposes and autono-
mously assisted elderly individuals in rehabilitation exercises. It also could identify abnor-

mal behavior.
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(b)

Figure 2.3 : (a) Inertial BSN designed for the evaluation of the three UPDRS tasks of interest
(LA, S2S, G): the subsets of nodes used in each task are marked with different colors. (b)
Shimmer device (IMU) and its reference coordinate system [11].
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Figure 2.4 : System architecture [12].
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Yean et al. [13] proposed two fusion algorithms, namely complementary filter feedback
(CFF) and gradient descent using a quaternion-based Kalman filter (KFGD). These algorithms
aimed to provide accurate, drift-free 3D orientation estimates for early-stage rehabilitation.
The evaluation demonstrated that CFF effectively corrected drifting trends while KFGD out-
performed other methods and exhibited good alignment with reference values. These algo-

rithms offered reliable results and addressed issues related to drift and direction changes.
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Figure 2.5 : Placement and Initial Orientation of Sensors to avoid Gimbal Lock [13].

Buonocunto et al. [14] developed a platform for reinforcing the functional recovery of
limbs through a telerehabilitation program. They designed a low-cost, wearable sensor ca-
pable of real-time data processing. The sensor featured a simple interface that met doctors’

requirements and addressed common issues associated with sensors available in the market.

Naembadi et al. [103] implemented a telerehabilitation program in northern Denmark
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Figure 2.6 : The proposed telerehabilitation framework: (a) Patient Support Module, (b)
Cloud-based Services, and (c) Physician Support Module. [14].

to evaluate its feasibility as a substitute for self-training programs for individuals who had
been discharged after knee surgery.

Valencia et al. [15] proposed an IMU-POF (inertial measurement unit-polymer optical fi-
ber) sensor fusion system that utilized a knee sleeve to predict knee flexion-extension angles.
This system facilitated accurate knee placement determination and could be utilized in on-
line applications with some adaptations. Additionally, it showed potential for exoskeleton
and soft-robotics applications. Antunes et al. [104] employed two IMU sensors connected to
the lower limb above and below the knee using a dual-patch system to measure knee flexion
in patients recovering from knee replacement surgery at home.

To conclude, sensors have emerged as an essential tool in telerehabilitation for monito-

ring patient progress and providing personalized feedback. The use of sensors in telereha-
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Figure 2.7 : (a) Knee sleeve system placed on a participant. Instrumented part: (b) main
hardware unit and (c) second unit. (d) Experimental setup for POF curvature sensor cha-
racterization, (e) marker set (Plug-in-Gait lower body model), marker clusters and IMU-POF
system placed on a participant [15].

bilitation has shown promising results in improving outcomes for patients with Parkinson’s
disease, stroke, and other clinical populations. While there are some limitations to the use
of sensors in telerehabilitation, continued research, and development have the potential to
address these limitations and further improve the effectiveness and accessibility of sensor-

based telerehabilitation programs.

2.2.4 Robotics devices

Recently, a growing interest has been in using robotics devices for physiothe-
rapy telerehabilitation. Robotic devices, such as exoskeletons and robot-assisted therapy,
have shown great promise in enhancing the effectiveness of telerehabilitation. Exoskeletons
are wearable robotics devices that can assist patients with lower limb paralysis in walking
and standing. These devices use motors and sensors to detect the patient’s movements and
provide the necessary assistance. They can be controlled remotely by a physiotherapist, al-
lowing telerehabilitation sessions to occur. Robot-assisted therapy involves using robots to
guide and assist patients in performing exercises. These robots can provide feedback on the
patient’s movements and adjust the level of assistance based on their performance.

The use of robotics devices in telerehabilitation has several benefits. First, it allows pa-

tients to receive rehabilitation services from the comfort of their own homes, which can
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increase accessibility and reduce the need for travel. Second, these devices can provide real-
time feedback and adjust the level of assistance based on the patient’s performance, which
can enhance the effectiveness of rehabilitation. Third, robotics devices can create a safe and
controlled environment for patients to practice their movements, reducing the risk of injury.

Various examples in literature have showcased the use of robotics devices in telerehabi-
litation. For instance, Park et al. [16] proposed a portable teleassessment system for remote
estimation of elbow impairments in patients with neurological disorders (show figure 2.8 ).
They used a controller device and an agent device to control a mannequin arm and the sub-
ject’s arm sequentially and measured the elbow flexion angle and torque. The physiothera-
pist could observe the movement of the mannequin arm to assess the spasticity/contracture
of the subject’s elbow and set the active range of motion (ROM) accordingly. Two different
methods of teleoperation were utilized to address network latency issues based on the speed
of the tasks. The first method used real-time teleoperations for lazy movements, while the
second one, teach-and-replay teleoperations, was used for functions involving rapid move-
ments. This system allowed doctors to check several aspects of a stroke survivor’s elbow,
including range of motion, muscle strength, and spasticity.

Another example is the mechatronics master-slave setup for hand telerehabilitation, as
suggested by Cortese et al. [17], which includes a sensorized glove and a powered hand
exoskeleton (show figure 2.9 ). This setup offers three key benefits. Firstly, it provides phy-
siotherapists with an intuitive interface for controlling the rehabilitation exercises. Secondly,
the exoskeleton can offer efficient therapy outside of the hospital without the physical pre-
sence of the physiotherapist. Thirdly, a sensorized object is integrated into the setup, allo-
wing manipulation exercises and patient development recording. In light of the COVID-19
situation, Bouteraa et al. [18] presented a portable and easy-to-use remote rehabilitation
solution for wrist movements, such as flexion-extension and ulnar-radial movement. To en-
sure a convenient and secure rehabilitation operation, they integrated a fuzzy logic-based
decision-making system into the control architecture to control the pain level (show figure

2.10). Biofeedback, current, and position sensors were used to estimate the pain level.
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Figure 2.8 : Schematic diagram of the telerehabilitation system. The master and the slave de-
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[16].
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2.2.5 Computer vision techniques

These techniques involve the use of computer algorithms to analyze video recor-
dings of patients’ movements and provide feedback to physiotherapists, which can aid in
remote diagnosis and monitoring of patients.

One of the most commonly used computer vision techniques in physiotherapy telere-
habilitation is markerless motion capture. This technique involves using computer vision
algorithms to track the movements of a patient’s body without the need for physical mar-
kers or sensors. By analyzing video recordings of the patient’s movements, the computer
can accurately capture joint angles, positions and velocities, allowing for a more accurate

assessment of the patient’s range of motion and motor function such [19] (show figure 2.11
)-
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Figure 2.11 : Overall process of proposed system [19].

Another computer vision technique that is frequently used in physiotherapy telerehabi-
litation is gait analysis. By analyzing video recordings of a patient’s gait, computer vision al-
gorithms can detect abnormalities in walking patterns, such [20]. This information can then
be used by physiotherapists to develop tailored rehabilitation programs that target specific

areas of weakness or imbalance in the patient’s gait.
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Figure 2.12 : Illustration of gait kinematics information acquisition, including angles and ve-
locity of the joints using Kinect skeletal tracking SDK, Open CV, and Visual Studio software.
Kinematics information of 3 gait patterns was obtained for offline data analysis. (a) The tra-
cking sequence of normal gait (NG); (b) The tracking sequence of pelvic obliquity (PO) gait;
(c) The tracking sequence of knee hyperextension (KH) gait [20].

Computer vision techniques can also be used to assess posture and balance in patients
with conditions such as Parkinson’s disease or stroke. By analyzing video recordings of pa-
tients performing specific movements, computer vision algorithms can detect abnormalities
in posture, such as slouching or leaning to one side, and provide feedback to physiotherapists

on how to address these issues.
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2.3 Comparison of techniques and devices used in
physiotherapy telerehabilitation

Telehealth technologies have significantly advanced the landscape of physiotherapy, of-
fering various solutions for remote rehabilitation. In this section, we explore and compare
different techniques and devices utilized in physiotherapy telerehabilitation, highlighting
their advantages and disadvantages.

In order to compare telehealth technologies we must take in consideration different

points before:

2.3.1 Accuracy and reliability

Accuracy and reliability are among the most significant challenges of using Al for phy-
siotherapy telerehabilitation. While Al has the potential to enhance the quality and effecti-
veness of telerehabilitation services; it is critical to ensure that the algorithms and models
used are accurate and reliable. Here are some key points to consider:

Data quality

The accuracy and reliability of Al models in physiotherapy telerehabilitation depend
heavily on the quality of the data that is used to train them. Ensuring that the data is ac-
curate, reliable, and representative of the patient population served is essential. This can be
challenging, as data may be incomplete, inconsistent, or biased in various ways.

Algorithmic bias

Al models can also be biased in various ways, leading to inaccurate or unreliable results.
For example, if an Al model is trained on data from a particular demographic group, it may
not be as effective for other groups. To address this, it is important to ensure that Al models
are trained on diverse and representative data sets.

Interpretability

Another challenge associated with using Al in physiotherapy telerehabilitation is the
interpretability of the models. It can be challenging to understand how an AI model arrived
at a particular result, making it difficult to trust and use the model effectively. Researchers
are working to develop techniques for making Al models more interpretable, such as by

visualizing the decision-making process. Clinical validation
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To ensure the accuracy and reliability of AI models in physiotherapy telerehabilitation,
it is essential to validate them through rigorous clinical trials. This can help to identify any
limitations or potential biases in the models and ensure that they are effective for the patient
population being served.

User feedback

Finally, it is essential to gather feedback from patients and clinicians who use Al-enabled
telerehabilitation services. This feedback can help to identify any issues with the accuracy

or reliability of the Al models and inform improvements to the technology.

2.3.2 Personalization

While AT has the potential to enhance the quality and effectiveness of telerehabilitation
services, it is critical to ensure that the algorithms and models used can be tailored to the
individual needs and characteristics of each patient. Here are some key points to consider:

Data collection

Personalized physiotherapy telerehabilitation requires collecting and analyzing a wide
range of data, including patient health records, medical images, and patient-generated data
such as motion tracking and activity level. It is vital to ensure that data collection is done in
a secure and privacy-preserving manner.

Machine learning

Machine learning algorithms can analyze patient data and identify patterns that can help
inform personalized treatment plans. For example, machine learning can remember which
exercises are most effective for a patient based on their previous performance and feedback.
However, it is crucial to ensure that the machine learning algorithms are trained on diverse
and representative data sets to avoid algorithmic bias.

User interface

The user interface of the telerehabilitation platform should be designed to enable per-
sonalization. For example, the platform should be able to adapt to the individual needs and
preferences of each patient, such as adjusting the difficulty level of exercises or providing
real-time feedback.

Patient feedback

Personalization requires ongoing feedback from patients to inform adjustments to their
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treatment plans. This feedback can be collected through various means, such as patient
surveys or patient-generated data such as motion tracking and activity level.

Clinical validation

To ensure that personalized physiotherapy telerehabilitation is effective, it is essential
to validate it through rigorous clinical trials. This can help to identify any limitations or
potential biases in the treatment plan and ensure that it is effective for the patient population

being served.

2.3.3 Accessibility

Accessibility is one of the most significant challenges associated with using Al for phy-
siotherapy telerehabilitation. Here are some key points to consider:

Technology access

One of the main challenges of using Al for physiotherapy telerehabilitation is ensuring
that patients have access to the necessary technology to use the platform. This includes re-
liable internet access, appropriate devices, and software. Ensuring accessibility may require
providing additional support to patients, such as loaning equipment or providing technical
support.

Language and cultural barriers

Another challenge is ensuring that the platform is accessible to patients with different
language and cultural backgrounds. The platform should be designed to support multiple
languages and cultural preferences to ensure that patients can understand and engage with
the treatment plan.

Disability accessibility

The platform should be designed to support patients with disabilities, such as visual,
hearing, or motor impairments. This may require incorporating assistive technologies or
adjusting the user interface to accommodate different needs.

Cost and affordability

The cost of accessing the telerehabilitation platform may be a significant barrier for pa-
tients, particularly for those who do not have insurance coverage or have limited financial
resources. Addressing affordability may require working with insurance providers, govern-
ment agencies, or non-profit organizations to ensure that patients have access to the neces-

sary resources.
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Digital literacy
Not all patients may be comfortable or familiar with using technology, which can make
accessing the telerehabilitation platform difficult. Providing training and support to patients

can help to address this barrier and ensure that patients can fully engage with the platform.

2.3.4 Privacy and security

Privacy and security are crucial challenges associated with using Al for physio-
therapy telerehabilitation. Here are some key points to consider:

Patient data protection One of the primary concerns with using Al for physiotherapy
telerehabilitation is ensuring the privacy and security of patient data. Patient data should
be encrypted during transmission and stored securely to protect against data breaches or
unauthorized access.

Compliance with regulations

The platform must comply with local and national regulations governing the collection,
storage, and use of patient data. For example, in the United States, platforms must comply
with the Health Insurance Portability and Accountability Act (HIPAA) to ensure the confi-
dentiality of patient health information.

User authentication and access control

The platform should use strong user authentication protocols and access controls to en-
sure that only authorized individuals can access patient data. This includes implementing
multi-factor authentication and role-based access control.

Transparency and informed consent

Patients must be fully informed about how their data will be collected, stored, and used.
This includes providing patients with clear and concise information about the platform’s
data privacy and security practices and obtaining their informed consent to participate in
the program.

Cybersecurity threats

The platform must be designed to protect against cyber attacks, such as phishing at-
tempts or ransomware attacks. This requires implementing security controls, such as fire-
walls, intrusion detection systems, and anti-malware software.

Privacy and security are significant challenges associated with using Al for physiothe-

rapy telerehabilitation. Addressing these challenges requires attention to patient data pro-
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tection, compliance with regulations, user authentication and access control, transparency
and informed consent, and cybersecurity threats. By addressing these challenges, it may be
possible to increase patient trust and confidence in the platform and ensure the confidentia-

lity, integrity, and availability of patient data.

2.3.5 Integration

Integrating Al into physiotherapy telerehabilitation can be challenging for several
reasons. Here are some details about these challenges:

Limited access to data Al requires large amounts of high-quality data to be effective,
but in physiotherapy, access to such data can be limited. Patients may not have access to
sensors or wearables that can track their movements, and there may be privacy concerns
around collecting and sharing patient data.

Lack of standardization

There is no standardization in the types of data collected or the methods used to collect
data in physiotherapy. This can make it difficult for Al systems to learn and make accurate
predictions.

Interpretation of data

Physiotherapists use their clinical expertise to interpret patient data and make decisions
about treatment plans. Al systems may not have the same level of clinical knowledge and
may struggle to interpret data accurately.

Technical challenges

Integrating Al into physiotherapy telerehabilitation requires technical expertise, inclu-
ding knowledge of machine learning algorithms, data analysis, and software development.
This expertise may not be readily available in the physiotherapy field.

Ethical considerations

The use of Al in healthcare raises ethical concerns, such as ensuring patient privacy and
avoiding bias in the algorithms used. These issues must be addressed before Al can be fully
integrated into physiotherapy telerehabilitation.

Despite these challenges, there are potential benefits to integrating Al into physiotherapy
telerehabilitation, such as providing personalized treatment plans, remote monitoring, and

predictive analytics. However, overcoming the challenges will require collaboration between
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healthcare providers, researchers, and technical experts to develop and implement effective

Al solutions.

2.3.6 Cost-effectiveness

Cost-effectiveness is one of the most significant challenges of using Al in physio-
therapy telerehabilitation. Here are some details about this challenge:

Initial investment

One of the major challenges of integrating Al into physiotherapy telerehabilitation is the
high initial investment required. This includes the development of Al algorithms, software,
and hardware. Smaller healthcare providers may find these costs prohibitive, and this could
limit the adoption of Al technology in the field.

Maintenance costs

Once an Al system is implemented, there are ongoing costs associated with maintenance,
including software updates and hardware repairs or replacement. These maintenance costs
can be significant, particularly for smaller healthcare providers with limited resources.

Training costs

Healthcare providers may require training to effectively use Al technology in their prac-
tices. This training can be costly and time-consuming and may require additional resources,
such as specialized trainers.

Reimbursement policies

In some countries, reimbursement policies for telehealth and Al technology are not well
established. This can make it challenging for healthcare providers to recover their invest-
ment costs.

Uncertainty in return on investment

The return on investment for using Al in physiotherapy telerehabilitation can be uncer-
tain. While AI technology has the potential to improve patient outcomes and reduce costs,
it may take some time to realize these benefits.

Despite these challenges, the potential benefits of using Al in physiotherapy telerehabi-
litation, such as personalized treatment plans, remote monitoring, and predictive analytics,
may outweigh the costs over time. Healthcare providers and policymakers need to carefully
consider the costs and benefits of implementing Al technology and ensure that it is used

effectively and efficiently to maximize its potential.
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2.3.7 Discussion

Telerehabilitation, particularly in the field of physiotherapy has emerged as a pro-
mising approach to provide remote healthcare services to patients. Advancements in tech-
nology, such as robotics devices, sensors, and artificial intelligence (AI) techniques have si-
gnificantly contributed to the development of telerehabilitation systems. In this chapter, we
discussed the state of the art in physiotherapy telerehabilitation, focusing on the utilization
of these technologies and the challenges they present, along with potential solutions.

Integrating robotics devices in physiotherapy telerehabilitation has revolutionized the
field by enabling remote patient assessment and treatment. These devices offer various be-
nefits, including precise movement tracking, customized therapy, and real-time feedback.
Patients can receive guided rehabilitation exercises tailored to their specific needs by incor-
porating robotic assistance. Additionally, robotic devices can assist in motor control training
and provide therapists with objective measurements of patient progress.

Sensors play a crucial role in physiotherapy telerehabilitation systems as they facilitate
the collection of valuable patient data. Sensor technologies, such as accelerometers, gyro-
scopes, and force sensors, enable the accurate monitoring of movements, muscle activity, and
balance. This data can be used to evaluate patient performance, track progress, and detect
abnormalities. Sensors also allow for remote monitoring of patients’ vital signs, ensuring
their safety during rehabilitation sessions.

The application of Al techniques in physiotherapy telerehabilitation has further enhan-
ced the capabilities of these systems. Machine learning algorithms can analyze large datasets
from patients’ sensor readings and identify patterns or anomalies. This information can as-
sist in assessing patient progress, predicting outcomes, and personalizing treatment plans.
Al can also be used to develop intelligent virtual assistants or chatbots that provide per-
sonalized guidance and support to patients, enhancing their engagement and adherence to
therapy protocols.

Despite the potential benefits, several challenges exist in using Al for physiotherapy
telerehabilitation. One major concern is the need for robust and reliable data transmission
and storage infrastructure to ensure the secure transfer of patient information. Additionally,
privacy and data protection issues must be I have carefully addressed this to protect patient
confidentiality. Another challenge lies in the integration and interoperability of different

technologies and systems to provide a seamless telerehabilitation experience.
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To overcome these challenges, various solutions can be considered. Firstly, collaboration
between researchers, clinicians, engineers, and policymakers is vital to establishing stan-
dards and guidelines for developing and implementing telerehabilitation systems. This col-
laboration can ensure the ethical use of Al and adherence to privacy regulations. Secondly,
advancing data analytics techniques, including Al algorithms, can help extract meaning-
ful insights from patient data, leading to improved clinical decision-making. Furthermore,
investing in developing secure and scalable telecommunication infrastructure can enhance

data transmission efficiency and security.

The following table provides an overview of key approaches, each presenting unique

features that cater to different aspects of patient assessment and engagement.

tion Capture

of motion and motor function wi-
thout physical markers; utilizes
computer vision algorithms.

Technique / De- | Advantages Disadvantages

vice

Teleassessment Simple and cost-effective; enables | May not provide as accurate an as-

Systems remote assessment of physical | sessment as other techniques. Li-
function through video conferen- | mited ability to conduct hands-on
cing. evaluations.

Markerless Mo- | More accurate assessment of range | Requires advanced technology and

expertise; may have higher imple-
mentation costs. Limited in captu-
ring fine details of movement.

Wearable Sensors

Provides objective data on patient
progress; facilitates tailored rehabi-
litation programs.

Can be expensive and inacces-
sible to certain patient populations.
Continuous monitoring may lead
to potential privacy concerns.

Virtual Reality

Offers an immersive rehabilita-
tion experience simulating real-
world movements; aids in impro-
ving physical function and redu-
cing injury risk.

High cost of virtual reality techno-
logy; limited accessibility for all pa-
tients. May cause motion sickness
in some individuals.

Robot-Assisted
Therapy

Provides consistent and controlled
rehabilitation experience using ro-
botic devices.

Requires advanced technology;
may not be accessible to all pa-
tients. Lack of adaptability to
individual patient needs.

Table 2.1 : Advantages and Disadvantages of Techniques and Devices in Physiotherapy Te-

lerehabilitation
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2.4 State of the art on the principal algorithms for
detecting and tracking human body keypoints

2.4.1 THlite

TFLite, or TensorFlow Lite, is a lightweight version of TensorFlow optimized for
mobile and embedded devices, enabling high-performance, low-latency machine learning
applications directly on devices like smartphones and wearables. A key feature is human
body pose estimation, used in fitness tracking, motion capture, and augmented reality, with
pre-trained models available for immediate use or customization.

TFLite’s human pose estimation models use a technique called Convolutional Pose Ma-
chines (CPMs), which is a deep learning architecture that can accurately estimate human
body keypoints in real-time. CPMs use a sequence of convolutional neural networks to esti-
mate the probability of each keypoint location [21; 105; 106]. The the output of each network
is then used as input to the next network, enabling the model to refine its estimate of the
keypoints at each stage of the network.

GPU (Graphics Processing Unit) can be used in conjunction with TFLite (show figure
2.13)to accelerate machine learning computations on mobile and embedded devices. TFLite
is a lightweight version of TensorFlow designed explicitly for such platforms.

When using TFLite with a GPU, the workflow typically involves the following steps:
model conversion, GPU backend selection, model inference, memory management, parallel
processing, and post-processing.

In addition to pose estimation, TFLite also supports a range of other machine learning
tasks, including object detection [107], image classification [108] , and natural language pro-
cessing [109]. TFLite is designed to work seamlessly with TensorFlow allows developers to
train and deploy machines easily learning models on a variety of platforms, including mobile

and embedded devices.

2.4.2 OpenPose

OpenPose is an open-source library for real-time multi-person keypoint detection and
pose estimation. Developed by researchers at Carnegie Mellon University, OpenPose utilizes
deep neural networks to identify and track human body keypoints [110; 111], such as the

wrists, elbows, and knees, in real-time, from a video or image stream.
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Figure 2.13 : An illustration of the architecture of our CNN, explicitly showing the
delineation of responsibilities between the two GPUs. One GPU runs the layer-
parts at the top of the figure while the other runs the layer-parts at the bottom.
The GPUs communicate only at certain layers. The network’s input is 150,528-
dimensional, and the number of neurons in the network’s remaining layers is given by
253,440-186,624-64,896-64,896-43,264-4096-4096—1000. [21].

OpenPose’s keypoint detection algorithm is based on the concept of part affinity fields
(PAFs) [112]. PAFs are a set of two-dimensional vectors that encode the association between
two body parts, such as the shoulders and elbows. These vectors estimate the likelihood of
a particular body part being connected to another body part.

OpenPose uses a deep neural network architecture known as a Convolutional Pose Ma-
chine (CPM) to estimate the probability of each keypoint location. The CPM consists of
convolutional neural networks that refine the keypoint estimate at each network stage. This
allows OpenPose to estimate the pose of multiple people accurately in real-time.

One of the unique features of OpenPose is its ability to handle occlusion and partial body
poses. Occlusion occurs when a body part is hidden or obstructed from view, while partial
body poses occur when only part of the body is visible. OpenPose uses the Part Affinity Field
(PAF) to address these challenges. The PAF is a two-dimensional vector field that encodes
the association between body parts. Using the PAF, OpenPose can accurately estimate the
location of body parts, even when they are partially occluded or only partially visible.

OpenPose has many applications in areas such as sports analysis [113], entertainment,
and robotics [114]. It can be used to track athletes’ movements, animate 3D characters in

video games and movies, and control robotic systems. OpenPose is also used in the deve-
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lopment of human-robot interaction systems, where it is used to enable robots to recognize

and respond to human gestures and movements.

2.4.3 Pifpaf

PifPaf is a state-of-the-art algorithm for multi-person pose detection and estimation. De-
veloped by researchers at the French Institute for Research in Computer Science and Auto-
mation (INRIA) [22], PifPaf uses deep neural networks to identify and track human body
keypoints, such as the elbows, shoulders, and hips.

The PifPaf algorithm is based on the concept of Part Intensity Fields (PIFs) and Part Asso-
ciation Fields (PAFs). PIFs are two-dimensional intensity maps that represent the probability
of each pixel belonging to a specific body part, while PAFs are two-dimensional vector fields
that encode the association between body parts.

To detect and estimate the poses of multiple people, PifPaf first detects the PIFs and PAFs
in an input image using a deep neural network. It then uses a greedy decoding algorithm to

group the PIFs and PAFs into individual poses.
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Figure 2.14 : Model architecture. The input is an image of size (H, W) with three color
channels, indicated by “x3”. The neural network based encoder produces PIF and PAF fields
with 17x5 and 19x7 channels. An operation with stride two is indicated by “//2”. The decoder
is a program that converts PIF and PAF fields into pose estimates containing 17 joints each.
Each joint is represented by an x and y coordinate and a confidence score [22].

One of the unique features of PifPaf is its ability to handle occlusion and cluttered back-
grounds. Occlusion occurs when one body part is hidden or obstructed from view, while
cluttered backgrounds happen when the image contains multiple objects or people. PifPaf

uses a technique called multi-scale testing to address these challenges. Multi-scale testing
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involves processing the image at different scales to capture the full range of pose variations
and to ensure that all body parts are detected even when partially occluded.

Another vital feature of PifPaf is its high accuracy and real-time performance. PifPaf
has achieved state-of-the-art results on several benchmark datasets, including the COCO
dataset, which is widely used to evaluate pose detection algorithms. Additionally, PifPaf can
operate in real-time on a single CPU, making it suitable for mobile and embedded systems.

PifPaf has a wide range of applications, including sports analysis, robotics, and human-
robot interaction [115]. It can be used to track the movements of athletes, control robotic

systems, and enable robots to recognize and respond to human gestures and movements.

2.4.4 Tfjs (Resnet 50)

Tfjs (Resnet 50) is a deep learning algorithm for detecting and tracking human body
keypoints. It is based on the ResNet-50 architecture, which is a deep neural network consis-
ting of 50 layers. The algorithm is designed to detect and track keypoints such as the head,
shoulders, elbows, wrists, hips, knees, and ankles in real-time video and image data [116].

One of the critical advantages of Tfjs (Resnet 50) is that it can be run directly in the
web browser using TensorFlow.js, a JavaScript library for training and deploying machine
learning models. This means that the algorithm can be easily integrated into web-based
applications, making it accessible to a broader audience.

Tfjs (Resnet 50) uses convolutional neural networks (CNNs) to detect and track key-
points. CNNs are a deep neural network specifically designed for processing images and can
learn to recognize patterns in the data.

The algorithm first processes the input image using a series of convolutional layers to
detect keypoints. These layers extract features from the image and identify areas likely to
contain keypoints. The algorithm then uses a set of regression layers to predict the location
of each keypoint within the image.

One of the strengths of Tfjs (Resnet 50) is its ability to handle complex pose variations
and occlusions. The algorithm is trained on large datasets of labeled images and can learn to
recognize a wide range of pose variations, including body shape, size, and orientation. It can
also handle occlusions, where one body part may be wholly or partially hidden from view.

Another advantage of Tfjs (Resnet 50) is its real-time performance. The algorithm can



2.4. STATE OF THE ART ON THE PRINCIPAL ALGORITHMS FOR DETECTING AND
TRACKING HUMAN BODY KEYPOINTS 91
process video data at high frame rates, making it suitable for real-time applications such as
video-based gaming and augmented reality.

In addition to its applications in detecting and tracking human body keypoints, Tfjs
(Resnet 50) has many applications in computer vision and image processing. It can be used

for object detection, image classification, and image segmentation.

2.4.5 TFJS (MobileNet)

TFJS (MobileNet) is a deep learning algorithm that can be used for detecting and tracking
human body keypoints. This algorithm is based on the MobileNet architecture, which is
designed to be lightweight and efficient for deployment on mobile devices. MobileNet uses
depthwise separable convolutions, which separate the spatial and channel-wise operations
in the convolutional layers, reducing the number of parameters and computations required
for training and inference.

The TFJS (MobileNet) algorithm analyzes images or video frames and detects critical
points on the human body, such as the shoulders, elbows, wrists, hips, knees, and ankles.
These key points are essential for various applications, such as fitness tracking, motion cap-
ture, and gesture recognition. The algorithm can also track the movement of these critical
points over time, allowing for the analysis of dynamic movements and activities.

One of the advantages of using TFJS (MobileNet) for human body keypoints detection
and tracking is its speed and efficiency. The lightweight architecture of MobileNet allows the
algorithm to run efficiently on mobile devices, making it ideal for applications such as fitness
tracking and rehabilitation exercises. The algorithm can also be run in real-time, allowing
immediate performance and movement feedback.

Another advantage of TFJS (MobileNet) for human body keypoints detection and tra-
cking is its accuracy. The algorithm is trained on a large dataset of labeled human body
images, allowing it to accurately detect and track key points even in challenging conditions,
such as low lighting or occlusions. The algorithm’s accuracy can be improved by fine-tuning
the model on specific datasets or tasks.

The TFJS (MobileNet) algorithm has numerous potential applications in various fields,
such as sports science, healthcare, and entertainment. For example, the algorithm can be
used to track the movement of athletes during training or competition, providing coaches

and trainers with insights into their technique and performance. In healthcare, the algorithm
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can be used for rehabilitation exercises or assessing the progress of patients with movement
disorders. In entertainment, the algorithm can be used for motion capture in video games
or animation.

However, there are some limitations to using TFJS (MobileNet) for human body keypoints
detection and tracking. One limitation is the need for a large and diverse dataset for training
the algorithm. Such a dataset can be time-consuming and expensive, particularly for niche
applications. Additionally, the algorithm may struggle to detect and track critical points in

complex poses or movements or when multiple people are present in the frame.

2.4.6 BlazePose

BlazePose is developed by Google; this algorithm uses deep learning techniques to ac-
curately identify critical points in the human body, including the shoulders, elbows, wrists,
hips, knees, and ankles. This information can be used for various applications, such as mo-
tion tracking, fitness tracking, and gesture recognition [117].

One of the main advantages of BlazePose is its accuracy. The algorithm is trained on a
large dataset of labeled images and videos, which allows it to detect and track key points
accurately even in challenging conditions such as low lighting or occlusions. This high level
of accuracy makes BlazePose well-suited for applications such as fitness tracking, where
precise measurements of movement and posture are essential.

Another advantage of BlazePose is its speed. The algorithm is optimized for real-time
performance, which means that it can analyze video frames quickly and efficiently. This
makes BlazePose ideal for applications such as motion tracking and gesture recognition,
where real-time analysis is necessary for immediate feedback or control.

BlazePose combines deep convolutional neural networks and geometric constraints to
detect and track critical points in the human body. The algorithm first segments the body
part to identify the person’s location in the image or video. It then uses a regression model to
estimate the location of the key points and a geometric model to refine the estimated critical
points based on their spatial relationships.

BlazePose has numerous potential applications in various fields. For example, in fitness
tracking, BlazePose can monitor a person’s posture and movement during exercise, provi-
ding feedback on form and technique. In sports science, BlazePose can analyze athletes’

movements during training or competition, providing insights into their technique and per-
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formance. In healthcare, BlazePose can be used for rehabilitation exercises or assessing the
progress of patients with movement disorders.

However, there are also some limitations to BlazePose. One limitation is that the algo-
rithm may struggle to detect and track critical points in complex poses or movements or
when multiple people are present in the frame. Additionally, BlazePose requires significant
computational resources, which may limit its use in specific applications or on specific de-
vices.

BlazePose is a robust computer vision algorithm that accurately detects and tracks human
body key points. It’s high level of accuracy, real-time performance, and potential applica-
tions in various fields make it a valuable tool for researchers, developers, and practitioners.
While the algorithm has some limitations, its strengths make it a promising technology for
the future of human body tracking and analysis. The table 2.2 represents a comparison of

Keypoint Detection Algorithms

Table 2.2 : Comparison of Keypoint Detection Algorithms

Algorithm | Advantages Disadvantages
Tflite
— Optimized for mobile and — Performance may not match
embedded devices heavier models on high-end
devices

— Low latency and efficient
performance — Limited flexibility compared

— Supports a variety of models to full TensorFlow

— Easy integration with Ten-
sorFlow ecosystem

Continued on next page
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Algorithm | Advantages Disadvantages

OpenPose
High accuracy and detailed Computationally expensive
keypoint detection Requires powerful hardware
Supports multi-person detec- for real-time performance
tion Large model size
Open-source and widely
used
Robust and reliable for va-
rious applications

Pifpaf
High precision and real-time Still relatively new and evol-
performance ving
Suitable for various applica- Requires fine-tuning for spe-
tions cific applications
Open-source and actively Limited support compared to
maintained more established methods
Good performance on person
detection

Tfjs (Re-

sNet 50) Runs directly in the brow- Higher latency compared to
ser without server-side pro- native mobile or desktop so-
cessing lutions
Leveraging ResNet-50 for Resource-intensive, can slow
high accuracy down browsers
Utilizes GPU acceleration Model size and complexity
when available may limit usage in low-end
Easy to integrate with web devices
applications

Continued on next page
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Algorithm | Advantages Disadvantages
Tfjs (Mo-
bileNet) — Optimized for performance — Lower accuracy compared to
in web browsers ResNet-50
— Lower latency and resource — May still be resource-
usage compared to ResNet- intensive ~ for  low-end
50 devices
— Suitable for a wide range of — Limited to capabilities of the
devices browser environment
— Easy to integrate with web
applications
BlazePose

— Highly efficient and light-
weight
— Designed specifically for

real-time applications on
mobile

— Good accuracy with low
computational requirements

— Integrated with MediaPipe
framework

— Limited to single-person de-
tection

— May not provide the same le-
vel of detail as heavier mo-

dels

— Specific to certain use cases,
less versatile than some al-
ternatives

2.5 Overview of pose estimation

Pose estimation is an essential technique in telerehabilitation, as it allows physiothera-

pists to accurately monitor and analyze a patient’s movements and posture during therapy

sessions. Here is a state-of-the-art overview of pose estimation in telerehabilitation:
A- Marker-based motion capture [118; 119; 120]
B- Markerless motion capture [121; 122; 123; 124]

Table 2.3 represents a comparison of Marker-based and Markerless Motion Capture Tech-

nologies.
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Technology Advantages Disadvantages
Marker-based Motion
Capture — High accuracy and pre- — Requires preparation

cision in tracking

— Robust data collection
with minimal noise

— Widely used in indus-
try and research

— Effective in controlled
environments

time to attach markers

— Can be uncomfortable
for subjects

— Limited to controlled
environments with
special equipment

— Potential occlusion is-
sues with markers

— Expensive setup and
maintenance

Markerless Motion Cap-
ture

— No need for physical
markers, more comfor-
table for subjects

— Greater flexibility and
natural movement

— Can be used in various
environments, inclu-
ding outdoors

— Cost-effective, using
standard cameras

— Easier and quicker se-
tup

— Generally lower ac-
curacy and precision
compared to marker-
based systems

— More susceptible to
environmental factors
like lighting and back-

ground

— Higher computational
requirements for real-
time processing

— Potential issues with
occlusion and complex
movements

— Varies significantly de-
pending on the algo-
rithm used

Table 2.3 : Comparison of Marker-based and Markerless Motion Capture Technologies
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2.5.1 Real-time pose estimation

Real-time pose estimation is the process of estimating a patient’s pose and movement in
real-time. This allows physiotherapists to provide immediate feedback and guidance during
therapy sessions. However, this approach requires specialized algorithms and hardware,
such as GPUs or FPGAs, to perform the necessary computations quickly enough for real-time
use. Real-time pose estimation can be highly effective for telerehabilitation, but it requires
specialized expertise and resources to set up and use.

The state-of-the-art in pose estimation for telerehabilitation is rapidly evolving, with
new algorithms and techniques being developed and tested in research studies. The choice
of pose estimation technique will depend on the specific needs and goals of the patient and

physiotherapist, as well as the available resources and expertise.

2.5.2 Datasets of human pose detection

Recent advancements in human pose estimation have been supported by datasets like
MPII [125] and COCO [24], with MPII comprising over 25,000 images and 40,000 people en-
gaged in everyday activities, while COCO includes large sets for training, validation, and
testing. Wei et al. introduced the LHPD for head pose prediction [126], and Guler et al. de-
veloped Human3.6M providing 2D and 3D pose coordinates [127]. However, none of these
datasets cover rehabilitation exercises, highlighting the need for specialized datasets to eva-
luate and enhance pose estimation algorithms in this domain, essential for developing tele-

rehabilitation systems.

2.5.3 Attention mechanism

Attention mechanisms are pivotal in natural language processing (NLP), notably for tasks
like summarization, translation, and question-answering systems. RNNs have historically
played a crucial role in temporal dynamics and sequence modeling, including character or-
der in text. Despite their effectiveness in tasks like language translation with the encoder-
decoder structure, RNNs struggle with long-range dependencies and gradient decay over
cycles. Solutions include LSTM to mitigate gradient issues [128], RNNLM extensions [129],
and efficient word representation methods [130]. Attention mechanisms, introduced by Vas-
wani et al. [23], significantly enhance handling of long-range relationships in NLP tasks (see
figure 2.15).
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Figure 2.15 : The Transformer - model architecture [23].

The Transformer model introduced by Vaswani et al. [23] eliminates recurrent networks
and convolutions, relying solely on self-attention for input-output representations. It fea-
tures a stacked encoder-decoder structure with six identical layers, each containing a multi-
head attention layer followed by a feed-forward layer. This design allows efficient lear-
ning of long-range dependencies and simultaneous attention to multiple positions within
input sequences, enhancing accuracy in capturing source-target dependencies. Moreover,
the model processes sequences in parallel, surpassing the sequential processing limitations

of RNN-based models. The interpretability and efficiency gains of self-attention were fur-
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ther explored in BERT by Devlin et al. [131], revolutionizing language representation and

task-specific model fine-tuning.

2.5.4 Transformer in computer vision

The success of self-attention in NLP has spurred applications of transformer architec-
tures across various computer vision tasks, including object detection [132; 133; 134; 135]
and segmentation [136; 137; 138], alongside image classification. Despite the longstanding
dominance of convolutional neural networks (CNNs) in computer vision, transformers like
DETR [132] and Vision Transformer (ViT) [139] have emerged as promising alternatives.
VIiT, treating images as sequences of patches, achieved state-of-the-art results in image clas-
sification without traditional CNN components. Experimental models like TransPose [140],
Swin Transformer [141], and EvoPose2D [142] further explore transformer capabilities in
capturing global relations and reducing computational costs, albeit requiring training on

large-scale datasets for optimal performance.

2.5.5 Image feature fusion

Feature fusion methods in computer vision integrate multi-level features effectively
[143]. HyperNet [144] concatenates representations pre-prediction, Spatial Pyramid Pooling
[145] explores multi-scale filters, and feature pyramids by Felzenszwalb et al. [146] utilize
scale-invariant properties. Feature Pyramid Networks (FPN) by Lin et al. [147] enhance
object detection by combining strong low-resolution with weak high-resolution features in
a pyramidal hierarchy from ConvNet [21]. Image feature fusion integrates features from
diverse sources like modalities or scales into a unified representation, leveraging comple-
mentary information to boost model performance through concatenation, summation, or

attention-based fusion methods.

2.5.6 Part-Based Models (pre-Deep learning)

Before deep learning, object recognition in computer vision often used part-based mo-
dels. These models represent objects as collections of parts, each characterized by specific
features. Popular examples include the deformable part model (DPM) introduced by Fel-
zenszwalb et al. in 2008, which uses a hierarchical structure and is trained with a variant

of the SVM algorithm, and articulated pose estimation models for estimating human body
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poses with kinematic constraints. While part-based models were widely used, their perfor-
mance generally lags behind deep learning-based approaches, which can learn more complex
representations.

Since Fischler and Elschlager [148] first developed pictorial structures, a deformable com-
ponent model, in 1973, to distinguish facial characteristics in images, there has been inter-
ested in the notion of employing image processing to detect human traits. Coincidentally,
the first article from Dr. Geoffrey E. Hinton, a renowned scientist in the deep learning field,
dealt with the challenge of arranging random sets of rectangles into a puppet-like forms [149]
(1976). Hinton later made a significant contribution to work that popularized the backpropa-
gation algorithm [150]. In 2000, Felzenszwalb and Huttenlocher [151] proposed an effective
global matching algorithm for pictorial structures and used it to predict articulated human
postures using a geometric human body model made up of object pieces, which was inspi-
red by the early work of Fischler and Elschlager. The first object part models comprised of
manually defined rectangles with fixed aspect ratios, an average color, and color variance.
They then improved their technique by employing maximum likelihood estimation to learn
the object model parameters from 10 sample training photos [152].

The large plurality of methods leading up to the deep learning era were focused on de-
formable part models / pictorial structures but utilized competing machine learning methods
for detecting body parts and modeling their connections [153; 154; 155; 156; 157; 158; 159;
160; 161; 162; 163; 164; 165; 166; 167]. To summarize a few, Ronfard et al. [154] trained
support vector machines (SVMs) [168] to classify image patches based on features extrac-
ted utilizing Gaussian filters: Ramanan and Sminchisescu [155; 156] Proposed conditional
random fields; Andriluka et al. [159] utilized shape context descriptors to train AdaBoost
[169] classifiers; and Pishchulin et al. [170] conditioned pictorial structures on poses [171]
focused on histograms of oriented gradients [172]. The development of CNNs, which au-
tomatically learn visual characteristics from image data, has rendered manual part-based
models useless. Due to the public release of huge keypoint datasets like LSP [173; 161], FLIC
[167], and MPII [125], there was also a move toward regressing keypoint positions rather

than detecting body sections.
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2.5.7 Single-person human pose estimation using deep learning

Single-person human pose estimation using deep learning is a popular task in computer
vision that aims to estimate the 2D or 3D locations of a person’s body joints or keypoints
in an image or video. Deep learning-based methods have achieved state-of-the-art results in
this task, especially using convolutional neural networks (CNNs).

Here are some popular deep learning-based methods for single-person human pose es-
timation:

- OpenPose

OpenPose is a real-time pose estimation method using a multi-stage CNN architecture
for detecting and refining body part locations.

- Hourglass network

The Hourglass network, a CNN architecture for human pose estimation, employs an
encoder-decoder structure with skip connections for enhanced accuracy.
- PoseNet

PoseNet is a CNN method directly estimating 2D or 3D body joint coordinates from input
images, utilizing a single-stage architecture with a regression layer.
- Mask R-CNN

Mask R-CNN, a versatile two-stage CNN, excels in object detection, instance segmenta-
tion, and single-person pose estimation, with broad applications including 3D pose estima-
tion.

Toshev and Szegedy [174] pioneered DeepPose in 2014 with a 7-layer CNN for direct
keypoint recovery from RGB photos, influencing subsequent CNN-based advancements
[175; 112; 176; 177; 178]. Tompson et al. [179] explored nonlinear pose vector regres-
sion, noting challenges in convolutional translational equivariance and the utility of fully-
convolutional networks for spatial mapping [180; 181].

Tompson et al. [179] introduced keypoint heatmaps using Gaussian fields centered on

keypoints, training with MSE loss. This approach influenced subsequent work on heatmap
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predictions [182; 183; 184], alongside their pioneering of multi-scale feature fusion [185],

still prevalent in modern pose estimation methods [177; 186; 178].

Figure 2.16 : Sample keypoint heatmap predictions made using EvoPose2D, the 2D human
pose estimation network [24].

In 2016, Wei et al. introduced Convolutional Pose Machines [175], employing ite-
rative heatmap refinement with intermediate supervision across multiple convolutional
stages. Concurrently, Newell et al. utilized "hourglass" convolutional modules with re-
current top-down, bottom-up processing [176], influenced by U-net [187] and ResNet’s
success [188]. The Stacked Hourglass network spurred further research and adaptations
[189; 190; 191; 192; 193; 194; 195]. Quantitative comparisons on the MPII dataset show sub-
stantial accuracy gains from early pictorial structures models [152] to Tompson et al’s first
deep learning heatmap-based method [179] and Newell’s Stacked Hourglass approach, re-

presenting over 100% relative improvement in three years.

2.5.8 Two-Stage Multi-Person human pose estimation

Multi-person human pose estimation in computer vision aims to localize 2D or 3D body
keypoints for multiple individuals in images or videos, requiring detection and association
of body parts across multiple people, unlike single-person pose estimation.

Here are the key steps involved in two-stage multi-person human pose estimation:

- Person detection
- Person grouping

- Pose estimation
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Here are some popular two-stage, multi-person human pose estimation methods:
- Mask R-CNN

- Associative embedding

- OpenPose

2.5.9 Single-Stage Multi-Person human pose estimation

Single-stage multi-person pose estimation in computer vision directly estimates
2D or 3D body keypoints for multiple individuals in images or videos using a single neural
network, unlike two-stage methods that separate person detection and body part association
steps.

Here are some popular single-stage multi-person human pose estimation methods: Cen-

terNet, HigherHRNet, SimpleBaseline

2.6 Human pose estimation and utilization in medical
domain

Human pose estimation has a wide range of applications in the medical domain.
One critical application is analyzing medical images such as X-rays, CT scans, and MRIs.
Pose estimation can be used to locate and quantify the accurately position and orientation of
various anatomical landmarks, which can aid in diagnosis, treatment planning, and surgical
guidance.

Here are some specific use cases of human pose estimation in the medical domain:

2.6.1 Orthopedics

One of the most promising applications of this technology is in the field of medical
imaging, where it can be used to analyze X-rays and CT scans to locate and quantify the
accurately position and orientation of various anatomical landmarks.

By accurately identifying the position and orientation of landmarks such as the hip, knee,

and spine, pose estimation algorithms can help healthcare professionals diagnose various
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orthopedic conditions. For example, in cases of arthritis, pose estimation can help quantify
the severity of joint damage and guide treatment decisions. Similarly, in cases of fractures,
pose estimation can help to accurately locate the site of the fracture and assess the extent of
the damage.

Another area where pose estimation is proving to be particularly valid in the diagnosis
and treatment of scoliosis. Scoliosis is a condition that causes the spine to curve abnormally,
and it can lead to a wide range of health problems, including chronic pain and difficulty
breathing. By using pose estimation to measure accurately the curvature of the spine, doctors
can more accurately diagnose the condition and plan a course of treatment that is tailored
to the patient’s specific needs.

The use of pose estimation in medical imaging is still in its early stages, but it holds great
promise for improving the accuracy and efficiency of orthopedic diagnosis and treatment.
As the technology continues to develop, we will likely see more and more healthcare appli-
cations of pose estimation, helping doctors to better understand and treat a wide range of
medical conditions. In the future, it may even be possible to use pose estimation to moni-
tor the progress of treatment and predict the likelihood of future health problems, further

improving the quality of care for patients around the world.

2.6.2 Radiation therapy

Radiation therapy is a common treatment for many forms of cancer, but it can
be a complex and challenging process. One of the key challenges in radiation therapy is
ensuring that the radiation is delivered precisely to the target area while minimizing damage
to healthy tissue. This requires a high degree of accuracy in the positioning of the patient
during treatment.

This is where human pose estimation can be of great help. By using advanced computer
vision algorithms to track the position and orientation of the patient in real-time, pose esti-
mation can ensure that the radiation is delivered precisely to the target area while avoiding
damage to healthy tissue. This is particularly important in cases where the target area is
close to critical organs or other sensitive structures.

Moreover, pose estimation can detect and correct any movements or changes in the pa-

tient’s position during treatment, ensuring that the radiation continues to be delivered ac-
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curately throughout treatment. This can be especially important in cases where the patient
may be in discomfort or pain and may move or shift position during treatment.

The use of human pose estimation in radiation therapy is still a relatively new field, but it
is already showing great promise in improving the accuracy and effectiveness of treatment.
As the technology continues to develop; we will likely see more and more applications of
pose estimation in medical settings, helping to improve the quality of care and outcomes for

patients around the world.

2.6.3 Surgical planning and guidance

In surgical planning and guidance, pose estimation can be used to provide surgeons
with real-time feedback on the position and movement of surgical instruments, as well as
the location of important anatomical structures.

One application of pose estimation in surgical planning and guidance is in the field of
orthopedics. Orthopedic surgeons often use surgical robots to assist with joint replacement
surgeries, which require precise alignment of the implant components. Pose estimation can
be used to track the movement of the robotic arm and the position of the surgical instruments
in real-time, allowing the surgeon to make adjustments as needed.

Another application of pose estimation in surgical planning and guidance is in neuro-
surgery. In neurosurgery, surgeons must navigate complex structures such as the brain and
spinal cord while avoiding essential blood vessels and nerves. Pose estimation can track the
position and orientation of the surgical instruments and the location of crucial structures
such as the ventricles and the thalamus. This information can be used to create 3D maps of
the surgical site and to guide the surgeon’s movements during the procedure.

Pose estimation can also be used in surgical planning, particularly for procedures that
involve complex movements or difficult-to-reach areas. For example, in minimally invasive
surgery, where the surgeon operates through small incisions, pose estimation can be used
to provide the surgeon with a virtual view of the surgical site, allowing them to see around
corners and visualize the location of hidden structures.

Overall, the use of pose estimation in surgical planning and guidance has the potential
to improve the accuracy and safety of surgical procedures. By providing surgeons with real-
time feedback on the position and movement of surgical instruments, as well as the location

of critical anatomical structures pose estimation can help to reduce the risk of complications
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and improve patient outcomes. However, the technology is still in its early stages, and fur-

ther research is needed to validate its effectiveness and optimize its use in surgical settings.

2.6.4 Physical therapy

Physical therapy is a crucial part of the treatment plan for many patients with va-
rious medical conditions. It involves using exercises, stretching, and other techniques to help
patients regain mobility, strength, and function following an injury or illness. However, tra-
cking physical therapy progress can be challenging, as it often requires careful observation
and measurement of the patient’s movements and range of motion.

This is where human pose estimation can be instrumental. By using advanced computer
vision algorithms to track the movements of the patient during therapy sessions pose esti-
mation can accurately measure the patient’s range of motion, movement patterns, and other
important parameters. This can provide valuable data that can be used to track progress
over time and to adjust therapy plans as needed.

Moreover, pose estimation can detect abnormalities or asymmetries in the patient’s mo-
vements, an essential indicator of underlying medical conditions. For example, patients with
stroke or cerebral palsy often exhibit abnormal movement patterns, which can be detected
and quantified using pose estimation. This can aid in diagnosing these conditions and can
also help tailor therapy plans to each patient’s specific needs.

Similarly, patients with Parkinson’s disease often experience difficulties with movement
and balance, which can be accurately measured and monitored using pose estimation. This
can help therapists to design targeted exercise and therapy plans that address the specific

needs of each patient, improving their overall quality of life and function.

2.7 Conclusion

In conclusion, this thesis chapter explores the the fascinating field of human pose
estimation and its applications, with a specific focus on the utilization of artificial intelligence
(AI) techniques. The research conducted shed light on the advancements and challenges in
human pose estimation and its significance in the medical domain.

The study investigated various techniques employed in human pose estimation, ranging

from traditional computer vision methods to cutting-edge deep learning approaches. These
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techniques demonstrated the ability to accurately estimate the human body’s pose, inclu-
ding joint positions and orientations from images or video sequences. Al-based algorithms,
such as convolutional neural networks (CNNs) and recurrent neural networks (RNNs) have
proven to be highly influential in this regard, offering enhanced performance and robustness.

Furthermore, examining human pose estimation in the medical domain revealed its sub-
stantial potential for revolutionizing healthcare. Accurate and real-time pose estimation can
significantly contribute to medical diagnosis, treatment, and rehabilitation. For instance,
it can aid in assessing musculoskeletal disorders, enabling precise measurements of joint
angles and range of motion. This information is invaluable for clinicians to design persona-
lized treatment plans and track patients’ progress throughout their rehabilitation journey.

Moreover, human pose estimation in the medical domain has the potential to facilitate
telemedicine and remote patient monitoring. With the advent of telehealth, patients can
receive expert guidance and feedback from healthcare professionals from the comfort of their
homes. Real-time pose estimation can enable remote assessment of patients’ movements and
exercise techniques, allowing therapists to provide accurate guidance and corrections. This
technology extends healthcare access to individuals in remote areas or with limited mobility.

Despite the remarkable progress made in human pose estimation and it’s potential in
the medical field, several challenges remain. Robustness to occlusions, variations in lighting
conditions, and complex poses are ongoing research areas. Furthermore, the ethical consi-
derations surrounding data privacy, security, and consent must be carefully addressed to
ensure patient confidentiality and trust.

In conclusion, this thesis chapter has provided a state of the art in physiotherapy te-
lerehabilitation and a comprehensive overview of human pose estimation techniques and
their applications, with a specific focus on its relevance in the medical domain. The research
conducted highlights the significant impact that Al-based pose estimation algorithms can
have on healthcare, particularly in diagnosis, treatment, rehabilitation, and remote patient
monitoring. By addressing the remaining challenges and continuing to advance the field, hu-
man pose estimation has the potential to transform healthcare delivery and improve patient

outcomes in the coming years.
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3.1 Intoduction

The objective of machine learning and computer vision is to empower computers
with the capability to perceive data, comprehend it, and make decisions based on past and
current occurrences. Currently, computer vision and machine learning are in their initial
phases of advancement. Several instances of computer vision include identifying objects,
detecting poses and gestures, and other related fields. To classify human postures or acti-
vities and estimate human behavior by analyzing RGB image sequences from a video, one

could employ a deep learning technique.

3.2 MediaPipe pose estimation

3.2.1 MediaPipe basic concepts

MediaPipe BlazePose is a machine learning system designed for precise tracking
of body postures, which can infer 33 3D landmarks and generate background segmentation
masks for the entire body based on RGB video frames [117]. Although BlazePose can run on
various devices such as modern mobile phones, laptops/desktops, and even the web using
Python, advanced techniques typically rely on powerful desktop environments for efficient

inference.
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The solution utilizes a two-step detector-tracker ML pipeline. Initially, the pipeline em-
ploys a detector to locate the region of interest (ROI) corresponding to the subject/pose
within each frame. Subsequently, the tracker takes the cropped frame of the ROI as input
to predict the pose landmarks and segmentation mask within that specific region. The de-
tector is only invoked when necessary, such as for the first frame or if the tracker fails to
detect a body pose in the previous frame. For subsequent frames, the pipeline calculates the
ROI based on the pose landmarks obtained from the previous frame. This approach allows
for extracting the landmarks or key points of a subject, thereby enhancing the real-time

performance of the pipeline.

3.2.2 Data transformation

The process involves applying computer vision techniques to extract individual
frames from each video. Then, the pose estimation framework MediaPipe BlazePose is uti-
lized to extract key points from each frame. The resulting data is subsequently divided into
separate subsets for training and testing purposes. Considering the presence of multiple vi-
deos in the dataset, a batch size of N is chosen, with each batch containing T frames. Each
frame can potentially detect up to M individuals, with each individual having C coordinates
or channels for each key point. The total number of key points is denoted as V. As a result,
the final data will have dimensions of N x T x V x C x M.

3.2.3 Constructing skeleton graphs

In each frame of a skeleton sequence, the 3D coordinates accurately represent the
position of each human joint. These skeletal sequences are organized in a hierarchical man-
ner using a spatial-temporal graph. When dealing with N skeleton sequences, each consis-
ting of T frames and containing both intra-body and inter-frame connections, a spatial-
temporal graph is constructed. For each skeleton sequence, an undirected graph G is created.
The structure of this graph is determined by its nodes, denoted as V, and its edges, denoted
as E.

G=(VE) (3.1)

The set of nodes in the sequence V will include values equal to T x N as shown below:
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V={vyli=1,...,Nand t=1,...,T} (3.2)

The construction of the spatial-temporal graph for the skeleton sequences involves two
steps. Firstly, edges are created to connect the joints within a frame, following the natural
connectivity of the human body. Additionally, each joint is connected to the corresponding
joint in the subsequent frame. This process results in the creation of two separate sets of
edges: inter-frame edges and intra-skeleton edges.

Inter-frame edges establish connections between a joint in one frame and the correspon-
ding joint in the next frame. On the other hand, intra-skeleton edges connect joints within
the same frame to other joints within that frame. These two sets of edges, inter-frame edges

(EF), and intra-skeleton edges, are defined as follows.

EF:{Vit'vi(t+]) li=1,...,N al’ldt:],...,T} (3.3)

Likewise, the connections between nodes within the same frame can be represented as
intra-skeleton edges. Let’s denote these edges as ES. In this case, the definition of ES for any

given frame can be expressed as follows.
Er ={vit-vjt | (1,j) € Set of natural human joints and t =1,..., T} (3.4)

3.2.4 Design specification

The overall architecture of the pipeline consists of several components. Firstly, the video
data is organized into a folder structure before being passed into the pipeline. A visual
representation of the pipeline can be seen in Figure 3.1, and a detailed description of each
step is provided below.

Pose Estimation using MediaPipe BlazePose

The process begins by reading the videos and converting them into individual frames
using OpenCV. Subsequently, MediaPipe BlazePose is utilized to extract the landmarks or

key points representing the skeletal data from each frame.

Skeletal data
The extracted landmark data from MediaPipe BlazePose is stored in a .NPY file, while

the corresponding labels are stored in a pickle file. This dataset is subsequently divided into
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MediaPipe - Features as
BlazePose RN nodes and edges

Video input

Graph Spatial
Construction Convolution

Temporal
Convolution

ST-GCN

Action
Classification

Figure 3.1 : Overview of the pipeline.

a training set and a testing set for further analysis.

Features as nodes and edges

Next, the skeletal data is partitioned into two distinct components: edges and nodes.
These specific features are subsequently inputted into ST-GCN (Spatio-Temporal Graph
Convolutional Network) for further processing and analysis.

ST-GCN

During the training phase, the data is fed to the model in batches for training purposes.
The model employed in this study is a Spatial-Temporal Graph Convolutional Neural Net-
work (ST-GCN). This network utilizes Spatial-Temporal Convolution operations for feature
extraction. The ST-GCN block is implemented by leveraging the constructed graph, along
with spatial convolution and temporal convolution techniques.

Action classification

After the ST-GCN model processes the input data, its output is fed into a softmax classi-
fier, which is responsible for classifying the activity at the final stage of the pipeline.
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3.3 Graph construction

The construction of the graph involves the utilization of a Graph Class. The ma-
nual definition of two sets of edges is carried out. The first set comprises intra-skeleton
edges connecting nodes within the same frame. For instance, if node 32 is chosen, it will be
linked to nodes 30 and 28. This linkage is established by identifying natural human joints
using the landmark information provided by MediaPipe BlazePose, as depicted in figure 3.2.
The second set consists of inter-frame edges that connect nodes in one frame with the cor-
responding node in the subsequent frame. These edges are structured as (i, i), indicating that
node 1 in the current frame will be connected to node 1 in the next frame, resulting in an

edge with the structure (1, 1). A function is programmed to get the data. Then, this function
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Figure 3.2 : BlazePose model 33 human Poses.

calculates the angles at each human body joint. The angle made between the two lines is
calculated by using analytic geometry. For example, we have three points (show figure 3.3
), A(x1,y1), B(x2,y2), and C(x3,y3). We suggest that AB and BC as skeletal structures, or

two bones. The intersection between the lines AB and BC is on point B. The angle between
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AB and BC can be determined as follows: Slope of AB is:
dl=(y2—yl)/(x2—x1). (3.5)

BC slope is:
d2=(y3—y2)/(x3—x2). (3.6)

Now, we can determine the angle between AB and BC :

tan® = (d1—d2)/(1+d1.d2). (3.7)

Figure 3.3 : Angle joint calculation.

3.4 Reliability and validity of MediaPipe based
measurement system

3.4.1 Reliability analysis of the proposed shoulder movements

A total of 50 volunteers have participated "for the upper-limb movements", and 25
for the knee flexion-extension; their ages range from 21 to 42. Most of the data were taken
at the University of Skikda. This study adheres to the principles outlined in the Declaration
of Helsinki, a set of ethical guidelines for biomedical research involving human subjects.
All participants provided informed consent prior to their involvement in the study. The
principles of confidentiality, voluntary participation, and the right to withdraw without pre-

judice have been strictly observed throughout the research process. This study is committed
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to upholding the highest ethical standards as stipulated in the Declaration of Helsinki. All
participants were measured using three methods: MediaPipe with a camera on a computer,
Dell Intel(R) The second instrument is a clinical goniometer (figure 3.4). The third is a digi-
tal instrument called Angle Ruler 50, a 360° digital protractor 2x50 cm ADA (see figure 3.4).
The measurement accuracy is about 0.3°, power: 3V, 1 x CR 2032. Data are visualized on the
built-in LCD digital display.

This study measures four ranges of motion, shoulder abduction, adduction, flexion, and
extension for the upper limb. For the lower limb, we studied knee flexion/extension. Before
beginning to measure the movements, we obtained consent from all volunteers to publish
their data in this research. We had a physical therapist explain the method to each individual
and take measurements. We first started by measuring the four movements with MediaPipe
in three repetitions. This procedure aims to calculate the ICC to prove the reliability of the
technique. The physiotherapist did just one measurement with the goniometer and the angle

ruler.

>

((a)) Goniometer ((b)) Angle ruler

Figure 3.4 : Instruments used in the measurement of ROM.

In Figure 3.6, the results of the active range of motion (ROM) values for shoulder abduc-
tion, adduction, extension, and flexion were compared using three different visualization
methods. Each method was represented by a different color to indicate the differences bet-

ween them. In order to provide a more detailed analysis of the results, histogram graphics
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Figure 3.5 : Some pose estimation.

Table 3.1 : Data of four shoulder motions obtained using a universal goniometer, angle ruler

and MediaPipe.

Movement Meth Mean SE Mean StDev Min Q1 Med Q3 Max

Abduction Go 177.76° 0.48° 3.41° 160° 177.5°  179° 180° 180°
AR 177.86° 0.45° 3.20° 161° 177.07° 178.95° 179.65° 180°
Me 177,20° 0,49° 3,49°  160° 177° 178,50° 179° 180°

Flexion Go 169.12° 0.88° 6.28° 155° 163.75° 174° 174° 180°
AR 169.54° 0.89° 6.30° 157.50° 163.87° 170° 175.10° 179.7°
Me 169,40° 0,93° 6,61° 155° 165° 170° 176° 180°

Adduction Go 64.50°  0.94° 6.66° 51.00°  59.75°  60° 64° 75.00°
AR 64.95°  0.95° 6.71° 51.20° 60.25° 64.20° 70° 75.10°
Me 64.40°  0.95° 6.76° 50.00°  60° 64° 70° 75.00°

Extension Go 56.89° 0.49° 3.51°  45.00° 55.00° 5850° 59.00° 60.00°
AR 57.24°  0.571° 3.63° 44.80° 56.10° 5850° 60.00° 60.90°
Me 56.88°  0.51° 3.63°  45.00° 55.00° 58.20° 60.00° 60.00°

. Abbreviation : Meth : method, Go : clinical goniometer, AR : Angle Ruler, Me : MediaPipe, SE Mean
:standard error of the mean, StDev : Standard deviation, Min : minimum, Med : median, Max : maximum.
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were generated and presented in Figures 3.7, 3.8, 3.9 These histograms showed the distri-
bution of the active range of motion for each of the four shoulder movements previously
mentioned. To better understand the data, the histograms were overlaid with black curves
representing the Gaussian distribution, also known as the normal distribution. This distri-
bution is a probability distribution that is symmetric about the mean and is often used to
analyze data in statistical analyses. The results indicated that there were no significant dif-
ferences between the three visualization methods used to compare the ROM values for the
four shoulder movements. This finding was supported by Table 3.1, which summarizes the
results of the analysis.

Overall, the analysis presented in this text aimed to compare and evaluate the effecti-
veness of different visualization methods for analyzing the active range of motion in the
shoulder. Through the use of histograms and Gaussian distributions, the study was able to

provide a more detailed and nuanced analysis of the results.
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Figure 3.6 : Comparison of the three methods of measurement in studied motions.

In our study, we used MediaPipe, a popular Al-based tool for motion analysis, to assess
the reliability of shoulder motion pose. We conducted a test with multiple participants,
measuring their shoulder motion pose at three different times. The results of the test are
presented in Table 3.2, which includes the pose of the proposed movements with Mean,
StDev, SEM, MDC, and ICC values.

The ICC value is a measure of reliability that ranges from 0 to 1, with values closer to 1
indicating higher reliability. In our study, the ICC values for all proposed movements were
greater than 0.81, indicating excellent reliability. These results suggest that MediaPipe is a
reliable tool for assessing shoulder motion pose, and it can be used effectively in clinical and

research settings.
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Figure 3.8 : Shoulder ROMs frequencies with goniometer method of measurement.

3.4.2 Validity analysis of the proposed shoulder movements

To obtain the validity of the MediaPipe, a 95% limit of agreement (LOA) between

MediaPipe-based measurement and the two other instruments was calculated as follows:

Upper limit = Mean(bias)+1,96 . StDev

(3.8)
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Figure 3.9 : Shoulder ROMs frequencies with angle ruler method of measurement.

Table 3.2 : Reliability results of the MediaPipe based measurement system.

ICC StDev SEM MDC
Abduction 0.968 2.11° 0.377° 1.046°
Adduction 0.99 5.778° 0.5778° 1.601°
Extension 0.99 4.296° 0.4296° 1.190°
Flexion 0.992 6.725° 0.6725° 1.864°

Lower limit = Mean(bias)—1,96. StDev (3.9)

In addition to assessing the reliability of MediaPipe, we also compared the results obtai-
ned using this tool with those obtained using traditional measurement instruments, such as
the goniometer and angle ruler. The results of the Bland-Altman plots comparing the two
instruments with MediaPipe are presented in Table 3.3.

In the shoulder extension, the mean differences between the goniometer and MediaPipe

technique were -0.01°, -0.108° in adduction, -0.55° in abduction, and -0.14° in flexion. In
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comparison, the mean differences between the angle ruler and MediaPipe technique were
-0.36°, -0.552° in adduction, -0.6604° in abduction, and -0.14° in flexion.

Table 3.3 : Bland-Altman analysis results of shoulder joint data acquired utilizing Universal
goniometer, angle ruler and MediaPipe.

Goniometer vs MediaPipe Angle ruler vs MediaPipe
ROM Mean bias 95% LOA Mean bias 95% LOA
Shoulder abduction -0,55° -2,9436° to 1,8308° -0,6604° -3,2865° to 1,9657°
Shoulder adduction -0,108° -1,774° to 1,558° -0,552° -2,44° to 1,34°
Shoulder extension -0,01° -1,8916° to 1,87° -0,36° -2,4327° to 1,7127°
Shoulder flexion -0,14° -2,5998° to 2,3198° -0,14° -2,5998° to 2,3198°

The Bland-Altman plots (Figure 3.10)show that the differences in the studied pose angles
acquired by the two measurement methods are not distributed in a systematic way. Instead,
they demonstrate a random distribution for all the studied motions. These values fall wi-
thin a narrow range, whether comparing MediaPipe with the goniometer or the angle ruler,
indicating a generally superior agreement. The comparison of the results obtained using
MediaPipe with those obtained using traditional measurement instruments is crucial as it
helps validate the accuracy of Al-based tools in motion analysis. The results obtained in our
study demonstrate the effectiveness of MediaPipe in measuring shoulder motion pose and
highlight the potential of Al-based tools in motion analysis.

Moreover, the good results obtained in the validity analysis for all proposed motion
poses, as indicated by [196], further emphasize the reliability of MediaPipe. This finding
is particularly significant as it shows that MediaPipe can be used effectively in various cli-

nical and research settings to assess shoulder motion pose accurately.

The results of this study have important implications for the field of physiotherapy and
rehabilitation. One of the significant advantages of using MediaPipe is its potential appli-
cation in telerehabilitation. With the increasing demand for telehealth services, the ability
to accurately measure and track a patient’s movement remotely is becoming increasingly
important. The use of Al-based tools, such as MediaPipe, can help improve the accuracy and
reliability of remote assessments, leading to more effective treatment plans and better patient

outcomes. Furthermore, the results of this study suggest that the proposed new technology
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could be a useful addition to clinical rehabilitation settings. The ability to accurately mea-
sure shoulder and knee motions in real-time can help clinicians assess the effectiveness of
various interventions and track a patient’s progress over time. Moreover, the use of Al-based
tools, such as MediaPipe, can provide valuable insights into the underlying mechanisms of

movement disorders, helping clinicians develop more targeted and effective treatment plans.

3.4.3 Reliability analysis of knee flexion and extension

A total of 25 participants, ranging in age from 21 to 40, took part in this study
and investigation. The majority of the data was collected at Skikda University. This study
adheres to the principles outlined in the Declaration of Helsinki, a set of ethical guidelines for
biomedical research involving human subjects. All participants provided informed consent
prior to their involvement in the study. The principles of confidentiality, voluntary partici-
pation, and the right to withdraw without prejudice have been strictly observed throughout
the research process. This study is committed to upholding the highest ethical standards
as stipulated in the Declaration of Helsinki. The MediaPipe and universal goniometer were
used to measure all participants. We began by measuring the four motions in three repeats
with MediaPipe. The purpose of this approach is to compute the ICC in order to demons-
trate the technique’s reliability. The goniometer was only used once by the physiotherapist.
As reported in Table 3.5, the MediaPipe technique has excellent reliability because the ICC

Table 3.4 : Data of knee flexion and extension obtained using universal goniometer and Me-
diaPipe.

Movement Meth Mean SE Mean StDev Min Med Max

Flexion Go 20,40°  0.16° 0.81° 19°  21° 22°
Me 20,000 0,17° 0,86° 19°  20° 22°

Extension Go 179.20° 0.18° 0.91° 178> 180° 180°
Me 179.08° 0.18° 0.90° 177° 179° 180°

. Abbreviation : Meth : method, Go : clinical goniometer, AR : Angle Ruler, Me : MediaPipe, SE Mean
:standard error of the mean, StDev : Standard deviation, Min : minimum, Med : median, Max : maximum.

results of both knee flexion and extension are between 0.81 and 1.0.



CHAPTER 3. CONTRIBUTION 2: MEDIAPIPE-BASED SYSTEM FOR HUMAN
124 REHABILITATION MOTION: RELIABILITY AND VALIDITY ANALYSIS

Table 3.5 : Reliability results of the MediaPipe based measurement system.

ICC StDev SEM MDC
Flexion 0.92 0.81° 0.23° 0.63°
Extension 0.87 0.91° 0.33° 0.91°

3.4.4 Validity analysis of knee flexion and extension

A 95% limit of agreement (LOA) amidst MediaPipe-based measurement and the

universal goniometer calculated, is calculated; results are in table 3.6:

Table 3.6 : Bland—Altman analysis results of knee flexion/extension data acquired using go-
niometer and MediaPipe.

Mean bias 95% LOA
Flexion 0,40° -0,98° to 1,78°
Extension 0,20° -0,60° to 1,00°

As shown in [196], the table 3.6 and Figure 3.11 and Figure 3.12, the MediaPipe is valid

for using to measure the knee flexion extension in the telerehabilitation platform.

3.5 Discussion

The use of Al-based tools in motion analysis has many potential advantages over
traditional measurement methods. For example, it can provide a more objective and accu-
rate assessment of human motion, reduce measurement errors, and improve the efficiency
of data analysis. Additionally, Al-based tools can provide valuable insights into the under-
lying mechanisms of movement disorders, helping researchers and clinicians develop more
effective treatments.

The evaluation of range of motion plays a critical role in musculoskeletal exploration
. While goniometers are commonly used by kinetherapists, their manual nature prompts

the exploration of modern, more accurate, and patient-friendly methods with the advance-
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Figure 3.11 : Bland-Altman plots a comparison between MediaPipe and goniometer for
flexion.

ment of telerehabilitation techniques. This study examines the reliability and validity of a
MediaPipe-based system for measuring four active shoulder ranges of motion. The results
indicate that the MediaPipe technique demonstrates excellent reliability and relatively high
accuracy, as compared to the clinical goniometer and Kinect results presented in table 4.
Based on our experience, careful positioning in front of the camera is crucial for accurate
detection, as an arbitrary position can impact pose estimation. Furthermore, optimal ligh-
ting conditions are recommended, as experiments have indicated noise introduction due to

lighting variations.

3.6 Conclusion

In conclusion, our study highlights the potential of Al-based tools, such as Media-
Pipe, in motion analysis. The results demonstrate the reliability and validity of MediaPipe in
measuring shoulder motion pose, indicating its potential use in various clinical and research

settings. However, it is essential to consider the limitations and potential biases of Al-based
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Figure 3.12 : Bland—Altman plots a comparison between MediaPipe and goniometer for ex-
tension.

tools and ensure that the results are interpreted correctly by trained professionals. With
continued advancements in Al technologies, we can expect more sophisticated and accurate

tools for motion analysis in the future.



CHAPTER

Contribution 3: Development of a
home-based physiotherapy
telerehabilitation system

4.1 Introduction

Remarkable technological advancements have made telecare and telerehabilitation
captivating subjects in medicine. These advancements allow patients to interact with their
physicians from the comfort of their own homes. As discussed in previous chapters, reha-
bilitation exercises are frequently essential for treating various musculoskeletal conditions
and facilitating postoperative recovery. Patients should engage in rehabilitation programs
within a home-based setting to address specific challenges.

One crucial factor considered before embarking on the study of "telerehabilitation" was
the mobility difficulties faced by individuals with lower or upper extremity injuries. Addi-
tionally, the vast expanse of Algeria, spanning approximately two and a half million square
kilometers presents a significant obstacle. Accessing hospitals becomes particularly challen-
ging in desert areas or remote villages, often necessitating journeys of 300 kilometers or more
across the Sahara. The inhabitants of these areas face multiple issues, including limited or
nonexistent transportation options. Moreover, the scorching desert temperatures challenge
patients, especially the elderly, who struggle to move around and perform exercises.

Reducing patient costs, such as transportation expenses, is one of the primary objec-
tives of this study. Most patients can efficiently engage in rehabilitation exercises with

the widespread availability of telerehabilitation technology and equipment. Additionally,

127



CHAPTER 4. CONTRIBUTION 3: DEVELOPMENT OF A HOME-BASED PHYSIOTHERAPY
128 TELEREHABILITATION SYSTEM
telecommunication-based solutions are frequently required, given the necessity of social
distancing during the COVID-19 pandemic. Furthermore, due to significant overcrowding,
patients often experience lengthy waiting periods of at least three weeks before commencing
their rehabilitation sessions.

In light of these circumstances, this chapter introduces a telerehabilitation website desi-
gned to enhance the ease and comfort of rehabilitation for patients, physicians, and physio-

therapists.

4.2 Survey and open challenge

In this thesis, many factors have been considered before developing the proposed
system. The first is COVID-19, and all other epidemics necessitate finding a solution. The
second factor is Algeria’s surface. Most of it is considered a desert [197]. Traveling through
this region is difficult due to the climate, especially in the summer. Also, the citizen some-
times travels more than 200 km to the nearest hospital. Another defy is to reduce the costs
of transportation and materials used in telerehabilitation. So, we decided to find a solution
with low cost. The majority of the questionnaire was sent electronically.

Before beginning the development of the system, we surveyed 142 citizens in Algeria.
The survey is a simple random sample. The most critical questions that were included in the

questionnaire are the following:

4.2.1 Age

Our research considers the average age of Algerian citizens, as it plays a significant
role in mobility limitations, particularly in the elderly population. As depicted in Figure
4.1, the range of ages of the survey respondents was examined to gain insight into the age
demographics of our study. Understanding the population’s age distribution is crucial in
determining the most appropriate telerehabilitation strategies for different age groups. The
study results may provide insight into how age affects the adoption of telerehabilitation

technology and the challenges that may arise, particularly in older age groups.
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Age
>50=8%

411050 = 1%

311040 =15%

180 30 = 65%

Figure 4.1 : The age range of the participants in the questionnaire.

4.2.2 Place of residence

The distribution of the participants in the questionnaire is depicted in figure 4.2,
where the highest percentages are concentrated in both urban and rural areas. It is essential
to note that these locations vary regarding the resources available for rehabilitation. For
instance, cities have more resources, such as hospitals, transportation, and other necessary
facilities for rehabilitation, while rural areas may have fewer resources. On the other hand,
the countryside is even more challenging to deal with, as it has a more complex and diverse
environment that may hinder access to rehabilitation. Therefore, our research considers the
geographical location of patients and the resources available to ensure that telerehabilitation

is effective.

Place of residence

The countryside = 8%

The city = 46%

The vilage = 46%

Figure 4.2 : The place of residence of the participants in the questionnaire.
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4.2.3 Distance and proximity to the hospital

The factor of distance and proximity to the hospital: The distance between pa-
tients’ homes and the nearest rehabilitation center is a crucial aspect that was studied in
this research, as illustrated in figure 4.3. Transportation is a significant challenge for Al-
gerian citizens, particularly in remote areas and municipalities, which can make it difficult
for patients to access rehabilitation centers. Furthermore, overcrowding in major cities can
pose a risk to a patient’s health when they travel to and from the hospital. The results of
4.3 highlight the challenges that patients face in accessing rehabilitation centers, with many
respondents reporting distances greater than 50 km. This makes it even more important to
provide accessible and convenient rehabilitation services to patients, particularly those who

live in remote areas.

The distance between the home and the nearest rehabilitation center
>50 km = 6%

Between 30 to 50 km = 9%

20to 30 km = 11%
<10 km = 45%

Between 10 to 20 km = 30%

Figure 4.3 : The distance between the homes of the participants in questionnaire and the
nearest rehabilitation center.

4.2.4 The buildings

Figure 4.4 illustrates the distribution of participants based on the type of hou-
sing they reside in. Our research took into account the type of housing, specifically social
buildings, which are commonly referred to as tours, and private housing. Social buildings
typically have more than five floors and are usually old buildings without electric elevators.
Private housing, on the other hand, is often in the form of a house or a small building with
few floors. It is essential to consider the type of housing and the floor number to conduct a
more accurate analysis. This is because living on a higher floor can pose a significant chal-

lenge, particularly for those with lower extremity problems or the elderly, who may find it
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difficult to move around. Therefore, this factor is crucial to our research as it can significantly

affect a patient’s rehabilitation process.

Apartment floor

First floor = 17%

More = 21%

Fourth = 15%

Second =30%

Third = 17%

Figure 4.4 : The positioning of the apartment in the social housing.

4.2.5 The availability of a laptop in the house

The availability of computers among participants was analyzed in our research,
and the results are presented in figure 4.5. In the survey, we asked whether there was at least
one laptop computer or tablet in the participant’s house. The computer or tablet only needed
a camera and an internet connection for our proposed tele-rehabilitation system to work. As
shown in 4.5, 80.4% of the participants responded positively to this question, indicating the
presence of a computer or tablet in their homes. In contrast, 19.6% responded negatively,
indicating the absence of a computer or tablet in their homes. It is noteworthy that our
proposed website and application can be accessed from a mobile phone, which provides

more convenience to the patients who do not have a computer or tablet.

4.2.6 The mastery of the use of computers

We conducted a survey among the participants to assess their computer profi-
ciency, and the results showed that 86.6% of the respondents reported having mastered the
use of computers, while the remaining 13.4% expressed a lack of computer skills. This infor-
mation is crucial for our proposed system, as it will help us determine the level of technical
support required for the patients who may face difficulties in using the platform. There-
fore, we plan to provide adequate guidance and assistance to those who need it, to ensure a

seamless user experience for everyone., and we also asked this question of elderly persons
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Availability of a computer at home.

No = 23%

Yes =77%

Figure 4.5 : Availability of a laptop at home.

(Figure 4.6 which represents computer proficiency for the elderly). We also considered the

availability of the Internet at home: 84.1% of the participants have Internet access.

Computer proficiency for the elderly

Maybe = 13%

Yes = 23%

No = 64%

Figure 4.6 : Computer proficiency for the elderly.

The findings from the questionnaire underscore the significance of developing a website
that can assist citizens and patients in overcoming various challenges and expenses. Addi-
tionally, the results highlight the importance of further promoting and advancing telehealth

in the medical industry, given its numerous benefits.

4.3 Proposed system "DzTelerehab"

This thesis proposes a website called DZtelerehab that utilizes an artificial intel-
ligence technique to support remote rehabilitation procedures. The website employs com-

puter vision to detect real-time angles and positions of the patient’s body, which can be
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achieved using a web camera connected to a computing device, tablet, or even just a phone
call. The computer vision system enables physiotherapists to assess the patient’s range of
motion in real-time, allowing them to save exercise data and compare it with future results.
This feature facilitates monitoring the patient’s progress, obtaining rehabilitation outcomes,
and digitizing the data, eliminating the need for paper records, which are prone to damage
and require large storage space. The proposed system utilizes deep learning, a subfield of
machine learning, to compute the output. The deep learning model learns hierarchical data
patterns and weights these hierarchies to compute the desired output. Deep learning has
proven to be useful in various health informatics applications. Figure 4.7 depicts the archi-

tecture of the DZtelerehab system.

S —
E-mail and

password

E-mail and

password

Doctor report Healthcare data
visualization

Training video
Exercice Control

Chat

Video metting

Patient station Healthcare professional station

Figure 4.7 : Architecture of the proposed system.

4.4 DZtelerehab telerehabilitation platform

DZtelerehab is a website that comprises three significant entities, namely the ad-
ministrator, doctor, and patient. The administrator’s primary responsibility is to arrange and

manage the website’s workflow. The administrator plays a crucial role in the registration of
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both doctors and patients on the platform. To maintain the security and confidentiality of
patients’ information, the administrator uses identification and password systems. As seen
in figure 4.8, the patient’s account registration portal displays the measures in place to gua-
rantee privacy and security. Only the administrator has access to the patient’s portal, and no

other person can access it. This ensures that patient data is safe and secure on the website.

patient / New

m Discard

Name

Bouteraa Wail

Email
bouteraa@dztelerehab.com

Password

Date of Birth 06/16/1993 - Phone
National ID Mobile 0698......
blood_group B+ Email bouteraa@dztelerehab.com

job Footballer gender male v

Figure 4.8 : Registration for a patient account.

4.4.1 Design of the website

Python and Node.js are the programming languages utilised in this project. To
enable real-time assessment, two additional modules are developed. The first module fa-
cilitates data analysis using a RESTful API, while the second module acquires movement
data through a client application. These modules can connect via the JSON data format, al-
lowing for the analysis of patient movements and the delivery of outcomes. The patient’s
movements are recorded utilising a computer camera. Bootstrap 4.1.3 and JQuery 1.11.4
were utilised in building the web interface. The operating system used is Ubuntu, and Nginx

1.10.3 is used as a reverse proxy.

4.4.2 Administrator role

The platform administrator plays a crucial role in facilitating communication bet-
ween doctors and patients. As illustrated in figure 4.9, the administrator arranges and sche-
dules virtual meetings for patients and doctors to interact and discuss various aspects of their

treatment plans. During these meetings, doctors can evaluate the patient’s progress, provide
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feedback, and adjust the rehabilitation program accordingly. The administrator also ensures
that the meeting runs smoothly and that both parties have access to the necessary tools and
resources, such as a virtual whiteboard or exercise videos. Overall, the administrator plays
a vital role in ensuring that the telerehabilitation process is effective and efficient for both

patients and doctors.

ACL knee rehabilitation session

Date 04/03/2022 10:10:00 -

Duration 01.00 hour

Participant (Dr. Ghadiati % ) (Bouteraa Wail x )

Share Link

External Participant Email Send Invitation Invitation Sent
Add a line

m Discard

Figure 4.9 : Meeting portal creating.

4.4.3 Doctor portal

The doctor has the responsibility of organising the rehabilitation sessions, which
includes setting the date and time, and selecting specific exercises for the patient. Following
this, the doctor can liaise with the administrator to schedule appointments. Communication
between the doctor and patient takes place through the internet. To facilitate the rehabili-
tation session and guide the patient, the physiotherapist can send video examples, website

links, or any tutorial procedure. During the exercise, the physiotherapist can display the
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range of motion in real-time, as demonstrated in figure 4.10. Additionally, the doctor can
record the session, provide feedback, give instructions, and prepare a report on the session.
The physiotherapist can store the recorded data in various formats, including XLS, CSV, PDF,

JPEG, or PNG. The patient can access this information, view reports and instructions from

the doctor, and send messages to the physiotherapist for advice or recommendations.
- ' | =
angles 165 N

HIAL e

Figure 4.10 : Physiotherapist view during the session.

4.4.4 Patient portal

Apart from its user-friendliness, the system also features a comprehensive guide
or user manual to assist patients in navigating it. In the patient portal, we have focused
on simplicity and ease of use; it can be used by patients of different educational levels. As
part of the telerehabilitation evaluation process, the doctor engages in a face-to-face interac-
tion with the patient. This typically entails conducting an interview, performing a physical
examination, making observations, conducting movement examinations, and administering

standardized tests.

4.4.5 Rehabilitation session method

To commence the rehabilitation session, the patient and doctor must first attend a
virtual meeting, during which the patient should position themselves in front of the camera.

The first step of telerehabilitation involves launching and loading the pose module. Next,
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Figure 4.11 : Patient station view.

the doctor sends the patient a video tutorial of the exercise to be performed or provides ver-
bal instructions. The patient then begins to practice the exercise, and the physiotherapist
guides them on the number of repetitions to perform. During the session, the doctor can
view the patient in real-time, alongside the values of the angles and a graphical represen-
tation of the data, allowing for comparison with previous sessions or the data of a healthy
individual. Once the session is complete, the doctor can save the data and compare it with
that of subsequent sessions to assess the patient’s progress. The platform can detect the
range of motion of both the upper and lower limbs, facilitating a wide range of rehab exer-
cises, including those for ACL knee reconstruction and frozen shoulder rehab. The system

is summarised in the flowchart depicted in figure 4.12.

4.5 Patient experimental validation

This study adheres to the principles outlined in the Declaration of Helsinki, a
set of ethical guidelines for biomedical research involving human subjects. All participants
provided informed consent prior to their involvement in the study. The principles of confi-
dentiality, voluntary participation, and the right to withdraw without prejudice have been
strictly observed throughout the research process. This study is committed to upholding
the highest ethical standards as stipulated in the Declaration of Helsinki. Our experimen-

tal test aimed to evaluate the effectiveness of telerehabilitation in guiding patients through
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Figure 4.12 : Proposed system process.
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the rehabilitation exercises required after an ACL knee reconstruction. The ACL is a vital
ligament that connects the femur to the tibia and helps stabilize the knee joint during mo-
vement. However, a torn ACL can result from over-rotation or direct trauma to the knee.
In such cases, surgery may be necessary to repair the ACL. During the arthroscopic proce-
dure, the surgeon removes the damaged ACL and replaces it with a graft attached to the tibia
and femur through small tunnels. After the surgery, the patient begins supervised physical
therapy within a few days to help recover. The initial phase of physical therapy focuses on
assisting the patient in coping with the surgery’s trauma and restoring knee motion. One
such exercise, depicted in 4.13, is heel slides and quad sets, which are designed to improve
the knee’s range of motion and rebuild the front thigh muscles. As rehabilitation progresses,
the patient can move on to more advanced exercises such as single-leg balance exercises
to improve balance and inner range quad and static quad exercises to enhance the knee’s

mobility.

|

L;_L , e
Figure 4.13 : A. Heel slides: to lie on the back with legs straight, then to bend the knee and

slide the heel up toward the buttocks. B. Quad sets: to try to engage the quad muscles while
lying on the back with the leg straight.

Typically, physiotherapists use goniometers or sensors to evaluate the patient’s range
of motion and progress, which they then document in a report. However, in this project,
an artificial intelligence technique is proposed to measure the range of motion. Using this
technique makes it apparent that a healthy person can achieve flexion of 20°, as shown in
the "Healthy’ graph in Fig. 18. However, the patient undergoing ACL reconstruction rehabi-
litation cannot reach this range of motion and shows a significant difference from a healthy
individual. Specifically, patients with ACL reconstruction find it challenging to flex their
knees and must do so gradually to achieve the desired results. With the the proposed tech-
nique, patients can receive remote assistance throughout their rehabilitation sessions and

track their progress, comparing each session’s results with the previous ones. Using these
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graphs, physiotherapists can analyze the effectiveness of the rehabilitation and tailor the

treatment to suit each patient’s needs.

4.5.1 Patient 1 follow-Up

The study involved two participants, a 24-year-old individual and a 28-year-old
male who was 175 cm tall and weighed 68 kg. The 24-year-old patient suffered a football
injury five years prior, and an MRI of their right knee revealed the following findings:

- Subtotal rupture of the anterior cruciate ligament;
- Grade 3 lesion of the posterior horn of the internal meniscus;

- Grade 3B lesion of the posterior horn of the external meniscus.

On October 5, 2021, the patient underwent surgery, and on October 10, 2021, the first
rehabilitation session took place. During this session, the patient managed to achieve a
flexion angle of 120°, but he experienced pain during the exercises, which slowed down
the rehabilitation process. After ten days, the patient was able to reach 100°, indicating a
slight improvement in the speed of the exercise. However, on November 16, the patient
experienced some swelling in the knee, followed by pain, and achieved only 86° (record
3). After nine weeks, on December 28, 2021, the patient reached 67° (record 4), with some
improvement in the speed of flexion and extension. Unfortunately, the patient stopped doing
the rehabilitation exercises for more than a month and a half, and there was no improvement
during this period. However, the following week, there was a slight improvement in the
patient’s condition, which is indicated by the curve of record 6. The first patient was a 24-
year-old man with a height of 175 cm and a weight of 68 kg. He sustained an injury while
playing football five years ago, as revealed by an MRI of his right knee.

4.5.2 Patient 2 follow-Up

The second patient underwent surgical management for anterointernal laxity of
the right knee using a KJ-type ligamentoplasty on September 26, 2021. The patient’s reha-
bilitation progress was measured using heel slides and quad set exercises, and the results
are presented in the graphs. The rehabilitation sessions began on September 30, 2021, with
simple exercises, and the effectiveness of rehabilitation was analyzed using these curves.

Record 1 in the graph represents the results from the first week after the operation. As the
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Figure 4.14 : RoM of knee flexion-extension of patient 1.

patient could only reach a flexion angle of 125°, the extension and flexion of the knee were
challenging, and progress was slow. However, there was a remarkable improvement after
ten days, and the patient reached 98° (record 2). Although the speed of flexion and extension
remained small, the patient experienced some pain relief during this period. The patient
reached a flexion angle of 62° on record 4 (see Figure 4.15) within the first month of rehabi-
litation, indicating significant improvement. The patient moved at an average speed in just
one week, slightly improving the flexion. On December 20 (record 5), the patient could reach
47°, and on January 3, 2022 (record 6), the patient got a flexion angle of 40°. These results

demonstrate the effectiveness of the rehabilitation program and the progress made by the

patient over time.

4.5.3 Patients data comparison

In order to evaluate and compare the effectiveness of the trained models, it is ne-
cessary to quantify the error between the actual and predicted values. This is achieved by
computing the root mean square error (RMSE) using the unstandardized prediction data.
Figure 4.16 visually represents the differences between a healthy individual’s range of mo-
tion and the patient’s progress over four months. The RMSE value is calculated by taking

the square root of the average of the squared differences between the predicted and actual
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Figure 4.15 : RoM of knee flexion extension of patient 2.

values. A lower RMSE indicates that the model’s predictions are closer to the fundamental
values, while a higher RMSE suggests a greater degree of error in the model’s predictions. By
comparing the RMSE values of the trained models, we can determine which model performs
better in predicting the range of motion for the patients.

1 2
RMSE:\/EZ{; (ti—yi) (4.1)

where t; is the mean of the minima (per training session) of the angles of flexion of the
patient, y; represents the flexion angle of a healthy person, and R is the number of training

. Table 1 illustrates the flexion progression of the patients over six records.

Upon examining and following up with the two patients, we observed that the second
patient exhibited faster progress than the first, mainly because the second patient attended
the rehabilitation sessions consistently. We also noted that if the patient discontinues the
rehabilitation process, they may lose the progress they have made, and the process of flexion
and extension may become more tiring. In four months, the second patient reached a flexion
angle of 40°, whereas the first patient only managed to get a flexion angle of 60°. The physical
therapist advised the patient to perform the exercises consistently, even at home, to aid in

the patient’s speedy recovery. The therapist emphasized the importance of continuing reha-
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Figure 4.16 : Flexion differences between a healthy subject with the progression of the pa-
tients through 4 months.
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Table 4.1 : Optimal patients flexion progression during six records.

Optimal flexion | Patient 1 | Patient 2
R1 130.00° 125.49°
R2 102.32° 98.00°
R3 95.86° 59.00°
R4 66.60° 56.10°
R5 67.83° 46.62°
R6 60.83° 40.00°

R: record.

bilitation until the patient reaches their desired results. This way, the patient can maintain

and improve the flexibility of the knee joint.

4.5.4 Health staff and patients’ feedback

In conclusion, we administered a survey to gather feedback on the project’s im-
pact on patients and medical staff. The medical staff, including the doctor and physiothera-
pist, provided input on the system’s technical aspects and potential impact on patients. The
doctor noted that the system’s reliability in angle measurement was excellent and could be
crucial in aiding patients’ rehabilitation from a distance. The affordability of the equipment
used in the system made it an accessible solution for patients. The doctor also suggested
expanding the project to include other medical fields that could benefit from remote inter-
ventions.

The physiotherapist was pleased with the ability to monitor patients remotely, which
reduced their workload in the clinic. The data collected on the website was also helpful in
tracking patients’ progress, which was time-efficient compared to in-person monitoring. Ho-
wever, the physiotherapist mentioned that internet connectivity issues sometimes remained
an obstacle.

The patients who participated in the survey provided positive feedback on their expe-
rience with the system. One patient found the website easy to use, and the progress displayed
on graphs motivated them to continue their rehabilitation sessions. Another patient appre-
ciated the system’s convenience, saving them from traveling to a center and incurring high

expenses.
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Overall, the survey results were highly positive, with suggestions for expanding the pro-
ject’s reach and increasing the use of modern medical technologies in the region. The sys-
tem’s affordability and accessibility make it an excellent tool for aiding patients’ rehabilita-
tion from a distance. The data collected from the system also provides valuable insights into
patients’ progress, making it an essential tool for medical staff. The project has the potential

to benefit many patients and medical professionals and should be developed further.

4.6 Results and discussion

In this research, we propose a novel method to address the challenge of prolonged
rehabilitation periods, which often extend beyond ten weeks. Our approach enables doctors
to inspect and monitor patients remotely, offering numerous benefits that alleviate obstacles
during this extended duration. By adopting telerehabilitation, patients can avoid various
hardships, including travel difficulties, burdens, and financial costs. Our system provides
several advantages that enhance patient comfort and eliminate numerous stress-inducing,
arduous, and expensive factors. Furthermore, it significantly facilitates the work of doctors.

Compared to alternative solutions, "DzTelerehab" such as Microsoft Kinect or other
sensor-based approaches, our method is more cost-effective and user-friendly. Notably, the
risk of obtaining inaccurate readings due to misplaced sensors are mitigated, and patients
can avoid the discomfort associated with prolonged attachment of sensors to their bodies.

One of the critical considerations is the protection of the patient data, as medical informa-
tion, is susceptible, and maintaining medical privacy is of utmost importance. Implementing
such an application can enable safer and more motivational home workout practices while
enhancing accessibility.

However, it is crucial to acknowledge and address specific challenges that arise when
implementing our remote rehabilitation approach. The first limitation pertains to older in-
dividuals’ need for familiarity with technology, which may hinder their ability to use the
system, mainly if they are alone effectively. To mitigate this issue, we have simplified the
patient’s page on the website as much as possible, aiming to make it user-friendly for indivi-
duals of all ages. Additionally, some individuals prefer face-to-face interactions and may not
readily participate in remote rehabilitation. They believe having a physiotherapist physically
present during rehabilitation sessions is more beneficial than remote sessions conducted over

the phone.
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Another limitation that must be considered is the potential instability of the patient’s
Internet connection. In some cases, a poor connection can hinder the effectiveness of telere-
habilitation sessions. To address this concern, we propose a secondary solution: Recording
the exercise session and sending it to the physiotherapist for later evaluation of the patient’s
progress. This approach allows for a more flexible assessment that is not entirely dependent
on real-time internet connectivity.

By recognizing and addressing these limitations, we aim to optimize the implementation
of remote rehabilitation, making it more accessible, efficient, and accommodating to a wide

range of patients’ needs and preferences.

4.7 Conclusion

Telerehabilitation is gaining significant importance and witnessing unprecedented
growth and demand due to its effectiveness in providing services, particularly to patients.
Especially during critical situations like the ongoing coronavirus pandemic, where staying
at home to prevent infection and limit the spread of the virus is crucial, telerehabilitation
emerges as an invaluable resource. It proves incredibly beneficial for patients with lower-
limb injuries or individuals facing mobility difficulties, as it allows them to perform reha-
bilitation exercises from the comfort of their homes. The elderly population also benefits
significantly from these remote rehabilitation services.

The advancement of digital technology in various fields, including medicine, has opened
doors for extensive research and practical solutions to address such challenges. In the present
era, exploring innovative approaches that minimize costs while ensuring efficient access to
services is imperative. Telecare significantly enhances the quality of patient care, improves

patient outcomes, and reduces overall healthcare expenses.



General conclusion

In conclusion, this thesis has made significant contributions to the field of hu-
man rehabilitation through the application of mediapipe-based measurement systems and
the development of a novel home-based telerehabilitation platform. The research focused
on two main objectives: the reliability and validity analysis of the mediapipe-based measu-
rement system for assessing human rehabilitation motions, and the design and experimental
validation of a new telerehabilitation platform for upper and lower limb rehabilitation.

The first contribution of this work involved the rigorous analysis of the MdiaPipe-based
measurement system. Through extensive experiments and statistical analyses, the reliabi-
lity and validity of the system were assessed, providing valuable insights into its accuracy
and effectiveness in measuring and evaluating human rehabilitation motions. This analysis
not only established the system’s suitability for clinical and research applications but also
highlighted areas for improvement and further development.

The second contribution of this thesis was the proposal and implementation of a home-
based telerehabilitation platform for upper and lower limb rehabilitation. This platform ai-
med to address the limitations of traditional in-clinic rehabilitation programs by providing
a flexible and accessible solution for patients to engage in rehabilitation exercises remotely.
The experimental validation of the platform demonstrated its feasibility and effectiveness
in promoting rehabilitation outcomes, empowering patients to actively participate in their

OowI reCovery process.
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148 GENERAL CONCLUSION

Throughout this thesis, the contextual background, problem formulation, and histori-
cal overview provided a foundation for understanding the significance and relevance of the
research. The related works chapter presented a comprehensive review of existing litera-
ture, identifying gaps and opportunities for innovation in the field of human rehabilitation.
Additionally, the exploration of artificial intelligence in rehabilitation highlighted the po-
tential of advanced technologies to enhance the effectiveness and efficiency of rehabilitation
interventions.

Overall, this research contributes to the advancement of human rehabilitation by combi-
ning state-of-the-art measurement systems with innovative telerehabilitation platforms. The
findings and insights obtained from this work can inform the development of future measu-
rement tools, enhance the design of tele-rehabilitation systems, and ultimately improve the
quality of care provided to individuals undergoing rehabilitation. The outcomes of this re-
search have the potential to positively impact the lives of patients, healthcare professionals,
and researchers in the field of human rehabilitation.

In our future work, we aim to leverage Al to estimate muscle force during complicated
movements such as reach-and-grasp. This will involve developing advanced machine lear-
ning models that can analyze high-fidelity motion capture data and biomechanical simula-
tions to understand the dynamics of these complex actions. Additionally, we will explore
sensor-free Al approaches, using computer vision and deep learning algorithms to estimate
muscle force purely from visual data, eliminating the need for wearable sensors. This ap-
proach will enhance the accessibility and practicality of telerehabilitation by allowing accu-
rate muscle force estimation through standard cameras, thereby simplifying the setup and

increasing patient compliance.
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