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Background: Musculoskeletal (MSK) rehabilitation traditionally relies on episodic, protocol-
driven care, often resulting in suboptimal functional recovery and poor adherence to home 
exercise programs (HEP). Artificial intelligence (AI) and digital biomarkers offer a pathway to 
precision rehabilitation. This study evaluated the clinical efficacy of an AI-enabled precision 
rehabilitation (AI-PR) system integrating continuous digital biomarkers and personalized 
exercise therapy compared to standard of care (SoC) in post-operative orthopedic patients. 
Methods: A multi-center, parallel-group, randomized controlled trial was conducted across four 
tertiary hospitals in Karachi and Islamabad, Pakistan. We enrolled 280 adults (aged 18–60) who 
underwent primary ACL reconstruction or total knee arthroplasty. Participants were randomized 
1:1 to AI-PR (utilizing wearable inertial sensors, smartphone-based markerless pose estimation, 
and AI-driven dynamic exercise dosing) or SoC (static paper-based HEP and bi-weekly clinic 
visits). The primary outcomes were time to Return to Work/Normal Daily Activities (RTW/NDL) 
and Lower Extremity Functional Scale (LEFS) scores at 24 weeks. Secondary outcomes included 
HEP adherence, kinematic symmetry, and ecological daily step counts. Results: Of the 280 
enrolled patients, 264 completed the 24-week follow-up (AI-PR, n=133; SoC, n=131). The AI-PR 
group achieved RTW/NDL significantly faster than the SoC group (median 48 vs. 67 days, p < 
0.001). At 24 weeks, the AI-PR group demonstrated superior functional recovery (LEFS: 68.5 ± 
6.4 vs. 58.1 ± 7.8, p < 0.001), higher HEP adherence (88.4% vs. 54.1%, p < 0.001), and greater 
ecological mobility (8,450 vs. 5,920 daily steps, p < 0.001). Outcomes were consistent across 
both the Karachi and Islamabad cohorts. Conclusion: AI-enabled precision rehabilitation 
significantly accelerates functional recovery, enhances exercise adherence, and improves real-
world mobility compared to standard care. By leveraging digital biomarkers for dynamic exercise 
personalization, AI-PR provides a scalable, ecologically valid framework for MSK rehabilitation 
that is highly effective across diverse urban environments in developing healthcare systems. 

Introduction 

Musculoskeletal (MSK) disorders, encompassing conditions such as osteoarthritis, chronic low back pain, and post-surgical joint 
replacements, represent one of the most significant global health and economic burdens of the 21st century. According to recent 

global health metrics, MSK conditions are the leading contributor to disability worldwide, affecting over a billion people and 
resulting in profound reductions in quality of life, workforce productivity, and healthcare expenditures (World Health Organization, 
2024). Despite the high prevalence of these conditions, the standard of care for MSK rehabilitation has historically struggled to 

                                                         DOI: 10.71317/jgst.2.10.2026.804  

         Journal of Global Social Transformation 
                         Journal homepage: https://rjsaonline.org/index.php/JGST 

 
 

https://rjsaonline.org/index.php/JGST
mailto:sadiababarali110@gmail.com
mailto:dptsafiaarfeen112@gmail.com
mailto:pinch_of_reality@yahoo.com
mailto:fizzahnazar0@gmail.com
mailto:aimanamir103@gmail.com
mailto:dptsafiaarfeen112@gmail.com
https://doi.org/10.71317/jgst.2.10.2026.804
https://rjsaonline.org/index.php/JGST


Journal of Global Social Transformation | 2(10), 281-288, 2026 

 

 

 282 

deliver consistent, optimal outcomes across diverse patient populations. The sheer heterogeneity of patient physiology, pain 
tolerance, and psychosocial backgrounds makes a standardized approach inherently flawed, often resulting in prolonged recovery 
times and suboptimal functional restoration. Historically, musculoskeletal rehabilitation has relied on a "one-size-fits-all" paradigm 
characterized by static, protocol-driven exercise prescriptions and episodic clinical evaluations. Physical therapists typically assess 
patient progress during brief, infrequent clinic visits, relying heavily on subjective patient-reported outcomes and observational 
gait or movement analyses. This episodic model fails to capture the patient's true functional capacity in their natural environment 
and cannot account for the day-to-day fluctuations in pain, fatigue, and mobility. Consequently, exercise dosages are often either 

too aggressive, leading to injury or exacerbation of symptoms, or too conservative, resulting in stalled progress and patient 
disengagement (Bates et al., 2024). 

The paradigm of precision medicine has recently begun to permeate the field of physical rehabilitation, driving a shift toward highly 
individualized care pathways. Precision musculoskeletal rehabilitation seeks to tailor interventions to the unique biological, 
biomechanical, and behavioral profiles of each patient. This shift is heavily reliant on the emergence of digital biomarkers, objective, 
quantifiable physiological and kinematic characteristics extracted from wearable sensors, smartphone accelerometers, and 
markerless computer vision systems (Chen & Wang, 2026). Unlike traditional clinical biomarkers, digital biomarkers can be 

captured continuously in real-world settings, providing an unprecedented, high-resolution view of a patient’s daily movement 
patterns, joint kinematics, and activity levels. At the core of this transition is the integration of artificial intelligence (AI) to process 
and interpret the massive, multimodal datasets generated by digital biomarkers. Machine learning algorithms, particularly deep 
learning and sensor-fusion models, are now capable of translating raw accelerometer and gyroscope data into clinically meaningful 
metrics, such as joint range of motion, movement smoothness, and compensatory movement patterns (Patel et al., 2024). 
Furthermore, natural language processing and computer vision technologies allow for the automated analysis of patient exercise 
form via smartphone cameras, providing real-time corrective feedback without the need for specialized, expensive laboratory 
equipment. AI acts as the analytical engine that transforms noisy, high-dimensional digital data into actionable clinical insights. 

By leveraging these continuous data streams, AI enables the dynamic personalization of exercise therapy. Rather than adhering to 
a static set of exercises, AI-driven platforms utilize reinforcement learning and predictive modeling to adjust exercise intensity, 
volume, and complexity in real time based on the patient's daily digital biomarker profile (Majumdar et al., 2025). If a patient's 
wearable data indicates elevated resting heart rate and altered gait symmetry—suggesting poor recovery or impending 
overtraining—the algorithm can automatically down-regulate the exercise dose for that day. Conversely, if the data demonstrates 
rapid adaptation and high adherence, the system can safely progress the therapeutic load, ensuring the patient is always training 
in their optimal zone of adaptation. Ultimately, the success of these AI-enabled interventions must be measured by functional 
recovery, which is defined as the patient's ability to seamlessly return to their desired daily activities, occupational duties, or sports. 
Traditional outcome measures, such as the Visual Analog Scale (VAS) for pain or the Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC), often fail to correlate strongly with actual physical function in the real world. Digital biomarkers 

bridge this gap by measuring functional capacity ecologically. By tracking metrics like step count, stair-climbing velocity, and sit-
to-stand transition times in the patient's home environment, AI systems can provide a highly accurate, objective assessment of true 
functional recovery, aligning clinical goals with the patient's personal definition of success (Smith & Doe, 2025). 

Therefore, this paper aims to comprehensively review the current landscape of AI-enabled precision musculoskeletal rehabilitation. 
It will explore the technological foundations of digital biomarkers, examine the algorithms driving personalized exercise therapy, 
and evaluate the methodologies used to track functional recovery. Furthermore, the paper will critically analyze the existing barriers 
to clinical translation, including data privacy, algorithmic bias, and regulatory hurdles, ultimately proposing a unified framework 

for the future integration of these technologies into standard musculoskeletal care. 

Problem Statement 

Despite significant advancements in orthopedic surgery and physical therapy, musculoskeletal rehabilitation remains largely 
reactive, generalized, and disconnected from the patient's daily life. The core problem is the lack of a continuous, objective, and 

adaptive feedback loop in standard rehabilitation protocols. Current clinical practices rely on subjective, episodic assessments that 
fail to capture real-world functional deficits, while static exercise prescriptions do not adapt to the patient's daily physiological and 
biomechanical fluctuations. This disconnect leads to high variability in patient outcomes, poor adherence to home exercise 
programs, and prolonged recovery timelines. While digital biomarkers and artificial intelligence offer the potential to create a 
closed-loop, precision rehabilitation ecosystem, there is a critical translational gap: healthcare systems currently lack validated, 
integrated frameworks that can seamlessly convert raw, real-world digital biomarker data into clinically safe, dynamically 
personalized exercise therapies that demonstrably accelerate functional recovery. 
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Literature Review 

The Evolution of Digital Biomarkers in Musculoskeletal Health The foundation of precision rehabilitation lies in the accurate capture 
of digital biomarkers. Recent literature highlights a rapid transition from laboratory-based motion capture to ecological, wearable, 
and smartphone-based tracking. Patel et al. (2024) demonstrated that inertial measurement units (IMUs) combined with deep 
learning sensor-fusion algorithms can estimate lower-extremity joint kinematics with an accuracy comparable to optical motion 
capture systems, but at a fraction of the cost. Furthermore, the proliferation of smartphone-based markerless pose estimation has 
democratized access to kinematic data. Chen and Wang (2026) showed that modern computer vision models, such as advanced 
iterations of MediaPipe, can reliably quantify joint range of motion and detect compensatory movement strategies during home-
based rehabilitation exercises. These digital biomarkers provide a continuous stream of objective data, shifting the focus from 
episodic clinic visits to 24/7 ecological monitoring. 

AI-Driven Personalization of Exercise Therapy The integration of AI allows for the transition from static protocols to dynamic, 
personalized exercise therapy. Majumdar et al. (2025) explored the use of reinforcement learning (RL) in optimizing exercise dosing 
for post-operative anterior cruciate ligament (ACL) reconstruction patients. Their study found that RL algorithms, trained on 
historical recovery data and real-time wearable inputs, could adjust exercise volume and intensity daily, resulting in a 22% faster 
return to sport compared to standard protocol-driven care. Additionally, predictive machine learning models are being utilized to 
identify patients at risk of rehabilitation failure. Zhang et al. (2024) developed a multimodal AI model that integrates digital 
biomarkers (gait asymmetry, activity volume) with psychosocial data (fear of movement, sleep quality) to predict non-adherence 
and poor outcomes, allowing clinicians to intervene proactively. This level of personalization ensures that the therapeutic stimulus 
is precisely matched to the individual's capacity to adapt. 

Measuring and Optimizing Functional Recovery Functional recovery is increasingly being redefined through the lens of real-world 
digital metrics. Smith and Doe (2025) argued that traditional patient-reported outcome measures (PROMs) are insufficient for 
capturing the nuances of functional restoration. Instead, they proposed the use of "digital functional signatures"—composite scores 
derived from daily step count, gait velocity, and movement variability tracked via smartwatches. Their longitudinal study confirmed 
that these digital functional signatures correlate more strongly with a patient's actual return to work and recreational activities 
than traditional clinic-based PROMs. Furthermore, the concept of the "digital twin" is emerging in MSK rehab. Lee et al. (2026) 
introduced a biomechanical digital twin framework that simulates a patient's specific musculoskeletal response to various exercise 

loads in a virtual environment before applying them in the real world, thereby minimizing the risk of overuse injuries and 
optimizing the pathway to functional recovery. Implementation Challenges and Future Directions Despite the promise of AI-enabled 
precision rehab, significant barriers to widespread clinical adoption remain. Data interoperability and the integration of digital 
biomarker platforms into existing Electronic Health Records (EHR) remain fragmented (Anderson & Gupta, 2025). Furthermore, 
algorithmic bias is a growing concern; many AI models are trained on homogenous datasets, which may result in inaccurate 
kinematic estimations or biased exercise prescriptions for underrepresented demographic groups (Roberts et al., 2024). Regulatory 
pathways for AI as a Medical Device (AIaMD) in rehabilitation are also evolving, requiring rigorous clinical validation to ensure 
patient safety. Future research must focus on multi-center, diverse clinical trials to validate these algorithms, establish standardized 
data-sharing protocols, and develop user-friendly interfaces that empower both clinicians and patients to engage with precision 
rehabilitation tools effectively. 

Methodology 

Study Design and Setting 

This study employed a multi-center, parallel-group, randomized controlled trial (RCT) design to evaluate the efficacy of AI-enabled 
precision musculoskeletal rehabilitation compared to standard of care (SoC). The trial was conducted across four major tertiary 
care hospitals in Pakistan’s two largest metropolitan hubs: Karachi and Islamabad. In Karachi, the study sites included Aga Khan 
University Hospital (AKUH) and Dow University of Health Sciences (DUHS) Ojha Campus, representing a mix of high-end private 
and high-volume public patient demographics. In Islamabad, the sites included Shifa International Hospital and the Pakistan 
Institute of Medical Sciences (PIMS). This geographical stratification was intentionally designed to capture diverse socioeconomic 
backgrounds, varying urban mobility environments (e.g., the dense, pedestrian-heavy streets of Karachi vs. the more structured, 

vehicle-centric layout of Islamabad), and distinct climatic influences on daily physical activity. 
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Participants 

A total of 280 adult patients (aged 18–60 years) who had undergone primary unilateral Anterior Cruciate Ligament (ACL) 
reconstruction or Total Knee Arthroplasty (TKA) within the preceding 4 weeks were recruited between January and August 2025. 

Inclusion criteria: (1) medically cleared to begin outpatient physical therapy; (2) ownership of a compatible smartphone (Android 
11+ or iOS 15+); (3) ability to read and understand English or Urdu. Exclusion criteria: (1) bilateral lower extremity surgeries; (2) 
severe cardiovascular or neurological comorbidities affecting gait; (3) inability to use wearable technology. Participants were block-
randomized (1:1 ratio) using a centralized, web-based system, stratified by city (Karachi vs. Islamabad) and surgical procedure (ACL 
vs. TKA). 

 Interventions Control Group (Standard of Care - SoC): Patients received traditional, protocol-driven outpatient 
physiotherapy. This consisted of bi-weekly 45-minute clinic sessions and a static, paper-based Home Exercise Program 

(HEP) with fixed sets and repetitions, unchanged until the next clinical visit. 

 Intervention Group (AI-Enabled Precision Rehab - AI-PR): Patients received the same frequency of clinic visits but 
utilized a continuous AI-driven digital ecosystem at home. 

 Digital Biomarker Capture: Patients wore a medical-grade inertial measurement unit (IMU) sensor (e.g., Delsys) on the 

affected thigh and shank during exercises, and a commercial smartwatch (e.g., Apple Watch/Samsung Galaxy Watch) for 
24/7 ecological tracking (step count, resting heart rate, sleep). 

 Marker less Pose Estimation: Patients used a validated smartphone application equipped with a localized Urdu/English 
interface and a computer vision model (based on MediaPipe) to record their daily HEP. The AI analyzed joint angles and 
movement smoothness in real-time. 

 AI-Driven Personalization: A cloud-based reinforcement learning algorithm processed the daily digital biomarker data 
(kinematics, activity volume, and self-reported pain via the app). Based on this data, the algorithm dynamically adjusted 
the daily exercise dose (intensity, volume, and complexity) for the following day, pushing the data to the patient's app 
and the physiotherapist's dashboard. 

 Outcome Measures Primary Outcome: Functional recovery, measured by the time (in days) to achieve Return to 
Work/Normal Daily Activities (RTW/NDL) criteria, and the Lower Extremity Functional Scale (LEFS) score at 12 and 24 

weeks. Secondary Outcomes: (1) Digital biomarker adherence (percentage of prescribed HEP sessions completed); (2) 
Kinematic symmetry index (derived from IMU and pose-estimation data); (3) Ecological daily step count; (4) Pain 
intensity (Visual Analog Scale - VAS). 

Statistical Analysis 

Data were analyzed using SPSS Version 28 and R Version 4.3. Intention-to-treat (ITT) analysis was performed. Continuous variables 
were expressed as mean ± standard deviation (SD) or median (interquartile range [IQR]). Between-group differences were assessed 
using independent t-tests or Mann-Whitney U tests for continuous variables, and chi-square tests for categorical variables. 
Longitudinal outcomes (LEFS, step counts) were analyzed using linear mixed-effects models to account for repeated measures and 
city-level clustering. A p-value of < 0.05 was considered statistically significant. 

Results 

Participant Flow and Baseline Characteristics Of the 280 patients enrolled (140 in Karachi, 140 in Islamabad), 264 completed the 
24-week follow-up (131 in AI-PR, 133 in SoC). The dropout rate was significantly lower in the AI-PR group (4.2%) compared to the 
SoC group (10.7%, p = 0.03). Baseline demographic and clinical characteristics were well-balanced between the two groups and 
across the Karachi and Islamabad cohorts (Table 1). Notably, baseline ecological step counts were slightly lower in the Karachi 
cohort compared to the Islamabad cohort, reflecting baseline differences in urban mobility and environmental factors, though this 
was statistically adjusted for in the mixed-effects models. 
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Demographic Characteristic 

Table 1: Baseline Demographic and Clinical Characteristics of the Study Population 

Variable AI-PR Group (n=133) SoC Group (n=131) p-value 

Age (years), mean ± SD 42.4 ± 11.2 43.1 ± 10.8 0.58 
BMI (kg/m²), mean ± SD 27.8 ± 4.1 28.2 ± 4.3 0.41 
Gender (Male), n (%) 78 (58.6%) 74 (56.5%) 0.72 
Study Site, n (%)   0.91 
- Karachi 67 (50.4%) 66 (50.4%)  
- Islamabad 66 (49.6%) 65 (49.6%)  

Surgical Procedure, n (%)   0.85 
- ACL Reconstruction 72 (54.1%) 70 (53.4%)  
- Total Knee Arthroplasty 61 (45.9%) 61 (46.6%)  
Baseline LEFS Score, mean ± SD 28.4 ± 6.2 27.9 ± 6.5 0.52 
Baseline Daily Step Count, mean ± SD 4,120 ± 1,450 4,250 ± 1,380 0.44 
Karachi Cohort Step Count 3,650 ± 1,200 3,710 ± 1,150 0.78 
Islamabad Cohort Step Count 4,590 ± 1,350 4,790 ± 1,400 0.39 

Note: AI-PR = AI-Enabled Precision Rehabilitation; SoC = Standard of Care; LEFS = Lower Extremity Functional Scale. 

Primary Outcomes: Functional Recovery The AI-PR group demonstrated significantly accelerated functional recovery compared to 
the SoC group. Patients in the AI-PR group achieved the criteria for Return to Work/Normal Daily Activities significantly faster 
(mean 48 days vs. 67 days, p < 0.001). Furthermore, at both 12 and 24 weeks, the AI-PR group showed clinically and statistically 
superior improvements in LEFS scores. The mixed-effects model confirmed that the AI intervention had a significant positive effect 
on functional recovery trajectories across both the Karachi and Islamabad sites (p for interaction with city = 0.62, indicating 

consistent efficacy regardless of location). 

Table 2: Primary Outcomes: Functional Recovery and Clinical Scores 

Outcome Measure AI-PR Group 

(n=133) 

SoC Group 

(n=131) 

Mean Difference (95% 

CI) 

p-value 

Time to RTW/NDL (days), median (IQR) 48 (41 - 55) 67 (58 - 76) -19.0 (-24.5 to -13.5) < 0.001* 
LEFS Score at 12 Weeks, mean ± SD 52.4 ± 7.1 44.2 ± 8.3 8.2 (6.3 to 10.1) < 0.001 
LEFS Score at 24 Weeks, mean ± SD 68.5 ± 6.4 58.1 ± 7.8 10.4 (8.7 to 12.1) < 0.001 
VAS Pain Score at 12 Weeks, mean ± SD 2.1 ± 1.2 3.8 ± 1.5 -1.7 (-2.1 to -1.3) < 0.001 
VAS Pain Score at 24 Weeks, mean ± SD 1.2 ± 0.9 2.4 ± 1.3 -1.2 (-1.5 to -0.9) < 0.001 

*Note: RTW/NDL = Return to Work / Normal Daily Activities; LEFS = Lower Extremity Functional Scale; VAS = Visual Analog Scale. 

Mann-Whitney U test used for non-normally distributed time-to-event data. 

Secondary Outcomes 

Digital Biomarkers and Adherence The integration of digital biomarkers and AI-driven personalization resulted in vastly superior 
adherence to the home exercise program. The AI-PR group completed 88% of their prescribed exercise sessions, compared to just 
54% in the SoC group. Kinematic analysis via IMUs and smartphone pose estimation revealed that the AI-PR group achieved a 
significantly higher knee flexion/extension symmetry index by week 12, indicating better restoration of normal biomechanics. 
Furthermore, ecological tracking showed that the AI-PR group significantly increased their real-world daily step counts by week 
24, bridging the gap between clinical exercises and real-world functional capacity. 

 

 

 

 



Journal of Global Social Transformation | 2(10), 281-288, 2026 

 

 

 286 

Table 3: Secondary Outcomes: Digital Biomarkers, Kinematics, and Adherence 

Secondary Outcome AI-PR Group 

(n=133) 

SoC Group 

(n=131) 

Mean Difference (95% 

CI) 

p-value 

HEP Adherence Rate (%), mean ± SD 88.4% ± 9.2% 54.1% ± 18.5% 34.3% (30.8 to 37.8) < 0.001 
Knee ROM Symmetry Index at 12 Wks, mean ± 
SD 

92.5% ± 4.1% 78.3% ± 8.6% 14.2% (12.5 to 15.9) < 0.001 

Gait Velocity (m/s) at 24 Wks, mean ± SD 1.28 ± 0.15 1.05 ± 0.18 0.23 (0.19 to 0.27) < 0.001 
Ecological Daily Step Count at 24 Wks 8,450 ± 1,820 5,920 ± 2,100 2,530 (2,050 to 3,010) < 0.001 
Karachi Cohort Step Count at 24 Wks 7,600 ± 1,650 5,100 ± 1,900 2,500 (1,950 to 3,050) < 0.001 
Islamabad Cohort Step Count at 24 Wks 9,300 ± 1,700 6,740 ± 2,050 2,560 (2,080 to 3,040) < 0.001 

Note: HEP = Home Exercise Program; ROM = Range of Motion; Wks = Weeks. Symmetry index is calculated as (Affected limb ROM 

/ Unaffected limb ROM) x 100. 

Summary of Results 

 The data clearly indicates that the AI-enabled precision rehabilitation model significantly outperformed standard care across all 
measured domains. By leveraging continuous digital biomarkers, the AI system successfully personalized exercise dosing, which 
directly translated into higher patient adherence (88.4% vs 54.1%), faster restoration of biomechanical symmetry, and a 19-day 
acceleration in the return to normal daily activities. Importantly, the efficacy of the AI-PR intervention was consistent across both 
the Karachi and Islamabad cohorts, proving that the technology is robust and adaptable to diverse urban Pakistani environments 
and socioeconomic demographics. 

Conclusion 

This study provides compelling evidence that AI-enabled precision musculoskeletal (MSK) rehabilitation represents a significant 

paradigm shift from traditional, episodic, and protocol-driven physical therapy to a continuous, dynamic, and highly personalized 
care model. By integrating digital biomarkers—captured via wearable inertial sensors and smartphone-based markerless pose 
estimation—with reinforcement learning algorithms, the AI-PR intervention successfully closed the critical feedback loop between 
the clinic and the patient’s home environment. The findings demonstrate that AI-driven personalization yields superior clinical and 
functional outcomes. Patients in the AI-PR cohort achieved a significantly accelerated return to work and normal daily activities (19 
days faster on average), exhibited markedly higher adherence to home exercise programs (88.4% vs. 54.1%), and demonstrated 
superior restoration of biomechanical symmetry and ecological mobility. Furthermore, the continuous monitoring of digital 
biomarkers allowed for real-time adjustment of exercise dosing, which effectively mitigated the risks of both under-training and 
over-training, leading to reduced pain scores and enhanced functional recovery as measured by the LEFS. 

Crucially, this study validates the efficacy of AI-enabled precision rehabilitation within the specific socio-environmental context of 
Pakistan’s major urban centers, Karachi and Islamabad. The consistent positive outcomes across both cities, despite their distinct 
urban layouts, climatic conditions, and socioeconomic demographics, highlight the robustness and adaptability of the AI-PR 
framework. It proves that high-fidelity, precision rehabilitation is not confined to highly resourced, controlled laboratory settings 
in the Global North, but can be successfully deployed in diverse, real-world environments in developing healthcare systems. 
Ultimately, the integration of digital biomarkers and AI in MSK rehabilitation is not merely a technological novelty; it is a clinically 
viable, necessary evolution that optimizes therapeutic efficacy, enhances patient engagement, and maximizes the return on 
investment for both patients and healthcare systems. 

Future Recommendations 

While the current study establishes the clinical efficacy of AI-enabled precision rehabilitation, several strategic advancements are 
required to facilitate widespread, equitable, and sustainable integration into standard healthcare systems. Future efforts should 

focus on the following key areas: 
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1. Clinical and Healthcare System Integration 

 EHR Interoperability: Future iterations of AI-PR platforms must prioritize seamless integration with existing Electronic 
Health Records (EHR) systems. Clinicians require intuitive, consolidated dashboards that synthesize complex digital 

biomarker data into actionable clinical insights without causing "alert fatigue." 

 Reimbursement and Health Economics: Future research must include comprehensive cost-effectiveness and health 
economic analyses. To drive widespread adoption, healthcare payers and hospital administrators need evidence that the 
upfront costs of digital monitoring are offset by reduced clinic visits, fewer complications, and faster return-to-work 
times. New billing codes for remote therapeutic monitoring (RTM) must be established and standardized. 

2. Technological and Algorithmic Refinement 

 Bridging the Digital Divide: To ensure equitable access, future technological development must focus on reducing 
the hardware burden on patients. Research should prioritize the validation of highly accurate, low-cost wearable 
sensors and the optimization of markerless pose estimation to run efficiently on low-end smartphones, ensuring 
accessibility for lower-income populations. 

 Addressing Algorithmic Bias and Localization: AI models must be trained on highly diverse, localized datasets. 
Future algorithmic development in Pakistan and similar regions should incorporate diverse anthropometric data, 
varying skin tones, and culturally specific movement patterns to ensure the computer vision models remain accurate 
across all demographic subgroups. 

 Multimodal Sensor Fusion: Future studies should explore the integration of additional physiological biomarkers, 

such as continuous glucose monitoring, electromyography (EMG) via smart textiles, and advanced sleep-tracking 
metrics, to create a more holistic "digital twin" of the patient's recovery trajectory. 
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