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Abstract

The rapid proliferation of smartphone and digital device usage among young and working-
age adults has created a silent epidemic of technology-driven musculoskeletal disorders (tech-
MSDs), yet preventive interventions remain underexplored in clinical practice. This prospective,
longitudinal cohort study combined with a randomized controlled trial (RCT) investigates the
biomechanical consequences of technology-driven postural dysfunction and evaluates the efficacy
of physiotherapy-led preventive interventions augmented with wearable sensor-based monitoring.
A mixed-methods approach recruited 240 participants aged 18-45 years (mean age 34.7+8.2 years;
58% female) with excessive smartphone use (=4 hours daily) and work-from-home employment.
Baseline assessments included Al-assisted posture analysis (forward head posture angle, cervical
alignment), conventional clinical observation, wearable sensor integration, and serum biomarker
profiling (neurofilament light [NfL], interleukin-6 [IL-6], brain-derived neurotrophic factor
[BDNEF]). The intervention group (n=120) received a 16-week physiotherapy-led preventive
program combining ergonomic correction, targeted strengthening exercises, and real-time wearable
feedback, while controls (n=120) received standard guidelines. Primary outcomes measured at 6,
12, and 24 months included cervical spine alignment changes, patient-reported disability (Neck
Disability Index), pain intensity (Numeric Pain Rating Scale), and functional mobility (PROMIS
scores). Secondary outcomes encompassed cost-effectiveness analysis, work productivity, surgical
referral rates, and biomarker progression predicting early degenerative changes. Preliminary
12-month data demonstrated significant improvements in forward head posture (mean change
-3.2°,p<0.001), reduced neck disability (—4.1 points, p=0.008), and 34% lower healthcare utilization
in the intervention group. Wearable-based biofeedback achieved 73% mean adherence, with real-
time posture correction reducing daily forward-flexed neck duration by 2.1 hours. Serum NfL and
IL-6 levels stabilized in the intervention group, whereas controls demonstrated 18% progression
toward degenerative thresholds. Cost-effectiveness analysis showed intervention delivery at £3,247
per quality-adjusted life year (QALY), substantially below health economic thresholds. Findings
highlight the potential of early physiotherapy-led prevention combined with Al-assisted assessment
and wearable monitoring to reduce long-term disability, arrest early degenerative processes, and
provide economically sustainable solutions for a digitally transformed workforce.

Keywords: Smartphone-Induced Musculoskeletal Disorders; Work-From-Home Ergonomics;
Preventive Physiotherapy; AI-Assisted Posture Assessment; Wearable Sensor Technology;
Cervical Spine Biomechanics; Digital Health; Cost-Effectiveness; Clinical Trials; Young Adults

Introduction

The transformation of modern work environments and personal technology use has
fundamentally altered human postural behavior, creating unprecedented musculoskeletal
challenges across young and working-age populations. Contemporary surveillance data reveals that
87.5% of young adults engage in daily smartphone use exceeding 4 hours, with 58% now working
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remotely or in hybrid arrangements [3, 6]. This technological lifestyle
shift has precipitated a measurable epidemiological transition in
musculoskeletal disease patterns—disorders historically associated
with aging and occupational repetitive strain now manifest in
individuals in their twenties and thirties at rates previously observed
only in geriatric populations.

The biomechanical consequences of chronic forward-flexed neck
postures during smartphone and computer use have been extensively
documented. Smartphone texting creates sustained cervical flexion
angles that significantly alter sagittal spinal alignment, particularly
in upper cervical segments (C1/C2, C3/C4), where mechanical loads
intensify relative to lower segments [2]. MRI studies of 2,438 young
adults revealed that excessive smartphone users (>3 hours daily)
demonstrated 52.9% higher prevalence of measurable cervical disc
degeneration, with Modic changes and disc displacement correlating
directly with addiction severity scores [1]. The clinical manifestation
progresses insidiously: early symptoms present as mild neck
discomfort and temporomandibular dysfunction, but longitudinal
data suggests that untreated biomechanical malalignment carries 24%
risk of progression to symptomatic cervical myelopathy within four
years [4].

Work-from-home (WFH) environments have compounded
these risks. Ergonomic assessment studies demonstrate that laptop-
based work stations create 2-3 times higher musculoskeletal disorder
(MSD) risk compared to properly configured desktop setups, with
unsuitable chair design and monitor positioning serving as significant
predictive factors for disability development [3]. Healthcare workers,
despite their clinical expertise, exhibit high prevalence of smartphone
addiction (52% in recent cohorts), with those scoring highest on
smartphone addiction scales reporting 44% higher rates of jaw pain,
118% higher elbow pain prevalence, and significantly elevated neck
disability indices [5]. Critically, no meaningful differences in physical
activity levels explained these disparities, suggesting that ergonomic
and postural factors, not merely lifestyle activity, drive disease
emergence.

Despite clear epidemiological and biomechanical evidence,
clinical practice remains largely reactive rather than preventive.
Current approaches emphasize acute pain management or surgical
intervention rather than identifying and modulating early pathogenic
biomechanical markers. Existing longitudinal prevention studies
remain sparse, and the integration of emerging technologies—
particularly Al-assisted posture assessment and wearable biofeedback
systems—into evidence-based physiotherapy protocols has not been
rigorously evaluated for cost-effectiveness and long-term disability
prevention in young, digitally-dependent populations.

This study addresses this evidence gap through a combined
longitudinal cohort and randomized controlled trial design
evaluating physiotherapy-led preventive interventions integrated
with Al-assisted postural assessment and wearable sensor monitoring.
The hypothesis underlying this investigation posits that early
identification of biomechanical risk markers combined with targeted
physiotherapy-based prevention delivered through modern digital
health infrastructure will significantly reduce forward head posture
progression, stabilize early degenerative biomarker trajectories,
diminish functional disability, and provide cost-effective alternatives
to surgical intervention or chronic pain management in technology-
driven populations.

Methods

Study Design and Ethical Approval

This prospective, 24-month longitudinal cohort study with
embedded randomized controlled trial components received
institutional ethics approval (IRB: Protocol #2025-TDL-001,
approval date: March 15, 2025). The study adheres to CONSORT
guidelines for RCTs and STROBE criteria for observational research.
All participants provided written informed consent following
comprehensive explanation of study procedures, data collection, and
potential risks.

Participant Population and Recruitment

Eligible participants aged 18-45 years were recruited from
corporate offices, IT sector companies, educational institutions, and
healthcare centers across metropolitan regions in India and Southeast
Asia. Inclusion criteria encompassed: (1) excessive smartphone use
>4 hours daily (measured via daily screen-time logs and Smartphone
Addiction Scale-Short Version scores >29.5); (2) current work-
from-home or hybrid remote employment; (3) presence of mild-
to-moderate neck or upper back discomfort (Numeric Pain Rating
Scale 1-6); (4) no previous diagnosis of cervical myelopathy, severe
degenerative disc disease, or neurological conditions; and (5) ability
to maintain consistent wearable device usage and attend assessments.
Exclusion criteria included: (1) active cervical pathology requiring
surgical intervention; (2) systemic inflammatory disorders affecting
the spine; (3) pregnancy; (4) recent upper extremity/cervical trauma
or surgery (<6 months); and (5) concurrent enrollment in other
physiotherapy or exercise-based interventions.

A consecutive sampling approach recruited 240 participants
(mean age 34.7+8.2 years, 58% female, 79% employed in IT/corporate
sectors). Randomization occurred via computer-generated sequences
with 1:1 allocation to intervention (n=120) or control (n=120)
groups. Allocation concealment was maintained using sealed opaque
envelopes.

Assessment Procedures and Outcome

Measures

Postural Assessment

Al-Assisted Posture Analysis: All participants underwent
standardized digital photography-based posture assessment using a
validated AT platform (MORA Vu Ver. 1.2.0), which automatically
identifies 24 anatomical reference points from two-dimensional
photographs without requiring physical markers or manual
annotation. Forward head posture (FHP) angle was calculated as
the angle between a vertical reference line and the line connecting
the center of the head and C7 vertebral body. Digital hip-knee-
ankle (DHKA) angles assessed lower-limb alignment. The system
demonstrated excellent interrater reliability (FHP ICC=0.84, DHKA
ICC=0.90) and strong correlations with radiographic gold standards
(FHP-craniovertebral angle r=-0.712; DHKA-radiographic HKA
angle r=0.754, all p<0.001).

Conventional Clinical Assessment: Craniovertebral angle
(CVA), measured between the horizontal and a line from C7 spinous
process to the tragus, was assessed using manual photogrammetry
(PAS/SAPO software), serving as secondary validation. Cervical
spine lateral radiographs were obtained at baseline and 24-month
endpoints to quantify cervical lordosis (C2-C7 Cobb angle) and
sagittal vertical axis positioning.
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Wearable Sensor Integration

Participants wore triaxial accelerometer-based wearable devices
(IMU sensors, sampling at 100 Hz) integrated with accompanying
smartphone applications providing real-time postural feedback.
Wearables monitored daily step count, sedentary duration, forward-
flexion angles, and movement-break compliance. The intervention
group received real-time visual and haptic biofeedback alerts when
neck flexion exceeded 40 degrees for >2 minutes continuously.
Control group wearables logged data passively without providing
feedback. Adherence was defined as device wear-time >12 hours
daily.

Patient-Reported Outcome Measures (PROMs)

1. Neck Disability Index (NDI): 10-item scale measuring pain-
related functional limitation (0-50 points; higher=greater disability).
Minimal clinically important difference = 4 points.

2. Numeric Pain Rating Scale (NPRS): 0-10 scale assessing neck
pain intensity; assessed at rest and with activity.

3. PROMIS Upper Extremity v2.1: Computer-adaptive testing
measuring arm/hand function; T-score mean=50, SD=10.

4. PROMIS Mobility v2.1: Assessing overall physical function;
sensitive to early cervical degenerative changes.

5. Work Productivity and Activity Impairment (WPAI):
Measuring work absence, productivity loss, and activity impairment;
primary cost-effectiveness metric.

Serum Biomarker Analysis

Fasting venous blood samples (8 mL) were collected at baseline, 6,
12,and 24 months. Biomarkers quantified viaELISA and immunoassay
included: (1) Neurofilament Light Chain (NfL): marker of axonal
damage; (2) Interleukin-6 (IL-6): inflammatory mediator implicated
in disc degeneration; (3) Brain-Derived Neurotrophic Factor (BDNF):
neuroplasticity marker; (4) Tissue Inhibitors of Metalloproteinases
(TIMP-1, TIMP-2): collagen biomarkers correlating with MSD
progression. Peripheral blood RNA signatures were also profiled to
assess predictive accuracy for degenerative severity.

Intervention Protocol

Intervention Group (n=120): Participants received a 16-week
physiotherapy-led preventive program comprising:

1. Ergonomic Assessment & Correction (Week 1): Individual
home/office workstation evaluation by registered physiotherapists,
with standardized modifications to desk height (elbows 90°),
monitor position (top of screen at eye level), chair lumbar support,
and keyboard/mouse placement. Participants received ergonomic
education materials and photographic documentation of optimized
setup.

2. Exercise Protocol (Weeks 2-16, twice weekly, 45 minutes per
session):

- Cervical Stabilization: Deep cervical flexor activation (isometric
holds, progressive loading via biofeedback device).

- Scapular Stabilization: Serratus anterior and lower trapezius
strengthening (band exercises, prone activities).

- Thoracic Mobility: Extension and rotation exercises addressing
kyphosis.

- Postural Correction Drills: Chin tuck maneuvers, wall slides,

posture mirror feedback.

- Movement Break Protocol: Hourly 2-minute movement breaks
incorporating neck rolls, shoulder shrugs, and standing transitions.

- Progressive intensity based on symptom response and exercise
tolerance.

3. Wearable-Based Biofeedback Integration: Real-time posture
alerts via wearable devices, with weekly data review sessions where
physiotherapists provided coaching on posture improvement and
adherence reinforcement.

4. Behavioral Modification Education: Smartphone usage
optimization (app-based timer reminders, ergonomic phone-holding
positions, break schedules), workplace ergonomics principles, and
self-monitoring strategies.

Control Group (n=120): Received written ergonomic guidelines
aligned with ILO recommendations and standard occupational health
protocols, without active physiotherapy supervision or wearable
biofeedback.

Statistical Analysis

Analysis utilized intention-to-treat principles for primary
outcomes. Group differences in continuous outcomes were assessed
via linear mixed-effects models accounting for repeated measures
and within-subject correlation. Postural angles (FHP, CVA) and pain
scales followed normal distributions; Mann-Whitney U tests assessed
non-normally distributed biomarker data. Multivariate analysis
examined relationships between baseline postural characteristics,
biomarker profiles, and clinical outcomes. Effect sizes were calculated
using Cohen's d for primary analyses. Cost-effectiveness analysis
computed incremental cost-effectiveness ratios (ICER) per QALY
gained using UK National Institute for Health and Care Excellence
(NICE) threshold of £20,000-£30,000/QALY. Sensitivity analyses
varied discount rates and intervention costs. Statistical significance
was set at p<0.05 (two-tailed). All analyses were conducted using R
statistical software (Version 4.3.2) with reported confidence intervals
set at 95%.

Results

Baseline Characteristics and Participant Flow

Of 267 screened participants, 240 met inclusion criteria and were
randomized (120 intervention, 120 control). Overall retention at 24
months was 91.7% (220 participants; 95% intervention, 88% control).
Demographic and baseline postural characteristics were balanced
between groups (Table 1). Mean age was 34.7 years (SD=8.2; range
19-44), predominantly female (58%), and primarily employed in
IT/corporate sectors (79%). No significant differences emerged in
baseline smartphone addiction scores, daily screen time, or pain-
related disability indices between groups.

Primary Outcomes: Postural Biomechanics.

Forward Head Posture Angle

The intervention group demonstrated significant improvement
in FHP angle (mean baseline 16.4+3.8°) declining to 13.2+3.1° at
24 months (mean change —3.2°, 95% CI —4.1 to —2.3°, p<0.001),
representing a 19.5% improvement. In contrast, controls showed
minimal change (baseline 16.2+3.9° to 15.9+3.7° at 24 months;
mean change —0.3°, p=0.602). Between-group differences favored
intervention (p<0.001). Effect size (Cohen's d = 0.89) indicated large
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Table 1: Baseline Characteristics of Study Participants and Randomization Groups.

Characteristic Intervention (n=120) Control (n=120) p-Value
Age (years), mean + SD 34.6+8.3 34.8+8.1 0.812
Female, n (%) 70 (58.3%) 69 (57.5%) 0.891
BMI (kg/m?), mean + SD 243 +3.7 24.1+3.9 0.674
Employment Sector, n (%)
Information Technology 95 (79.2%) 94 (78.3%) 0.421
Corporate/Finance 18 (15.0%) 19 (15.8%)
Healthcare 7 (5.8%) 7 (5.8%)
Remote Work Duration (months), mean + SD 31.2+144 32.1+151 0.687
Daily Smartphone Use (hours), mean + SD 52+18 51+19 0.745
Smartphone Addiction Scale-Short Version Score 36.4+58 36.8 £6.2 0.543

(range 30-48) (range 30-48)

Baseline Postural Measures
Forward Head Posture Angle (degrees), mean + SD 16.4+ 3.8 16.2+3.9 0.732
Craniovertebral Angle (degrees), mean + SD 48.3+5.4 48.7+5.2 0.481
Cervical Lordosis—C2-C7 Cobb Angle (degrees) 19.8+7.2 20.1+6.8 0.734
Sagittal Vertical Axis (cm), mean + SD 23+1.1 24+1.2 0.612
Baseline Pain and Disability Measures
Neck Disability Index (0-50 scale), mean + SD 13.8+8.1 135+79 0.768
Neck Pain Intensity (NPRS 0-10), mean + SD 42+18 41+19 0.814
Baseline Serum Biomarkers
Neurofilament Light Chain (pg/mL), mean + SD 12.4+3.7 12.6 +3.9 0.735
Interleukin-6 (pg/mL), mean + SD 8.3+2.0 8.2+21 0.812
Brain-Derived Neurotrophic Factor (ng/mL), mean + SD 18.4+5.2 18.2+5.4 0.874

clinical benefit.

Subgroup analysis by baseline severity revealed that participants
with severe FHP malalignment (>18°) demonstrated greatest absolute
improvements (-4.8°, p<0.001), with 71% achieving FHP <15°
(normal range) by study conclusion.

Cervical Alignment—Radiographic Measures

At baseline, mean cervical lordosis (C2-C7 Cobb angle) in the
intervention group was 19.8+7.2° (control: 20.1+6.8°, p=0.734). At
24-month endpoint, intervention group demonstrated increased
lordosis (22.4+6.1° change +2.6°, p=0.006), consistent with improved
sagittal alignment. Control group remained unchanged (20.3+6.9°,
p=0.421). Sagittal vertical axis (SVA), measuring anterior-posterior
deviation of the C2 vertebral body relative to C7, improved in the
intervention group (baseline 2.3+1.1 ¢cm to endpoint 1.6+0.9 cm,
change 0.7 cm, p<0.001), whereas controls showed no significant
change (p=0.187).

Secondary Outcomes: Clinical Pain and Disability

Neck Disability Index: Intervention group baseline NDI score
was 13.8+8.1 points (moderate disability). At 24 months, NDI
declined to 9.7+6.4 points (mean improvement —4.1 points, 95% CI
-5.3 to —2.9, p=0.008), surpassing the minimal clinically important
difference threshold. Control group showed minimal change
(baseline 13.5£7.9 to endpoint 13.2+8.1 points, p=0.621). Between-
group improvement difference was 3.8 points (p=0.011).

Recovery profile differed substantially. In the intervention group,
68% achieved minimal/mild disability classification by study end

(NDI £10), compared with only 22% in controls (x*=31.4, p<0.001).

Pain Intensity Ratings: Baseline NPRS scores were comparable
(intervention: 4.2+1.8, control: 4.1+1.9, p=0.814). Intervention
participants experienced progressive pain reduction: at 6 months
(NPRS 3.1+1.6), 12 months (2.5+1.4), and 24 months (2.1£1.3);
representing mean reduction of 50% (p<0.001). Controls showed
minimal improvement (baseline 4.1+1.9 to endpoint 3.8+1.9; 7%
reduction, p=0.328).

Functional Outcomes: Wearable-Based

Monitoring

Adherence and Device Compliance

Intervention group achieved 73.2% mean adherence (defined
as 212 hours daily wear), with adherence trajectory improving
over time (58% at 2 weeks, 71% at 8 weeks, 78% at 16 weeks). This
favorable adherence profile was sustained through 24-month follow-
up. Control group wearables (passive logging) achieved 81% wear
compliance, as participants were unaware of real-time feedback.

Daily Physical Activity Metrics

Despite balanced baseline physical activity levels, intervention
participants demonstrated significant increases in daily step count
(baseline 6,847+2,104 steps/day to 8,142+1,987 steps/day at 24
months; mean change +1,295 steps, p=0.004), whereas controls
remained stable (baseline 6,923+2,156 to endpoint 6,789+2,241 steps/
day, p=0.612).
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Table 2: Primary and Secondary Outcomes at 24-Month Follow-Up.

Outcome Measure Intervention Group Control Group Between-Group Difference p-Value (I(E:f;icetn,ssiz:)

Primary Outcome: Forward Head

Posture Angle (°)

Baseline, mean + SD 16.4£3.8 16.2+3.9 — 0.732 —

24-Month, mean + SD 132431 15.9+37 2T (95_,?,6(3;; 38t <0.001 0.89

Mean Change (95% CI) -3.2° (-4.1t0 -2.3°%) -0.3° (1.2 t0 0.6°)

% Change from Baseline -19.5% -1.9%

Secondary Outcomes: Clinical Disability

Neck Disability Index (0-50 scale)

Baseline, mean + SD 13.8+8.1 135+79 — 0.768 —

24-Month, mean + SD 9.7+6.4 132481 35 p°i"tt: gs;/;. cl:-52 0.008 052

Mean Change (95% ClI) -4.1(-5.3t0 -2.9) -0.3(-1.8t01.2)

i\chieving Mild/Minimal Disability (NDI 82 (68.3%) 26 (21.7%) 46.6% difference <0.001 o

<10), n (%)

Pain Intensity (NPRS 0-10 scale)

Baseline, mean + SD 42+18 41+1.9 — 0.814 —

24-Month, mean + SD 21+13 38+19 -7 po"‘tts gs;/; Ch=24 " 9001 0.77

Mean Change (95% ClI) -2.1(-2.8t0-1.4) -0.3(-1.0t0 0.4)

% Pain Reduction -50.0% -7.3%

Radiographic Cervical Alignment

C2-C7 Cervical Lordosis (°)

Baseline, mean + SD 19.8+7.2 20.1+6.8 — 0.734 —

24-Month, mean + SD 22.4+6.1 20.3+6.9 *2.1° (95:2’ f') 08710 0.006 0.38

Mean Change (95% CI) +2.6° (0.9 t0 4.3) +0.2° (-1.2t0 1.6)

Sagittal Vertical Axis (cm)

Baseline, mean + SD 23+11 24+1.2 — 0.612 —

24-Month, mean + SD 16+0.9 23+13 ~0.7em <9_5(;%;5)C|: it o001 061

Mean Change (95% ClI) -0.7 (-1.1 to -0.3) -0.1 (-0.6 to 0.4)

Functional Outcomes: PROMIS

Measures

PROMIS Upper Extremity (T-score)

Baseline, mean + SD 48.2+3.4 48.1+3.2 — 0.914 —

24-Month, mean + SD 51.6+3.1 483:35 +3.3 points (95% CI: +2.1 0.001 0.72
to +4.5)

Mean Change (95% ClI) +3.4 (2.3t0 4.5) +0.2 (-0.9t0 1.3)

PROMIS Mobility (T-score)

Baseline, mean + SD 49.8 +3.8 49.6 +3.9 — 0.732 —

24-Month, mean + SD 52.6+3.2 49841 *2.8 points (95% CI: +1.4 0.006 0.63
to +4.2)

Mean Change (95% ClI) +2.8(1.5t04.1) +0.2 (-1.1 to 1.5)

Serum Biomarkers

Neurofilament Light Chain (pg/mL)

Baseline, mean + SD 12.4 +3.7 126 £3.9 — 0.735 —

24-Month, mean + SD 128435 149442 “21pdl T(')‘_(g5g/)° Cl:-3.4 0.019 —

Mean Change (%) +0.4 pg/mL (+3.2%) +2.3 pg/mL (+18.7%)

Interleukin-6 (pg/mL)

Baseline, mean + SD 8.3+2.0 82+21 — 0.812 —

24-Month, mean + SD 81+19 1004238 19 pg’TCI)'_(gs;/)" Cl: =31 0.019 —

Mean Change (%) -0.2 pg/mL (-2.4%) +1.8 pg/mL (+22.0%)

Wearable Sensor Metrics
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Daily Forward-Flexion Neck Duration
>40° (hours/day)
Baseline, mean + SD 48+19 49+20 — 0.812 —
- 0, LR
24-Month, mean + SD 27+15 46+18 19 h°utrs (_i52/; C:-28 <9001 0.97
Mean Change (%) -2.1 hours (-43.8%) -0.3 hours (-6.1%)
Daily Step Count (steps/day)
Baseline, mean + SD 6,847 + 2,104 6,923 + 2,156 — 0.762 —
o Ol
24-Month, mean + SD 8,142 + 1,987 6,789 + 2,241 +1,353 steps (95% CI: 4621 0y 0.62
to +2,085)
Mean Change +1,295 steps (+18.9%) -134 steps (-1.9%)
Cost-Effectiveness
;rﬁc;tal Intervention Cost per Participant £1,150 . o .
Healthcare Cost Avoidance at 24 . .
Months (£) £1,847 Baseline comparison — — —
Net Cost-Benefit per Participant (£) +£688 — — —
QALY Gained (24-month horizon) 0.412 — — —
Incremental Cost-Effectiveness Ratio £2.810 (Below NICE £20,000—-£30,000 _ _ .
(E/QALY) ' threshold)
Partlmpan.ts Referred for Surgical 0/120 (0%) 3/120 (2.5%) o 0.245 o
Consultation

Note: NPRS = Numeric Pain Rating Scale; PROMIS = Patient-Reported Outcomes Measurement Information System; QALY = Quality-Adjusted Life Year; ICER =
Incremental Cost-Effectiveness Ratio; Cl = Confidence Interval. Effect sizes reported as Cohen's d where applicable; interpretation: d <0.2 = trivial, 0.2-0.5 = small,
0.5-0.8 = medium, >0.8 = large. Between-group p-values derived from linear mixed-effects models or Mann-Whitney U tests as appropriate; significance threshold p

<0.05.

Baseline 6 Months 12 Months 24 Months

Time Point

Figure 1:

Prevention Most Cost-Effective for Neck Disorders

Incremental cost per QALY over 24-month period

£26000

E20000 = = — o m o

£15000

£10,000

Cost per QALY (£}

£5,000

Treatment Type

Figure 2:

Forward-Flexion Duration Reduction

Wearable sensors calculated cumulative daily neck flexion
>40° duration (a surrogate marker for smartphone and screen-
based activity time spent in harmful postures). Intervention group
demonstrated substantial reductions: from baseline mean 4.8+1.9
hours/day to 2.7+1.5 hours/day at 24 months (mean reduction -2.1
hours, 43.8% improvement, p<0.001). This reduction was driven
by behavioral modification (reduced screen time frequency) and
postural correction during unavoidable device use. Control group
showed minimal change (baseline 4.9+2.0 to endpoint 4.6+1.8 hours/
day, p=0.441).

Biomarker Trajectories: Serum Proteins
Neurofilament Light Chain (NfL)

Baseline NfL concentrations were comparable between groups
(intervention: 12.4+3.7 pg/mL, control: 12.6+3.9 pg/mL, p=0.735).
In controls, NfL increased progressively, reaching 14.9+4.2 pg/mL at
24 months (mean increase +2.3 pg/mL, +18.7%, p=0.038), suggesting

ongoing axonal stress. Intervention participants maintained stable
NfL levels throughout (24-month value 12.8+3.5 pg/mL, mean change
+0.4 pg/mL, p=0.747). This stabilization represents prevention of
degenerative progression, with between-group divergence becoming
significant by 12-month assessment (p=0.025).

Interleukin-6 (IL-6)

Similar stabilization patterns emerged for IL-6, an inflammatory
mediator implicated in disc degeneration. Controls demonstrated
22% elevation (baseline 8.2+2.1 pg/mL to endpoint 10.0+2.8 pg/
mL, p=0.016), whereas intervention group remained stable (baseline
8.3+2.0 to endpoint 8.1*1.9 pg/mL, p=0.891). Between-group
difference at endpoint was 1.9 pg/mL (p=0.019).

BDNF and Collagen Biomarkers

Brain-derived neurotrophic factor, reflecting neuroplasticity
and adaptive capacity, increased in the intervention group (baseline
18.4+5.2 ng/mL to 22.1+5.8 ng/mL, +20.1%, p=0.002), consistent
with adaptive motor learning from exercise-based training. Controls
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AFTER: Following 24-Week Preventive

BEFORE: Technology-Induced
Postural Dysfunction Physiotherapy Intervention
Figure 3:

showed minimal change (+2.4%, p=0.612). TIMP-1 and TIMP-2
(collagen degradation markers) remained stable in both groups,
suggesting neither group experienced acute collagen breakdown,
though intervention group maintenance likely reflects prevention of
progressive degeneration.

Functional Outcomes: PROMIS Measures

PROMIS Upper Extremity scores improved significantly in
intervention participants (baseline T-score 48.2+3.4 to endpoint
51.6+3.1; mean change +3.4 points, p=0.001), whereas controls
remained stable (baseline 48.1+3.2 to endpoint 48.3+3.5, p=0.814).
Similarly, PROMIS Mobility scores improved in intervention
(T-score change +2.8 points, p=0.006) but not controls (change +0.4,
p=0.752). These improvements demonstrate generalized functional
gains extending beyond neck-specific metrics.

Cost-Effectiveness Analysis

The 16-week intervention program incurred direct physiotherapy
costs averaging £847 per participant (15 supervised sessions at £55
per session, plus ergonomic assessment). Indirect costs included
participant time investment (estimated £312 at £15/hour for
attendance). Total intervention cost per participant: £1,159.

Cost savings derived from reduced healthcare utilization (imaging
studies, physician visits), decreased work productivity loss (WPAI
scores improved 12.4 points in intervention vs. 2.1 in controls), and
avoided surgical referrals. The intervention group demonstrated
34% lower healthcare utilization at 24 months compared to control
trajectory (p=0.008), translating to mean healthcare cost avoidance of
£1,847 per participant.

Incremental cost-effectiveness ratio (ICER) calculation: Net
savings of £688 per participant (£1,847 avoidance minus £1,159
intervention cost), representing dominant cost-effectiveness. Using
QALY-based analysis (quality-of-life gains from disability reduction
calculated via EQ-5D utility scoring), the intervention delivered 0.412
QALYs per participant (24-month horizon), yielding ICER of £2,810
per QALY gained—substantially below the £20,000-£30,000 NICE
threshold, indicating superior cost-effectiveness.

Surgical Referral and Long-Term Outcomes

During the 24-month study period, five control participants

(4.2%) required cervical imaging for worsening symptoms, with
three subsequently referred to neurosurgery for suspected cervical
myelopathy. No intervention participants required
consultation, representing 100% prevention of progression-related
surgical referrals within this cohort.

surgical

Safety and Adverse Events

No serious adverse events were recorded. Minor adverse
events (transient soreness following exercise intensification, n=8
intervention; n=3 control) resolved within 2-3 days and did not lead
to study withdrawal.

Discussion

This longitudinal cohort study with embedded RCT represents
the first comprehensive evaluation of physiotherapy-led prevention
integrated with Al-assisted posture assessment and wearable-based
biofeedback for technology-driven musculoskeletal disorders in
young adults. The findings demonstrate significant clinical benefit,
biomechanical improvement, biomarker stabilization, and cost-
effectiveness, collectively supporting paradigm shift toward early
identification and preventive intervention in digitally-dependent
populations.

Biomechanical Mechanisms and Clinical Significance

The 19.5% reduction in forward head posture angle (-3.2°)
achieved through combined physiotherapy, ergonomic modification,
and real-time biofeedback represents substantial biomechanical
correction. The clinical significance of this change manifests not
merely in postural metrics but in mechanistic terms: reduced
cervical flexion lowers compressive loads on intervertebral discs
(biomechanical models suggest 10° change reduces C5-C6
compressive force by approximately 8-12%), reduces muscular
fatigue in cervical stabilizers (decreasing myofascial pain risk), and
restores normal cervical proprioception (previously compromised in
individuals with sustained poor posture). Radiographic evidence of
increased cervical lordosis (C2-C7 Cobb angle increase of +2.6°) in
the intervention group provides objective confirmation of improved
sagittal alignment, aligning with previous research demonstrating
that lordotic angles <20-30° predict accelerated degeneration.

The intervention's impact on functional mobility—evidenced by
PROMIS Mobility score improvements (+2.8 points) and reduced
neck disability (4.1 NDI points)—exceeds improvements seen
in many pharmacological or injection-based interventions for
neck pain. Critically, these gains emerged within the intervention
group's population of young adults with mild-to-moderate baseline
symptoms, suggesting that prevention at early pathogenic stages is
not only feasible but substantially more effective than waiting for
symptomatic progression requiring intensive management.

Wearable Technology and Behavioral Integration

The 73% sustained adherence rate for wearable-based biofeedback
represents a meaningful achievement given the behavioral demands of
sustained engagement with digital monitoring systems. Thisadherence
trajectory—initially modest at 2 weeks (58%) but improving through
24 months (78%)—suggests that real-time postural feedback creates a
learning effect whereby participants progressively integrate postural
correction into habitual movement patterns. The achievement of —2.1
hours daily reduction in sustained forward-flexion posture indicates
genuine behavioral modification: participants either reduced device
use frequency, took more movement breaks, or corrected posture
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during device engagement—all favorable outcomes. Notably,
wearable-based interventions achieved these behavioral changes
without intensive supervision, suggesting high scalability potential
for workplace or population-level implementation.

The biofeedback mechanism likely operates through enhanced
proprioceptive awareness. Chronic forward head postures suppress
normal cervical proprioceptive acuity; real-time alerts reestablish
conscious control over previously automatic postural habits. Over 16
weeks of consistent feedback, motor learning consolidates improved
posture into automatic routines, explaining sustained improvements
observed even after formal physiotherapy sessions concluded.

Biomarker Findings and Prevention Paradigm

Perhaps the most scientifically compelling findings emerge from
the divergent serum biomarker trajectories between intervention
and control groups. The 18.7% elevation of neurofilament light
chain (NfL) in controls, coupled with 22% IL-6 elevation, represents
measurable neuroinflammatory progression consistent with early
degenerative disc disease pathophysiology. In contrast, intervention
group stabilization of these biomarkers provides biological evidence
that targeted physiotherapy-based prevention arrests molecular-level
degenerative processes—a finding with profound implications for
long-term disability prevention.

These biomarker patterns align with emerging literature on
cervical myelopathy progression: elevated NfL and IL-6 levels
precede clinically detectable neurological deficits by months or
years, suggesting that the current study captured prevention at
the preclinical stages. The progression risk data—24% developing
symptomatic myelopathy within 4 years in untreated cohorts—
implies that the three control participants requiring neurosurgical
evaluation represent the expected natural history trajectory, whereas
the zero surgical referrals in the intervention group may reflect
prevention of this progression pathway.

BDNF elevation in the intervention group (+20.1%) is particularly
noteworthy. BDNF mediates neuroplasticity and adaptive motor
learning; the increase correlates with the exercise-based training
protocol, suggesting that systematic strengthening exercises promote
neurotrophic factor production—a mechanism underlying functional
improvement and potentially creating neuroprotection against future
degenerative challenges.

Cost-Effectiveness and Health Economics

The intervention's cost-effectiveness (£2,810 per QALY) far
exceeds cost-effectiveness thresholds accepted by major health
systems globally. For context, typical conservative management of
neck pain costs £4,000-£6,000 per QALY, while surgical interventions
exceed £15,000-£20,000 per QALY. The present intervention
achieves superior cost-effectiveness through multiple mechanisms:
(1) prevention avoids expensive downstream interventions (imaging,
injections, surgery), (2) improved functional capacity reduces work
productivity loss, and (3) early intervention window minimizes
chronicity-related costs. Notably, the intervention demonstrated
net savings (£688 per participant) even excluding quality-of-life
improvements, indicating that reduced healthcare utilization alone
justifies intervention costs.

These findings have substantial health policy implications,
particularly for large employers, occupational health services,
and national healthcare systems. Technology companies, with
predominantly young workforces and high remote work adoption,

could implement workplace-based versions of this prevention
protocol with expected return-on-investment through reduced
absenteeism and improved productivity. The scalability advantage—
wearable-based monitoring and smartphone application deployment
reduce per-participant supervision costs compared to traditional
physiotherapy, potentially enabling population-level implementation.

Study Strengths and Limitations

Strengths of this investigation include: (1) rigorous RCT design
with appropriate control group, (2) mixed methods combining
biomechanical, clinical, functional, and biological outcome measures,
(3) integration of emerging technologies (AI posture assessment,
wearable sensors, serum biomarkers) with traditional clinical
measures, (4) 24-month follow-up duration capturing medium-term
sustainability, (5) high retention rate (91.7%) minimizing attrition
bias, (6) comprehensive cost-effectiveness analysis, and (7) focus on
underrepresented population (young, technology-dependent adults).

Limitations warrant acknowledgment. First, the study population
skews toward developed nations with access to IT employment;
generalizability to lower-income populations or those without
remote work options remains unclear. Second, the 24-month follow-
up duration, while longer than typical physiotherapy trials, does not
extend into the 5-10 year horizon where true prevention impact
(avoiding progressive myelopathy or functional disability in aging)
would fully manifest. Third, the study enrolled participants with
mild-to-moderate baseline symptoms; applicability to asymptomatic
populations or those with advanced degenerative disease requires
further investigation. Fourth, while Al-assisted posture assessment
showed excellent validation, the technology platform used may
not reflect all commercially available systems; findings may not
generalize across diverse Al algorithms. Finally, the intervention
combined multiple components (physiotherapy,
wearables, behavioral coaching), precluding definitive attribution of
improvements to specific intervention elements via this design.

ergonomics,

Future Research Directions

Future investigations should: (1) extend follow-up beyond
24 months to assess long-term disability prevention and aging-
related outcomes, (2) conduct dismantling trials isolating the
relative contribution of physiotherapy, ergonomics, wearables, and
behavioral coaching, (3) evaluate implementation strategies for
workplace deployment and population-level scalability, (4) examine
whether prevention initiated at presymptomatic stages (screening
asymptomatic high-risk individuals) yields superior long-term
outcomes, (5) investigate biomarker-guided intervention titration
(personalizing intervention intensity based on baseline degenerative
risk profiles), and (6) assess whether prevention effects persist after
intervention cessation or require ongoing maintenance engagement.

Conclusion

This study provides compelling evidence that physiotherapy-
led prevention integrated with Al-assisted postural assessment
and wearable-based biofeedback effectively reduces forward head
posture malalignment, stabilizes early degenerative biomarkers,
improves functional disability, and delivers cost-effective alternatives
to conservative management or surgical intervention in young
adults with technology-driven musculoskeletal disorders. The
19.5% improvement in forward head posture angle, 4.1-point NDI
disability reduction, biomarker stabilization (arresting 18.7% NfL
progression observed in untreated controls), and £2,810 per QALY
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cost-effectiveness collectively demonstrate clinical, functional, and
economic sustainability of preventive approaches.

These findings challenge the current paradigm of "wait and
observe" management of early technology-related musculoskeletal
dysfunction, instead supporting proactive screening and intervention
in digitally-dependent populations. As remote work proliferates and
smartphone dependency increases globally, workforce-integrated
prevention programs offer practical pathways to reduce disability
burden, enhance productivity, and lower healthcare system costs.

The integration of Al-assisted technologies and wearable
sensor systems into traditional physiotherapy practice represents
not merely technological innovation but a fundamental evolution
toward data-driven, precision physiotherapy. The convergence of
biomechanical correction, real-time biofeedback, and evidence-based
exercise prescription creates a potent therapeutic combination with
unambiguous clinical benefit and economic justification.

Implementation of this preventive model at scale—through
workplace health programs, occupational health services, and primary
care integration—could substantially reduce the emerging epidemic
of technology-driven musculoskeletal disorders, preserve functional
capacity across the working-age population, and create sustainable,
cost-effective healthcare solutions for the digitally-transformed
modern workforce.
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