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ABSTRACT
Background: Regenerative orthobiologics, primarily Platelet-Rich Plasma (PRP) and Hyaluronic Acid (HA), induce rapid
biochemical analgesia. In sports rehabilitation, this early pain reduction frequently triggers a "quick-fix fallacy," causing
athletes to initiate premature loading before structural collagen maturation. Concurrently, kinesiophobia impedes necessary
mechanotransduction during episodic follow-up care.
Objective: To design, implement, and computationally benchmark a deterministic assistive health informatics architecture
that continuously bridges the outpatient monitoring gap, preventing premature tissue overload and mitigating
kinesiophobia.
Methods: A three-tiered clinical decision support framework was constructed. Tier-1 captures asynchronous Ecological
Momentary Assessments (EMA) measuring Visual Analog Scale (VAS) pain, Rating of Perceived Exertion (RPE), and Tampa
Scale for Kinesiophobia (TSK-11) on a mobile edge node with hash-indexed storage (O(1) access). Tier-2 enforces HL7 FHIR
Release 4 JSON serialisation over TLS 1.3 and AES-256-GCM encryption. Tier-3 executes a deterministic 0(1) boolean rule
engine evaluated against clinical healing envelopes under Human-in-the-Loop (HITL) physician governance.
Results: In empirical verification benchmarks on 10,000 synthetic patient trajectories, threshold evaluation latency averaged
0.0006 + 0.0002 ms (0.59 ps). Rapid analgesia (AVAS < —50% within 14 days) combined with excessive loading (RPE >
RPEax safe) triggered an OVERLOAD_WARNING. Low pain (VAS < 3) with rising fear-avoidance (ATSK-11 > +10% after Day
21) reliably triggered a PHOBIC_ARREST triage alert.
Conclusion: This deterministic architecture eliminates outpatient monitoring blind spots, providing clinicians with real-time,
explainable telemetry to protect collagen remodelling and resolve kinesiophobia.

Keywords: Platelet-Rich Plasma, Hyaluronic Acid, Sports Medicine, Orthopaedic Rehabilitation, Kinesiophobia, Clinical
Decision Support Systems.

1. INTRODUCTION

Sports traumatology and orthopaedics have shifted from palliative symptom management toward regenerative
biological repair through intra-articular and intra-tendinous orthobiologics, primarily Platelet-Rich Plasma (PRP)
and Hyaluronic Acid (HA) [1]. While these biological agents demonstrate clinical efficacy in resolving focal
chondral lesions, midsubstance ligamentous sprains, and chronic tendinopathies, real-world therapeutic
outcomes exhibit substantial heterogeneity [1]. Clinical failure frequently stems from a systemic post-procedure
infrastructural limitation: the inability to continuously monitor and modulate the athlete's high-frequency
psychobiological recovery trajectory during outpatient rehabilitation.

The conventional outpatient delivery model relies on episodic, retrospective clinical consultations conducted at
arbitrary 3- to 6-week intervals. This structure creates an unmonitored "temporal gap" between hospital visits,
blinding orthopaedic surgeons and sports physiotherapists to the patient's daily mechanical loading events,
fluctuating nociceptive baselines, and evolving psychological states. Within this unmonitored interval, two
diametrically opposed clinical failure modes emerge: biomechanical tissue overload (the "quick-fix fallacy") and
neuro-cognitive immobilisation (kinesiophobia).

1.1. Biochemical Analgesia versus Structural Maturation

The quick-fix fallacy originates from the temporal divergence between molecular biochemical anti-inflammation
and mechanical extracellular matrix (ECM) remodelling. Autologous PRP preparations deliver concentrated
platelet a-granules containing bioactive cytokines and growth factors, including Transforming Growth Factor-
Beta 1 (TGF-f1), Vascular Endothelial Growth Factor (VEGF), Platelet-Derived Growth Factor (PDGF), and basic
Fibroblast Growth Factor (bFGF) [1] In parallel, high-molecular-weight HA provides immediate
viscosupplementation while binding cluster determinant 44 (CD44) and the receptor for hyaluronan-mediated
motility (RHAMM) on synovial fibroblasts and articular chondrocytes [2]. This cascade downregulates pro-
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inflammatory cytokines, specifically Interleukin-1f (IL-18) and Tumour Necrosis Factor-al (TNF-a), suppressing

intra-articular nociceptive signalling and delivering substantial analgesia within 7 to 14 days post-injection [2].

However, extracellular matrix remodelling, specifically the biological transition from disorganised, hypercellular

Type Il collagen to high-tensile, linearly aligned Type | collagen bundles mediated by lysyl oxidase cross-linking,

requires between 12 and 24 weeks of protected, progressive mechanotransduction [3],[4].

Interpreting early clinical analgesia as complete tissue restitution, athletes prematurely resume unauthorised

high-velocity, ballistic, or plyometric loading. This excessive stress exceeds the ultimate tensile yield strength of

nascent collagen fibrils, causing micro-structural disruption, biological graft attenuation, or complete
tendinopathic recurrence [3]. These failure dynamics are particularly prevalent in patellar tendinopathy

(jumper's knee), midportion Achilles tendinopathy, lateral epicondylalgia, and focal femoral condyle chondral

lesions.

1.2. Neurophysiological Fear-Avoidance and Kinesiophobia

At the opposite end of the spectrum, functional rehabilitation is frequently compromised by maladaptive neuro-

cognitive fear-avoidance behaviours, as conceptualised in the Fear-Avoidance Model [5]. Following acute

structural trauma, nociceptive signalling through primary A-8 and unmyelinated C fibres triggers neuroplastic
adaptations within the somatosensory cortex, anterior cingulate cortex, and amygdala [5]. In athletes with
heightened anxiety, the perceived vulnerability of the repaired structure outlasts the initial nociceptive stimulus.

This psychological state manifests as kinesiophobia, an excessive, debilitating fear of movement and reinjury [6].

Empirical meta-analyses indicate that nearly 45% of athletes fail to return to their pre-injury competitive

baseline despite fully intact, biologically healed tissue architectures [7]. Neurophysiologically, kinesiophobia

disrupts standard motor unit recruitment patterns, inducing abnormal muscle co-contraction, compensatory

biomechanical loading, and arthrogenic muscle inhibition [6].

Because connective tissue remodelling depends fundamentally on mechanotherapy, wherein controlled strain

stimulates cellular integrins to initiate intracellular signalling pathways that upregulate collagen transcription

[4], fear-induced immobilisation deprives the healing matrix of the mechanical cues essential for alignment. This

results in disuse atrophy, capsular contracture, and joint stiffness. While psychometric questionnaires such as

the 11-item Tampa Scale for Kinesiophobia (TSK-11) can quantify fear-avoidance [8], standard episodic
administration misses these acute behavioural inflections.

1.3. Translational Clinical Relevance

e What is already known: Intra-articular and intra-tendinous orthobiologics induce rapid localised anti-
inflammatory analgesia. However, standard post-injection outpatient care remains episodic (intermittent
3- to 6-week reviews), relying on retrospective patient recall that is vulnerable to cognitive bias.

o  What this study adds: This work establishes a deterministic, real-time health informatics architecture that
continuously tracks daily psychobiological trajectories, actively preventing premature tendon/graft
overload while simultaneously identifying kinesiophobia-induced functional stagnation without relying on
opaque, black-box artificial intelligence models.

2. METHODS

2.1. Study Setting and Design

This study establishes a system architecture and computational verification framework for outpatient sports
medicine clinics, academic orthopaedic departments, and athletic training centres. To prevent diagnostic
liability, the framework formalises deterministic data pipelines, cryptographic security, and rule-based state
logic prior to longitudinal clinical trials. Table 1 contrasts this architecture with conventional care.

Table 1: Episodic vs. Deterministic Continuous Monitoring Paradigms

System Parameter Traditional Outpatient Proposed Deterministic EMA Architecture
Rehabilitation
Data Acquisition Episodic (Every 3 to 6 weeks) Continuous (Asynchronous daily polling)
Frequency
Data Integrity Vulnerable to recall bias and peak-  High fidelity (Ecological momentary
end rule capture)
Interoperability Proprietary databases or Standardised HL7 FHIR Release 4
Standards unindexed PDFs serialisation
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Clinical Intervention
Point

Reactive (Damage established

before visit)

Proactive (Real-time anomaly-triage E—- —
notifications)

Computational
Governance

Unstructured manual chart review

Deterministic 0(1) HITL»rer engine (No
black-box Al)

Table Note: Abbreviations: EMA: Ecological Momentary Assessment, FHIR: Fast Healthcare Interoperability
Resources, HITL: Human-in-the-Loop, HL7: Health Level Seven.

2.2. Multi-Tiered System Architecture

The framework is structured into three operational layers, summarised in Table 2.

Table 2: System Architecture and Data Processing Flow

Architectural Tier

Sub-Component

Technical Mechanism / Data Flow

Tier-1: Patient Edge
Node

Asynchronous EMA
Polling

Capture of VAS (0 to 10), Borg CR10 RPE (0 to 10),
and TSK-11 (11 to 44)

Local Storage Engine

SQLite transactional cache utilising hash indexing
(0(1) access)

Tier-2: Secure

Data Normalisation

Structural serialisation into HL7 FHIR Release 4 JSON

Transmission resources
Transport and Storage End-to-end TLS 1.3 transport to AES-256-GCM rest
Security encryption
Tier-3: Clinical Decision Deterministic State Evaluates continuous telemetry against therapeutic
Support Engine envelopes

Silent Execution Path Automated time-series logging into Electronic
Medical Record (EMR)
Generates high-priority OVERLOAD_WARNING or
PHOBIC_ARREST flags

Human-in-the-Loop Clinical review, diagnostic validation, and

(HITL) intervention by physician
Table Note: Abbreviations: AES: Advanced Encryption Standard, EMA: Ecological Momentary Assessment, EMR:
Electronic Medical Record, GCM: Galois/Counter Mode, HITL: Human-in-the-Loop, JSON: JavaScript Object
Notation, RPE: Rating of Perceived Exertion, TLS: Transport Layer Security, TSK-11: Tampa Scale for
Kinesiophobia-11, VAS: Visual Analog Scale.

Alert Trigger Path

2.3. Tier-1: Patient Edge Node and Asynchronous EMA
Tier-1 captures real-time recovery data directly within the patient's daily natural environment via a mobile
application (Edge Node) [9]. An asynchronous, pseudo-randomised notification schedule within configured
waking hours prevents anticipatory behavioural skewing. Smartphone-based EMA methodologies have
demonstrated high compliance and construct validity for longitudinal musculoskeletal monitoring [10],[11].
The application records:

1. Nociceptive Index: Visual Analog Scale (VAS, 0 to 10) measuring localised anatomical pain.

2. Biomechanical Exertion Index: Modified Borg CR10 Rating of Perceived Exertion (RPE, O to 10)

capturing physical session intensity and unintended mechanical overload.
3. Psychometric Fear-Avoidance Index: Digitised TSK-11 (score range 11 to 44) evaluating movement-
related fear and somatic focus [8].

The data schema also accommodates disease-specific functional tools, such as VISA-P, VISA-A, and IKDC forms.
An edge-side SQLite database structures records as key-value pairs indexed by UTC timestamps. This
configuration achieves 0(1) constant time complexity for data insertion and retrieval, preserving battery life
and securing offline data during network interruptions.
2.4. Tier-2: HL7 FHIR Serialisation and Cryptographic Security
Tier-2 standardises data using Health Level Seven Fast Healthcare Interoperability Resources (HL7 FHIR) Release
4 JSON objects [12]. Metrics are mapped to standardised vocabularies:

e VAS pain scores: LOINC code 72514-3 (Pain severity - 0-10 verbal numeric rating).

e RPE loading values: LOINC code 72216-5 (Rating of perceived exertion).

e  TSK-11 scores: LOINC code 90779-0 (Tampa Scale for Kinesiophobia-11).
Payloads include ISO 8601 UTC timestamps, patient UUIDs, and calibrated device metadata. Network
transmission mandates TLS 1.3 with Ephemeral Elliptic Curve Diffie-Hellman (ECDHE) key exchange for Perfect
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Forward Secrecy. Data at rest is encrypted with symmetric AES-256-GCM (Authentiééted Encryption witl
Associated Data), ensuring confidentiality and immediate rejection of altered packets.-

3. RESULTS

3.1. Tier-3: Deterministic Rule Engine

Tier-3 serves as the clinical decision support core. While deep neural networks offer predictive power, their
epistemic opacity ("black-box" nature) creates regulatory and clinical liabilities in acute care [13].

Tier-3 implements a rule-based deterministic finite state machine (FSM). Hard-coded boolean logic gates
evaluate telemetry against physician-configured healing envelopes. Evaluating scalar metrics over bounded
ranges yields O(1) constant time complexity, maintaining instantaneous execution across large EMR
repositories.

3.2. Algorithmic State Evaluation and Calibration

The engine evaluates longitudinal telemetry across time (t), pain (AVAS), strain (RPE), and fear-avoidance
(ATSK-11). Parameters are detailed in Table 3.

Table 3: Tier-3 Algorithmic State Evaluation Parameters

Clinical State Tempor | Nociceptiv Biomechanical Psychometric System Action /
al e Loading (RPE) State (TSK-11) Triage Flag
Criteria | Parameter
(t) (VAS)
Biomechanical t< 14 AVAS < RPE > RPEp 0y safe | Non-contributory | OVERLOAD_WARN
Overload (Quick- days —50% ING
Fix Fallacy) (Rapid
drop)
Phobic Arrest t>21 VAS <3 RPE ATSK-11 > PHOBIC_ARREST
(Kinesiophobia) days (Controlled | < RPEmin required +10% (Rising
pain) fear)
Normal 14 < Stable or RPEuin < RPE Stable or LOG_DATA_ONLY
Physiological t< 180 gradual < RPEax progressive
Remodelling days decline decline

Table Note: Abbreviations: ATSK-11: Percentage change in Tampa Scale for Kinesiophobia, AVAS: Percentage
change in Visual Analog Scale, RPE oy safe: Clinician-defined maximum safe Rating of Perceived Exertion,
RPEmin_required: Minimum exertion required for mechanotransductive remodelling.

The mathematical evaluation pathways operate as follows:

AVAS = <VAScurrent - VASbaseIine) % 100
VASbaseIine
ATSK-11 = (TSK'llcurrent - TSK'llbaseIine) % 100
TSK'llbaseline

The deterministic engine supports customised threshold matrices tailored to specific anatomical healing
kinetics:

e Patellar and Achilles Tendinopathies: Strict initial limits (RPE; ¢ safe < 3) during the 14-day
inflammatory phase to prevent tensile yield failure, transitioning to mandatory eccentric
mechanotransduction (RPEin requires = 4) by Day 28.

¢  Focal Chondral Lesions: Extended protection (t < 21 days, RPEax safe < 2) to safeguard early
chondrocyte adherence and viscosupplementation integration before permitting closed-kinetic-chain
axial loading.

e Lateral Epicondylalgia: Calibrated against repetitive wrist extensor and gripping strain spikes.

Three operational states execute deterministically:

e State 1: Biomechanical Overload (OVERLOAD_WARNING): In acute recovery (t < 14 days), if rapid
analgesia (AVAS < —50%) coincides with high loading (RPE > RPE .4 sare), the engine flags early Type
Il collagen disruption and alerts the clinician.
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e  State 2: Phobic Arrest (PHOBIC_ARREST): In subacute remodelling (t > 21 days), if pain-is low (VAS <
3) but fear rises (ATSK-11 > +10%) alongside deficient loading (RPE < RPEin required), the system
alerts the team to initiate cognitive reassurance and progressive loading. R

e State 3: Physiological Remodelling (LOG_DATA_ONLY): If values remain within bounds, telemetry is
indexed silently into the EMR [14].

3.3. Human-in-the-Loop Clinical Governance

The architecture enforces strict Human-in-the-Loop (HITL) governance [15]. The engine possesses zero
autonomous prescription authority. When state boundaries are breached, it generates an encrypted HL7 FHIR
Flag resource sent to the orthopaedic surgeon's dashboard. The clinician evaluates the telemetry and
determines appropriate clinical action [15].

3.4. Simulated Clinical Scenarios

The deterministic engine was verified using two representative recovery trajectories:

e Scenario A (Overload Divergence): An athlete receiving PRP for patellar tendinopathy logs baseline
VAS = 7 and TSK-11 = 28. On Day 8, pain drops to VAS = 2 (AVAS = —71.4%). The patient performs
unprescribed plyometric drills, logging RPE = 8 (configured RPE .y sare = 4). In constant time (0(1)),
the engine identifies the threshold breach, triggers an OVERLOAD_WARNING, and alerts the sports
medicine team.

e Scenario B (Phobic Arrest Divergence): An athlete receiving HA for a Grade Il chondral defect logs
baseline VAS = 6 and TSK-11 = 24. By Day 28, pain drops to VAS = 2. Due to reinjury anxiety, the
patient avoids loading, recording RPE = 1 (configured RPEpi, requires = 4) While fear scores rise to
TSK-11 = 34 (ATSK-11 = +41.7%). The engine triggers a PHOBIC_ARREST alert, prompting the team
to restore progressive mechanotransduction.

3.5. Computational Performance Benchmarks
Operational efficiency was empirically benchmarked across 10,000 synthetic patient trajectories (representing
180 daily telemetry entries per patient, totalling 1.8 million evaluations):

e Evaluation Latency: Mean execution time per payload was 0.0006 &+ 0.0002 ms (sub-microsecond
scale), validating strictly bounded O(1) constant time complexity suitable for high-throughput hospital
EMR integration without processing bottlenecks.

e Edge Storage Footprint: SQLite transactional cache consumption on the mobile client was measured at
16.00 KB for a complete 180-day trajectory (=~ 89 bytes per daily entry including table indexing and
database page allocation overhead), imposing negligible memory overhead on edge hardware.

e Network Overhead: Standardised HL7 FHIR Release 4 JSON payload size was measured at 0.50 KB
(512 bytes) per multi-variable observation, supporting instantaneous asynchronous transmission
across low-bandwidth or intermittent mobile network connections.

3.6. Kinematic Sensor Integration and Translational Roadmap

While client-side mobile EMA provides high-fidelity subjective metrics, future translational iterations can
incorporate passive kinematic biosensing arrays to complement subjective RPE inputs.

Integrating wearable Inertial Measurement Units (IMUs) equipped with tri-axial accelerometers and gyroscopes
secured adjacent to the treated anatomical site enables continuous, objective quantification of mechanical load.
Kinematic parameters such as peak ground reaction forces, joint range-of-motion angular velocity, and limb-
loading asymmetry indices can be sampled continuously.

To prevent data transmission bottlenecks, edge-computing algorithms on the mobile device can execute real-
time data decimation and statistical feature extraction, translating continuous high-frequency kinematic streams
into discrete daily mechanical work indices. As illustrated in the end-to-end data pipeline (Figure 1) and the
underlying state logic (Figure 2), these indices feed directly into the Tier-3 engine's threshold comparisons,
corroborating self-reported RPE exertion against physical limb mechanics.

. ~
f Tier 1: Patient Mobile Edge H
. Patient App (EMA) Local sQlite Cache :
' « VAS Pain (0-10) « O(1) Hash

H = RPE Load (0-10) - Storage H
[\ * TSK-11 Fear (11-44) - Offline Queue "

Tier 2: Secure Transport Pipeline

Data Security Layer
_HL7 FHIR Schema - TLS 1.3 In-Transit

"
'
'
JjsonN H
]
s

- LOINC Mapping = AES_Zzg;‘fCM A

Tier 3: Clinical Core and EMR

= O(1) Boolean Logic = Real-time Triage Flags » = Physician Oversight

-
.
'
H Rule Engine Hospital EMR Doctor Review (HITL)
'

= Threshold = Longitudinal Progress - Treatment
1

[ ——

Envelopes Log Adaptation

2176

Adolescencia e Saude, vol. 21, No.9s, p. 2172-2178



Figure 1. Three-tiered health informatics architecture for continuous post—orthé'biologic'Hionitoring. -
Schematic illustrating Tier-1 edge data capture (VAS, RPE, TSK-11), Tier-2 HL7 FHIR Réiease 4 JSON serialisation
and TLS 1.3/AES-256-GCM encryption, and Tier-3 deterministic O(1) clinical decision support |nterfacmg directly

with hospital EMR systems under Human-in-the-Loop governance.

OVERLOAD
WARNING

/ . Tendon/Graft \ .
Rupture Risk Critical Flag

t<14d & AVAS <-50%

&RPE > Max Urgent EMR
Triage Alert \
?TIY Patient Urgent
elemetry - PHOBIC ARREST | Anomaly Flag Triage
+Time () ., Telemetry Detegal;ustlc D2d&VASS3& Ly o finesiophobia — \ Doctor Oversi
» Pain (VAS) Ingestion . ATSK > +10% & RPE < Min Disuse Risk or Oeright
. Rule Engine (HITL)
* Exertion (RPE) o Clinical Validati
o Fear (TSK-11) Im:woln o
-~ Standard
Within Normal
'B'o"un:;m 0G DATA ONLY Review
~— ) Nomd Silent EMR
Collagen Normal log —> Archive Log
Healing

Figure 2. Deterministic finite state machine logic and alert branching.

Flowchart of the 0(1) scalar threshold evaluation algorithm illustrating the temporal, nociceptive, mechanical,
and psychometric decision gates that separate physiological collagen remodelling from acute overload and
phobic arrest states.

4. DISCUSSION

This three-tiered health informatics architecture addresses the post-orthobiologic monitoring gap by translating
continuous psychobiological telemetry into actionable, explainable clinical alerts.

4.1. Divergence from Conventional Patient Portals

Standard commercial patient portals operate as passive survey repositories. They capture data at fixed intervals
without evaluating cross-variable relationships. If an athlete experiences pain relief and subsequently overloads
healing tissue, standard portals log the low pain score as an uncontextualized improvement. In contrast, this
closed-loop triage engine cross-references nociception drops against strain spikes, identifying hidden risks
before structural failure occurs.

4.2. Implementation and Interoperability

While Tier-2 uses HL7 FHIR Release 4 JSON serialisation [12], many clinical systems rely on legacy HL7 v2
messaging or siloed relational databases. In such environments, lightweight API translation gateways or FHIR-
facade adapters parse incoming payloads into standard EHR views, enabling cross-institutional integration.

4.3. Patient Compliance

Long-term adherence is critical in mobile health deployments [9],[11]. To reduce prompt fatigue, the mobile
interface uses micro-surveys taking under 30 seconds to complete, combined with adaptive sampling that
reduces query frequency once psychological stability is established.

4.4. Mitigating Alert Fatigue and Clinical Liability

Alert fatigue is a common cause of decision-support failure [14]. The architecture minimises false positives by
avoiding uncalibrated thresholds. Surgeons customise threshold envelopes based on individual tissue biology,
distinguishing elite athletes from recreational patients. Enforcing strict boolean logic gates (Time N Pain N
Load N Psychology) suppresses baseline data and elevates only actionable anomalies [14],[15], reducing chart-
review burden while documenting objective compliance history in the EMR.

5. CONCLUSION

Regenerative orthobiologics produce rapid biochemical analgesia that requires modernised post-injection

monitoring. Conventional episodic follow-up leaves athletes vulnerable to premature mechanical failure or

kinesiophobia-induced recovery arrest.

The deterministic health informatics architecture presented here resolves this longitudinal monitoring deficit.

Combining edge-based asynchronous EMA data collection, HL7 FHIR Release 4 interoperability, and
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cryptographic security with an O(1) boolean rule engine under strict Humé'n‘-in-the'-[bop governance, th =
platform delivers transparent clinical triage. This framework protects collagen remode,ll_ing, supports objective
mechanobiology, and optimises functional sports rehabilitation.
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