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Abstract: Musculoskeletal diseases, such as osteoarthritis and joint trauma, significantly impact patient mobility, independence, and
quality of life. With the rising demand for effective and accessible rehabilitation strategies, artificial intelligence (Al) has emerged as
a powerful tool to support diagnosis, surgical planning, and personalized rehabilitation. This narrative review summarizes recent
advances in the application of Al in musculoskeletal disease management, with a particular emphasis on postoperative and
conservative rehabilitation. We outline the foundational concepts of Al, including machine learning, deep learning, computer vision,
and natural language processing, and discuss their roles in clinical decision-making and recovery monitoring. Furthermore, we
examine emerging Al-assisted rehabilitation tools, including mobile applications, robotic exoskeletons, gamified platforms, and
markerless motion tracking systems, which collectively enhance treatment precision, patient adherence, and remote care capabilities.
Despite promising outcomes, current limitations include insufficient personalization, limited multimodal data integration, and
inadequate clinical validation. Future developments should focus on improving model interpretability, integrating real-time biosensing,
and optimizing user interface design to support clinically feasible and patient-centered musculoskeletal rehabilitation.
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Introduction

Musculoskeletal diseases, including osteoarthritis, traumatic joint injuries, tendon and ligament disorders, and post-
operative functional impairment, represent a major and growing health burden worldwide.'* These conditions are closely
associated with pain, reduced mobility, impaired independence, and decreased quality of life, particularly in aging
populations. For many patients, treatment does not end with diagnosis or surgery; rather, long-term functional recovery
depends heavily on effective rehabilitation strategies.

Conventional musculoskeletal rehabilitation usually includes therapeutic exercise, physical modalities, activity
modification, and staged postoperative training. Although these approaches are clinically important, they remain limited
by several practical challenges.” Rehabilitation protocols are often standardized rather than truly individualized, patient
progress is commonly evaluated during intermittent clinical visits, and feedback on exercise quality or functional
recovery is frequently delayed. These limitations are especially evident in chronic diseases such as osteoarthritis and
in postoperative recovery after arthroscopy or joint replacement, where rehabilitation requires continuous adjustment
according to pain, range of motion, muscle strength, gait pattern, and patient adherence.”
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Artificial intelligence (AI) may help address these limitations by analyzing diverse clinical data and providing
information that can support assessment, decision-making, and follow-up. Through machine learning, deep learning,
computer vision, natural language processing, and sensor-based analytics, Al can support disease classification, risk
prediction, treatment planning, movement assessment, and remote monitoring.* In orthopedics, Al has been increasingly
applied to image recognition, risk prediction, and clinical decision support.” For example, Atik et al reported that
optimized deep learning models achieved 74% accuracy in five-class classification and 93.75% accuracy in binary
classification of knee osteoarthritis severity from radiographs, supporting the feasibility of Al-assisted disease grading
and clinical decision support.® Such studies indicate that Al can help quantify disease status and stratify patients, which
may further provide a basis for individualized rehabilitation planning and longitudinal recovery monitoring.

Beyond diagnosis and severity classification, Al is increasingly being integrated into the rehabilitation process itself.
Recent systematic reviews have summarized Al-supported physical rehabilitation technologies tested in clinical settings,
including motion-feedback systems, exergaming platforms, telerehabilitation, wearable devices, and robotic solutions.”®
These technologies can provide real-time feedback, monitor exercise performance, detect compensatory movement
patterns, and support home-based or remote rehabilitation. They may help shift musculoskeletal rehabilitation from
a therapist-dependent and episodic model toward a more continuous, data-driven, and patient-centered care pathway.

This narrative review summarizes recent advances in Al applications in musculoskeletal management, with
a particular focus on rehabilitation. Unlike prior reviews that often focus on a single technical domain or a specific
rehabilitation modality, this review emphasizes the integration of surgical decision support, rehabilitation technologies,
and remote functional assessment within a unified musculoskeletal framework. We first introduce the foundational
concepts of Al then discuss its role in musculoskeletal rehabilitation and orthopedic decision-making, and finally

examine current limitations and future directions for clinical translation.

Literature Search Strategy
In PubMed, we conducted a combined keyword search using terms including “artificial intelligence”, “machine learn-
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ing”, “deep learning”, “computer vision”, “large language models”, “wearable sensors”, “mobile applications”, “robotic
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exoskeletons”, “tele-rehabilitation”, “musculoskeletal rehabilitation”, “orthopedic rehabilitation”, “osteoarthritis”, “joint
arthroplasty”, “arthroscopy”, and “postoperative rehabilitation”. The initial search retrieved 213 articles. After screening
the titles and abstracts, 112 articles were considered relevant to this review. Finally, 78 articles were included in this

narrative review.

Overview of Artificial Intelligence

Al Fundamentals and Evolution

Artificial intelligence refers to computational approaches that enable pattern recognition, prediction, and decision-making
from complex data. In medical and rehabilitation contexts, Al mainly includes machine learning, deep learning, computer
vision, natural language processing, and sensor-based analytics.>>'" These technologies can process imaging data,
clinical records, patient-reported outcomes, and movement signals to generate clinically useful information.

Machine learning uses algorithms to identify relationships within data and support tasks such as disease classification,
outcome prediction, and risk stratification. Common learning strategies include supervised learning, unsupervised
learning, and reinforcement learning. Deep learning, as a subfield of machine learning, uses multilayer neural networks
and is particularly useful for image analysis, motion recognition, and automated feature extraction."’

In musculoskeletal rehabilitation, computer vision enables markerless movement assessment, joint angle measure-
ment, gait analysis, and exercise monitoring, while natural language processing may support patient education, symptom
tracking, and conversational guidance. Together, these Al technologies provide the technical foundation for individua-

lized rehabilitation planning, real-time feedback, and remote functional monitoring.'***
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Figure | Overview of Artificial Intelligence Applications in Medicine.

Al in Medicine: Diagnostic and Therapeutic Applications
Al has been increasingly applied across medical disciplines for diagnosis, prediction, monitoring, and clinical decision

16-18 and cardiovascular medicine,” Al tools have demon-

support. In diagnostic imaging, pathology,'> anesthesiology,
strated strong performance in identifying critical conditions, quantifying disease severity, and assisting in real-time
monitoring. These systems can analyze different types of clinical data, including medical images, vital signs, and
histopathological slides, and may assist clinicians in identifying relevant diagnostic or prognostic information (Figure 1).

These advances have reshaped workflows in radiology,'® oncology,'® and surgical medicine, enabling earlier detection
of disease, individualized treatment planning, and outcome forecasting. Notably, the core functions of Al—automatic
classification, pattern recognition, and risk prediction—are also highly applicable to musculoskeletal disease
management.

In orthopedics, Al has emerged as a valuable tool for automating fracture classification, evaluating implant position-
ing, and predicting surgical outcomes. More recently, its integration into postoperative rehabilitation has expanded
through the development of intelligent recovery plans, wearable monitoring, and computer vision—based movement
analysis. These innovations enable personalized rehabilitation while reducing reliance on in-person supervision.>’

Given the chronic nature of many musculoskeletal conditions and the demand for long-term functional recovery, Al
presents significant potential to bridge the gap between diagnosis, treatment, and rehabilitation. The following sections of
this review will delve into how Al is transforming musculoskeletal care—particularly in surgery support, individualized

rehabilitation strategies, and remote functional assessment.
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Musculoskeletal Rehabilitation

Definition and Classification: Conservative vs Perioperative

Rehabilitation for musculoskeletal diseases encompasses both conservative (non-surgical) and postoperative interven-
tions, each tailored to the patient’s clinical condition, functional goals, and stage of disease. Conservative rehabilitation
focuses on delaying disease progression, relieving symptoms, and improving joint function through therapeutic exercise,
physical modalities, and activity modification.”' This approach is commonly used in early-stage osteoarthritis, soft tissue
injuries, or for patients who are not surgical candidates.**

In contrast, perioperative rehabilitation focuses on optimizing patient outcomes throughout the entire surgical
continuum, encompassing preoperative, intraoperative, and postoperative phases. Preoperative interventions aim to
enhance physical fitness, educate patients on surgical expectations, and reduce anxiety, while intraoperative strategies
may include positioning and protective measures to minimize tissue stress. Postoperative rehabilitation transitions into
protocols emphasizing early protection, progressive mobilization, muscle strengthening, and return-to-activity training.*?
The choice of rehabilitation strategy is influenced by factors such as surgical procedure, joint involved, patient
comorbidities, and individual recovery goals.**

Both conservative and postoperative rehabilitation share a common emphasis on individualized care and functional
restoration. With the growing complexity of rehabilitation protocols and the need for personalized adjustment, integrating
Al technologies—such as motion analysis, data-driven exercise progression, and real-time patient monitoring—presents
a promising opportunity to optimize rehabilitation outcomes across the care continuum.

Role of Surgery and Rehabilitation Interplay

In the management of musculoskeletal diseases, surgical intervention and rehabilitation are deeply interconnected,
forming a dynamic continuum rather than separate, sequential steps. Surgery aims to correct structural abnormalities,
alleviate pain, and restore anatomical alignment, while rehabilitation ensures the functional translation of surgical
outcomes into real-world mobility, strength, and quality of life. Without structured rehabilitation, surgical outcomes
may be compromised by muscle atrophy, joint stiffness, or suboptimal biomechanical adaptations.

Among surgical approaches, arthroscopic surgery has become a preferred minimally invasive technique for managing
intra-articular pathologies of the knee, shoulder, hip, and elbow. It enables real-time visualization and targeted interven-
tion with minimal soft tissue disruption. Indications include meniscal tears, ligament injuries, cartilage lesions, and
inflammatory joint conditions. Compared with open surgery, arthroscopy is associated with faster postoperative recovery,
lower pain levels, and shorter hospitalization.>*®

Joint replacement surgery, most commonly involving the hip and knee, is the standard of care for advanced
degenerative joint diseases such as osteoarthritis and rheumatoid arthritis. It involves excising diseased joint surfaces
and implanting prosthetic components composed of metal alloys, polyethylene, or ceramics. Advancements in prosthetic
design, surgical technique, and perioperative care have led to increased implant longevity, reduced complication rates,
and enhanced postoperative functional recovery.”’

Rehabilitation Advances in Joint Surgery

With the global increase in arthroscopic and joint replacement procedures, rehabilitation strategies for musculoskeletal
diseases have progressed significantly. Arthroscopic surgery, utilizing minimally invasive techniques, offers advantages
in reducing surgical trauma and accelerating early recovery. Meanwhile, joint replacement surgery—primarily involving
the hip and knee—provides effective symptom relief and functional restoration for patients with advanced joint
degeneration. This section summarizes representative rehabilitation principles across major joints and highlights where
Al may support protocol individualization, remote monitoring, and progression assessment (Figure 2).

Shoulder Joint

Postoperative rehabilitation following rotator cuff repair or total shoulder arthroplasty has been extensively studied, yet
significant variations remain in immobilization duration, the initiation of active movement, and the progression of
weight-bearing activities. The American Society of Shoulder and Elbow Therapists (ASSET) recommends strict shoulder
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Figure 2 Conventional vs Al-Enabled Rehabilitation Pathways After Joint Surgery. Icons adapted from Flaticon:https://www.flaticon.com.

immobilization for the first two weeks postoperatively, followed by phased passive range of motion (ROM) exercises.
Active ROM is introduced around six weeks, with strengthening exercises beginning at twelve weeks.”® McBroom et al
proposed an accelerated protocol that initiated passive and active-assisted ROM between weeks 2 and 4, and active ROM
between weeks 4 and 6, with strengthening added between weeks 6 and 8. This approach, which discontinued sling use
earlier than standard protocols, resulted in superior ROM at both 6 weeks and 3 months postoperatively.”” For SLAP
lesions, rehabilitation typically includes a short protective phase followed by progressive ROM restoration and strength-
ening, with progression individualized according to surgical findings and tissue healing.*® In parallel, Al-based vision
ROM tracking may help quantify shoulder motion and facilitate remote supervision with real-time exercise quality
feedback.

Elbow Joint

Rehabilitation after medial collateral ligament (MCL) repair or reconstruction requires careful protection and profes-
sional supervision. In the early phase, valgus stress must be avoided to protect healing tissues. A hinged elbow brace is
worn at 90° flexion during the first two weeks, followed by gradual passive and active ROM exercises until full flexion
and extension are restored. Brace removal and return-to-throwing timelines differ between repair and reconstruction, with
reconstruction generally requiring longer protection and a slower progression back to sport.*! Lihua et al demonstrated
that combining early continuous passive motion (¢CPM) with physical therapy (PT) significantly improves ROM and
Mayo Elbow Performance Scores (MEPS) at multiple postoperative intervals compared to PT alone. A greater proportion
of patients also achieved functional flexion (=130°), supporting eCPM as a beneficial adjunct to conventional
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rehabilitation.®” In this context, wearable sensors and computer vision (CV) may help monitor brace compliance and
detect potentially excessive valgus loading, supporting safer decisions on throwing readiness.

Hip Joint

For femoroacetabular impingement (FAI), conservative management and postoperative rehabilitation both emphasize hip
strength, dynamic stability, and restoration of functional range of motion, with surgery generally reserved for patients
who do not respond adequately to structured nonoperative treatment.**>* Postoperative rehabilitation after hip arthro-
scopy typically focuses on pelvic control, hip strength, motor control, and restoration of functional ROM.?” In hip
replacement surgery, Suetta et al showed that early supervised progressive resistance training improves hip strength and
gait performance. Beginning exercises—like leg press and hip abductor training—within one week and continuing for
four weeks led to sustained benefits over 12 months.*® Busato et al highlighted the effectiveness of combining fascial
manipulation with standard PT, which significantly enhanced ROM and Harris Hip Scores within 10 days
postoperatively.>” Di Monaco et al further emphasized the importance of ongoing rehabilitation beyond week six,
including whole-body resistance training to improve gait speed, balance, and perceived independence.*® Emerging Al-
based gait analysis may further support adaptive training strategies and telerehabilitation coaching after hip arthroscopy
or total hip arthroplasty.

Knee Joint

Early rehabilitation after anterior cruciate ligament (ACL) reconstruction emphasizes pain control, recovery of range of
motion, and quadriceps reactivation to support functional restoration and safe return to activity.>® After meniscal repair,
rehabilitation generally follows a protected, milestone-based progression that balances tissue healing with gradual
recovery of motion, strength, and function.*® Similarly, rehabilitation after major ligament repair or reconstruction,
including medial collateral ligament injuries, requires staged progression based on healing status, knee stability, and
recovery milestones.*' After total knee arthroplasty (TKA), early quadriceps weakness remains a major barrier to
recovery, making progressive strengthening a central component of postoperative rehabilitation.** Additional modalities,
including cycling-based exercise and sensorimotor training,*> may further improve range of motion, balance, gait, and
overall functional recovery. Al tools may assist in movement symmetry scoring, support progression decisions, and
contribute to postoperative risk stratification after ACL reconstruction or total knee arthroplasty (TKA).

Ankle Joint

Grade I and II lateral ligament tears are typically managed non-surgically using the RICE protocol (Rest, Ice,
Compression, Elevation) and short-term immobilization. Early ROM and neuromuscular training reduce stiffness and
promote function. Proprioceptive training (eg, balance boards) begins around week 34 to improve joint stability.**
Previous studies have suggested that functional rehabilitation may provide favorable outcomes compared with prolonged
immobilization or surgical treatment in selected patients with lateral ankle ligament injuries.*> Several meta-analyses also
supported functional rehabilitation over casting, noting better outcomes and lower costs.*®*” Al-enabled balance tracking
may provide stability feedback and support home-based rehabilitation, particularly during proprioceptive and neuromus-

cular retraining.

Future Integration with Al

While current rehabilitation protocols following arthroscopic and joint replacement surgeries are effective and evidence-
based, they are often generalized and labor-intensive. These existing protocols provide a useful framework for introdu-
cing Al-assisted monitoring and individualized adjustment. Personalized training plans, real-time motion tracking,
intelligent feedback, and adaptive progression systems powered by Al could elevate conventional rehabilitation to
a more precise, efficient, and accessible level. Future work should focus on embedding Al technologies into validated
clinical protocols to bridge the gap between evidence-based rehabilitation and intelligent, patient-specific care.
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Integration of Al into Musculoskeletal Disease Management

As musculoskeletal diseases become increasingly prevalent and complex, there is a growing demand for scalable,
precise, and patient-specific solutions in both diagnosis and rehabilitation. Al, with its capacity to analyze large volumes
of multimodal data and derive actionable insights, offers a compelling opportunity to enhance the continuum of care in
bone and joint disease management. This section explores the current and emerging roles of Al across key domains,
including surgical decision support and intelligent rehabilitation.

Al in Orthopedic Surgery and Clinical Decision Support

Al has been increasingly explored in orthopedic surgery for preoperative planning, intraoperative guidance, and post-
operative evaluation. Machine learning algorithms are increasingly used to classify fractures, detect joint degeneration,
and assist in implant selection based on imaging modalities such as X-rays, CT, and MRI. Recent imaging-based studies
have further reinforced this role; for example, deep learning models applied to knee radiographs have shown strong
performance in osteoarthritis severity classification, supporting Al-assisted imaging assessment in clinically relevant
decision-making. Intraoperatively, Al-assisted robotic platforms and 3D modeling technologies may support surgical
guidance and anatomical reconstruction. Al has also played a role in prosthetic design by optimizing implant geometry
and materials for improved biomechanical performance and durability. For instance, Bi et al demonstrated that Al-
assisted 3D motion simulation in patients with elbow osteoarthritis helped identify osteophyte impingement and guide
resection planning.*® Similarly, Jeung et al developed an augmented reality-based surgical guidance approach for wrist
arthroscopy with bone-shift compensation, supporting more accurate arthroscopic navigation.*’

Beyond image analysis and robotic assistance, large language models (LLMs) have introduced new possibilities for
orthopedic decision support, patient education, and clinical information synthesis. These models can integrate patient
histories, imaging findings, and guideline-based knowledge to generate preliminary recommendations, particularly in
common musculoskeletal conditions involving the knee and shoulder. In a comparative evaluation of ChatGPT-3.5,
ChatGPT-4, and Google Bard, ChatGPT-4 demonstrated the best performance in orthopedic clinical decision-making,
achieving 76.3% accuracy within a 10% deviation margin and 86.6% within a 20% deviation margin.’® Although these
results suggest that LLMs may be useful for standardized reasoning tasks, their current limitations in autonomy, clinical
depth, and guideline concordance indicate that they should be regarded as adjunctive tools rather than independent
decision-makers. Further development of domain-specific models and integration with validated medical knowledge
bases may improve their reliability in orthopedic practice.

However, the performance of LLMs varies substantially across orthopedic tasks.’® While some reports have shown
reasonable performance in MRI-based interpretation and preoperative patient education, others have identified limited
concordance with guideline-based treatment recommendations and reduced reliability in complex or nuanced clinical
scenarios.”' >* Taken together, the current evidence supports the use of LLMs as supplementary tools for communication,
report interpretation, and preliminary information synthesis, but not as stand-alone systems for orthopedic decision-
making.

Al in Musculoskeletal Rehabilitation

Traditional rehabilitation often suffers from limited personalization, delayed feedback, and heavy reliance on manual
supervision—challenges that hinder efficient, adaptive recovery.” The integration of Al into rehabilitation practice may
help address these problems by enabling real-time data analysis, remote monitoring, and more individualized training
programs.

Al-assisted systems may extend rehabilitation beyond hospital visits by supporting home-based monitoring, feedback,
and follow-up. These technologies may improve rehabilitation accessibility and provide additional support for clinicians,
particularly in home-based or remote settings. Key application areas include conversational agents for patient interaction,
robotic exoskeletons for assisted mobility, gamified rehabilitation for engagement, and computer vision for movement
assessment (Figure 3).
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Figure 3 Applications and underlying technologies of artificial intelligence in musculoskeletal rehabilitation.

Al-Enabled Mobile Applications and Conversational Support

Al-powered mobile applications are playing an increasingly important role in musculoskeletal rehabilitation by enabling
real-time monitoring, personalized guidance, and adaptive intervention. Depending on the design, these platforms may
incorporate wearable sensors, automated feedback, reminder systems, or conversational interfaces to support exercise
guidance and patient adherence beyond clinical settings. These applications can be broadly grouped into three categories:
self-management platforms for chronic musculoskeletal pain, osteoarthritis-focused exercise applications, and post-
operative digital rehabilitation systems.

Among the first category, MyBehaviorCBP,>> SELFBACK,>® and Secaide,”’ illustrate how Al-enabled mobile
platforms can support chronic pain self-management through activity monitoring, adaptive exercise recommendation,
and behavior-oriented prompting. These systems aim to improve adherence and extend rehabilitation beyond conven-
tional clinical settings.

In osteoarthritis-focused rehabilitation, applications such as Rak Kao®® and Dr. Bart® provide personalized exercise
guidance, symptom monitoring, and behavior-based support for patients with knee or hip osteoarthritis. Collectively,
these applications highlight the value of Al in improving exercise accuracy, patient engagement, and day-to-day self-
management.

For postoperative rehabilitation, digital platforms such as SWORD Health® combine wearable motion sensors with
Al-driven biofeedback to support home-based recovery after orthopedic procedures such as total knee arthroplasty. This
category is particularly relevant to remote rehabilitation because it links continuous monitoring with individualized

exercise progression.
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Overall, Al-enabled mobile applications demonstrate the potential of digital rehabilitation tools to improve precision,
promote engagement, and expand access to care, particularly in chronic disease management and postoperative recovery.

Al-Powered Robotic Exoskeletons

Robotic exoskeletons represent a major advancement in physical rehabilitation, particularly when integrated with Al-
enabled control systems. These wearable devices provide mechanical assistance and real-time sensor-driven feedback,
enabling personalized support for patients with joint degeneration, post-surgical limitations, or motor impairments.®!

Keeogo,** for example, is a lower-limb exoskeleton equipped with Al-based gait analysis that adjusts support
intensity dynamically based on knee biomechanics. In a randomized crossover study, users demonstrated improved
functional performance in the 6-Minute Walk Test, TUG test, and stair climbing, as well as increased daily activity
during home use. Similarly, single-joint exoskeletons targeting the hip joint, as studied by Mahla et al, have shown
significant improvements in stride length, cadence, and oxygen efficiency, emphasizing their value in optimizing energy
expenditure and gait symmetry.®’

Following total knee arthroplasty (TKA), Al-powered robotic rehabilitation systems have been shown to accelerate
recovery by restoring joint range of motion and muscle strength. A systematic review by Wu et al found that robotic-
assisted rehabilitation (RAR) outperformed conventional therapy in improving ROM, functional scores, and hospital
discharge readiness.®* Likewise, Japan’s Hybrid Assistive Limb (HAL-SJ) system uses bioelectrical signals (BESs) to
synchronize robotic knee movement with patient intent.°> In controlled trials, HAL-SJ demonstrated superior gains in
active ROM, muscle strength, and reduced postoperative pain when compared to standard care. The system has also been
adapted for ACL reconstruction®® and total hip arthroplasty (THA),®” showing significant improvements in gait
mechanics, neuromuscular control, and functional mobility across multiple clinical trials.

By continuously monitoring gait patterns, detecting deviations, and adjusting mechanical output in real time, Al-
enhanced exoskeletons may provide targeted, adaptive therapy. In home rehabilitation, they provide quantifiable activity
tracking and feedback, enabling safer, more autonomous recovery. As evidence grows, these systems may become
valuable adjuncts for joint-specific rehabilitation, helping patients regain mobility and independence while reducing
clinician workload and the risk of secondary injury.

Gamified Rehabilitation and Virtual Environments

Gamified rehabilitation leverages interactive video game platforms to enhance engagement, adherence, and functional
outcomes. These systems offer a more enjoyable alternative to traditional exercise by transforming rehabilitation into an
interactive experience—particularly valuable for home-based or elderly patient populations.®®

One of the most widely studied platforms is the Nintendo Wii, originally popularized in neurological rehabilitation.®’
In orthopedic care, Wii Fit and Wii Fit U have been adapted for post-operative and chronic musculoskeletal rehabilita-
tion. Negus et al introduced TKR-POWER, a motion-controlled platform combining Wii Fit, balance boards, and motion
sensors for total knee replacement (TKR) recovery.”’ In a randomized trial, patients in the Wii group demonstrated
superior improvements in muscle strength, joint flexibility, and gait performance compared to those undergoing standard
rehabilitation.

Recent advances have integrated Al into these gamified systems to enhance motion tracking, postural assessment, and
feedback accuracy. For example, an Al-assisted Wii Fit platform was evaluated in a randomized controlled trial for
patients with ankle sprains.”’ While all groups improved, the Al-enhanced Wii Fit group showed favorable trends in pain
relief and functional performance, offering a cost-effective, engaging alternative to conventional therapy. Another study
explored Wii Fit U for elderly individuals with chronic low back pain. Over eight weeks, participants experienced short-
term improvements in pain and function, although long-term psychosocial outcomes remained unchanged—suggesting
that game-based rehabilitation may benefit from complementary interventions for comprehensive care.”

These findings illustrate the potential of gamified rehabilitation—especially when enhanced by Al—to improve
motivation, increase adherence, and support remote or underserved populations. While not a complete substitute for
therapist-guided care, such platforms are increasingly valuable as adjunct tools within multimodal rehabilitation
frameworks.
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Computer Vision and Remote Movement Assessment

Computer vision (CV), a core domain of Al, has become an important approach for rehabilitation assessment by enabling
non-contact, real-time motion analysis using standard cameras or depth sensors.”” Markerless CV systems are increas-
ingly replacing traditional marker-based motion capture, offering scalable, accessible alternatives for clinical and home-
based rehabilitation.”

Modern CV systems typically comprise four components: a camera (eg, RGB or depth), a body model, image
processing modules, and Al algorithms. Deep learning networks—especially convolutional neural networks (CNNs)—
allow precise joint localization, pose estimation, and action recognition. These systems can evaluate joint angles, gait
mechanics, and compensatory movements in both simple (eg, knee flexion) and complex tasks (eg, squatting, walking),
delivering real-time feedback to patients and clinicians.’*

Clinical applications are rapidly expanding. Xu et al proposed a randomized controlled pilot trial to evaluate
a computer vision-based exercise management system for patients with knee osteoarthritis.”> Wang et al designed
a prospective randomized controlled trial to assess a digital rehabilitation program based on computer vision and
augmented reality for isolated meniscus injury.’® Similarly, Mennella et al developed a deep learning—based CV system
for elderly postoperative patients using a 2D pose estimation model (eg, MoveNet) to monitor ROM and detect improper
movements. The system provided real-time corrective feedback, enhancing safety and self-management.”’

In shoulder rehabilitation, Ramkumar et al validated an Al-enabled motion analysis SDK using consumer smart-
phones and wearables. The system accurately measured shoulder ROM compared to manual goniometers, demonstrating
potential for remote monitoring and reducing clinic visits.”®

Together, these CV-based systems may improve the accessibility and objectivity of rehabilitation assessment by
supporting automated movement analysis, feedback, and remote monitoring. Particularly suited for home use and aging
populations, they empower patients while optimizing clinician oversight and resource allocation.

Future Perspectives and Challenges
The Expanding Role of Al in Musculoskeletal Rehabilitation

Al may play an increasing role in musculoskeletal rehabilitation by helping clinicians monitor recovery more continu-
ously and adjust rehabilitation programs more flexibly. Conventional rehabilitation mainly relies on scheduled clinical
visits and therapist-based assessment, which may not fully capture day-to-day changes in pain, joint mobility, muscle
strength, gait pattern, and exercise adherence. By integrating data from mobile applications, wearable sensors, robotic
systems, and computer vision platforms, Al may enable more timely evaluation of functional recovery and individualized
adjustment of rehabilitation programs.

Future Al-assisted rehabilitation may extend beyond simple exercise monitoring toward risk stratification, prediction
of recovery trajectories, and early detection of patients who require additional intervention. Longitudinal data, including
range of motion, movement symmetry, activity level, pain scores, and patient-reported outcomes, could be analyzed
together to generate adaptive rehabilitation recommendations. This approach may be especially useful after arthroscopy,
ligament reconstruction, joint replacement, and in chronic musculoskeletal diseases such as osteoarthritis.

Importantly, Al should be viewed as a supportive tool rather than a replacement for clinicians or therapists. By
enabling closed-loop monitoring, real-time feedback, and remote supervision, Al may help extend professional rehabi-
litation guidance beyond the hospital and improve the precision, accessibility, and continuity of musculoskeletal
rehabilitation.

Technical and Translational Challenges
Despite significant progress, the implementation of Al in musculoskeletal rehabilitation still faces critical technical and
translational barriers that limit its scalability, clinical reliability, and user adoption—particularly among older adults and
patients recovering from joint surgeries.

A primary limitation lies in system usability. Many Al-powered platforms lack intuitive interfaces, voice navigation,
or conversational support, which can hinder engagement, especially in elderly populations with limited digital literacy.
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Overly complex app interactions, inconsistent feedback delivery, and visually dense dashboards often result in reduced
user confidence and declining adherence over time.

Technical stability is another concern. Al-enhanced mobile applications and exoskeletons frequently depend on high-
performance hardware or constant internet connectivity. Latency, motion capture inaccuracies, or power limitations can
compromise real-time feedback and limit the safe execution of rehabilitation exercises—particularly in unsupervised
home environments. Similarly, robotic systems, while promising, often suffer from excessive weight, limited battery life,
and mechanical rigidity, restricting their prolonged use and clinical practicality.

On the algorithmic side, most current Al models are trained on relatively narrow datasets that fail to capture the
diversity of functional impairments, body types, or movement compensation strategies seen in real-world orthopedic
populations. This limits generalizability and increases the risk of inappropriate recommendations. Moreover, wearable
sensors and motion capture tools often function as passive data collectors, providing visualizations without meaningful
interpretation or adaptive decision support.

From a clinical perspective, many systems lack dynamic adaptability. Rehabilitation content is often standardized and
static, unable to evolve with a patient’s changing capabilities. Multimodal data streams—such as joint ROM, pain scores,
gait patterns, and muscle activation signals—are rarely integrated to provide holistic, context-aware feedback. These gaps
prevent Al systems from delivering truly individualized, responsive rehabilitation care.

Addressing these challenges will require not only technological refinement but also stronger collaboration across
clinicians, engineers, and interface designers. Without such integration, Al will remain a promising—but underutilized—
tool in musculoskeletal rehabilitation.

Strategic Directions for Future Development

Realizing the full potential of Al in musculoskeletal rehabilitation will depend on the development of scalable,
interoperable, and clinically validated systems that can adapt to individual needs while remaining feasible within real-
world healthcare settings.

First, future development should focus on lightweight, edge-compatible Al models capable of running efficiently on
consumer-grade devices. This would enable real-time, on-device processing of motion data, reducing dependence on
constant internet access and cloud computing. Integration with embedded systems—such as wearables, smartphones, and
exoskeleton controllers—will facilitate uninterrupted feedback and enhance safety during unsupervised training sessions.

Second, future systems should better integrate multiple sources of rehabilitation data. Combining motion tracking,
surface electromyography (SEMQG), pressure sensors, and pain self-report tools into a unified framework can allow for
comprehensive monitoring of musculoskeletal function. Al algorithms should be designed to fuse these data streams,
enabling predictive alerts, adaptive workload modulation, and early identification of maladaptive movement patterns.

Third, personalization should move beyond simple adjustment of exercise intensity or duration. Systems must learn from
longitudinal recovery trajectories, user-specific biomechanics, and psychological engagement signals to continuously optimize
rehabilitation intensity, progression, and content relevance. Behavioral reinforcement mechanisms—such as gamification and
reward-based feedback—should be dynamically tuned to individual motivation patterns to promote long-term adherence.

On the clinical side, large-scale, multicenter randomized controlled trials (RCTs) are essential to validate Al-assisted
rehabilitation protocols across diverse orthopedic populations and surgical contexts. These studies should include aging
populations, comorbidity profiles, and post-arthroplasty cohorts, with outcomes that extend beyond function to include
quality of life, healthcare cost reduction, and patient-reported satisfaction.

Finally, cross-disciplinary collaboration will be pivotal. Engineers, clinicians, data scientists, and rehabilitation
specialists must co-develop systems that meet both technical feasibility and clinical relevance. Establishing standardized
protocols for data interoperability, algorithm transparency, and regulatory compliance will be vital to promoting
integration into mainstream musculoskeletal care.

Overall, continued advances in model design, multimodal data integration, and clinical validation may enable Al to
support more predictive, personalized, and scalable musculoskeletal rehabilitation.
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