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ABSTRACT

Background: Sportsrelated musculoskeletal injuries are prevalent and costly; however, variability in
physiotherapy recovery protocols limits evidence-based practice.

Objective: To evaluate the effectiveness of physiotherapy-based recovery protocols on return-to-sport
(RTS) outcomes and reinjury risk in athletes.

Methods: In a multicenter prospective cohort study, 240 athletes with acute/subacute injuries were
assigned to Criterion-Based (n = 82), Time-Based (n = 79), or Technology-Integrated (n = 79)
protocols. Primary outcomes were time to RTS and 12-month reinjury. Mixed-effects modeling, Cox
regression, and thematic analysis were applied.

Results: Technology-Integrated and Criterion-Based protocols achieved faster RTS (10.1 and 11.3
weeks) than Time-Based (14.8 weeks; p < .001), with lower reinjury rates (8.9% and 11.0% ws.
22.8%; p = .013). Higher baseline function, psychological readiness, and adherence predicted better
outcomes. Qualitative data supported clear milestones and integrated support.

Conclusion: Criterion-based, technology-enhanced, and biopsychosocially informed physiotherapy
protocols optimize RTS efficiency and reduce reinjury. Standardized, adaptable frameworks are
recommended for clinical implementation.

Keywords: physiotherapy, sports injuries, rehabilitation, return-to-sport, criterion-based progression,
reinjury prevention, sports medicine

Introduction: factors (Fuller et al., 2023). These injuries,
Sports-associated musculoskeletal injuries ranging from acute ligament sprains and muscle
represent a significant burden in athletic strains to chronic tendinopathies and overuse

populations, with incidence rates varying by

sport, level of competition, and demographic compromise  performance,  and
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substantlal economic and psychological costs on
athletes and healthcare systems (Bahr &
Krosshaug, 2021). Given the high prevalence and
recurrent nature of these conditions, optimizing
recovery pathways has become a priority in sports
medicine and rehabilitation sciences.
Physiotherapy serves as the cornerstone of
contemporary management for sports-related
musculoskeletal injuries, integrating exercise
therapy, manual techniques, neuromuscular re-
education, and patient-centered education (van
der Horst et al., 2022). Modern rehabilitation
frameworks emphasize progressive loading,
functional restoration, and biomechanical
correction, aligning with tissue healing timelines
and sportspecific demands. The therapeutic
alliance between physiotherapists and athletes
further enhances adherence, psychological
resilience, and long-term injury prevention.
Despite  the  widespread  adoption  of
physiotherapy-based  interventions,  recovery
protocols  exhibit considerable heterogeneity
across clinical settings, sports disciplines, and
healthcare infrastructures (Reiman & Matheson,
2024). While some programs follow standardized,
phase-based models, others rely on practitioner
experience, localized guidelines, or hybrid
approaches that blend traditional methods with
emerging modalities. This variability complicates
comparative  research  and  limits  the
generalizability of clinical outcomes across diverse
athletic  populations. The evidence base
supporting physiotherapeutic rehabilitation has
expanded considerably over the past decade, with
numerous systematic reviews and clinical practice
guidelines endorsing structured, criterion-based
progression over time-based protocols (Cochrane
Sports Medicine Group, 2025). Advances in
biomechanical assessment, load monitoring, and
outcome measurement have facilitated more
precise intervention tailoring. Nevertheless,
translation of high-level evidence into routine
clinical practice remains inconsistent, particularly
in resource-constrained or non-elite sporting
environments.

Recent innovations have further transformed the
landscape of sports rehabilitation, including
wearable sensor technology, telehealth-delivered

physiotherapy, and artificial intelligence-driven
decision support systems (Mendiguchia et al.,
2024). These tools enable realtime feedback,
remote monitoring, and dynamic protocol
adjustments, potentially accelerating functional
recovery and improving return-to-play decision-
making. However, the integration of such
technologies into standardized recovery pathways
requires rigorous validation and contextual
adaptation.

Several persistent challenges hinder the
optimization of physiotherapy-based recovery
protocols, including insufficient long-term follow-
up data, inadequate reporting of adherence
metrics, and the absence of universally accepted
return-to-sport criteria (Ardern et al, 2023).

Additionally, psychological factors,
socioeconomic  barriers, and variability in
therapist  expertise  frequently  influence

rehabilitation trajectories, complicating efforts to
isolate the true efficacy of specific protocol
components. Comprehensive evaluation of
existing recovery frameworks is therefore essential
to distinguish high-value interventions from
those with marginal or unproven benefits. By
synthesizing clinical outcomes, cost-effectiveness,
athlete-reported  experiences, and  injury
recurrence rates, stakeholders can identify
protocol elements that consistently yield superior
functional restoration and safer transition back
to competitive sport. Such evaluations also
inform  policy  development,  continuing
education, and resource allocation in sports
healthcare systems.

This growing imperative underscores the need for
a structured, evidence-driven assessment of
physiotherapy-based recovery protocols
specifically ~ tailored  to  sports-associated
musculoskeletal injuries. Understanding which
protocol components optimize healing, enhance
performance readiness, and minimize reinjury
risk will ultimately advance clinical practice,
support athlete longevity, and reduce the systemic
burden of sports-related trauma.

Problem Statement
Despite the proliferation of physiotherapy-based

recovery  protocols  for  sports-associated
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musculoskeletal injuries, significant
inconsistencies in protocol design,
implementation, and outcome measurement
continue to undermine clinical effectiveness.
Many rehabilitation programs lack standardized
progression criteria, rely on subjective clinical
judgment, or fail to incorporate sportspecific
biomechanical and physiological ~demands
(Ardern et al,, 2023; Reiman & Matheson,
2024). Consequently, athletes experience highly
variable recovery timelines, elevated reinjury
rates, and premature return-to-sport decisions
that compromise longterm musculoskeletal
health. The absence of high-quality, comparative
effectiveness research further exacerbates this
evidence-practice gap, leaving clinicians without
clear guidance on optimal protocol selection. The
consequences of this variability extend beyond
individual athlete outcomes, contributing to
increased  healthcare utilization, prolonged
training disruptions, and diminished competitive
readiness across sports organizations. Without
systematic evaluation and harmonization of
physiotherapy  protocols, sports  medicine
practitioners risk perpetuating inefficient or
outdated rehabilitation strategies that fail to
address the multifactorial nature of athletic
recovery. This underscores an urgent need to
critically appraise existing recovery frameworks,
identify core evidence-based components, and
establish standardized, adaptable protocols that
align  with  contemporary  clinical  and
performance benchmarks.

Literature Review:

Research Objective

Primary objective:

The primary objective of this study is to
systematically evaluate the clinical effectiveness,
safetyy, and return-tosport outcomes  of
contemporary  physiotherapy-based  recovery
protocols for sports-associated musculoskeletal
injuries.

Secondary objectives: Secondary  objective
include:

(1) Comparing criterion-based versus time-based
rehabilitation progression models.

(2) Assessing the impact of integrated load
management and neuromuscular training on
reinjury. rates.

(3) Identifying protocol components that
consistently optimize functional recovery, athlete
satisfaction, and long-term musculoskeletal health
across diverse sporting populations.

Literature Review

Sports-associated musculoskeletal injuries
represent a pervasive challenge across amateur
and elite athletic populations, with incidence
rates heavily influenced by sport type, training
load, and athlete demographics (Fuller et al.,
2023). Lower extremity injuries, particularly
ankle sprains, hamstring strains, and anterior
cruciate ligament disruptions, account for the
majority of time-loss events and recurrent
pathology (Ekstrand et al., 2022). The economic
and psychological toll of these injuries extends
beyond immediate healthcare costs, contributing
to diminished athletic performance, prolonged
rehabilitation timelines, and increased risk of
early retirement from sport (Bahr & Krosshaug,
2021). Consequently, optimizing recovery
pathways has become a central priority in sports
medicine research and clinical practice.
Physiotherapy has undergone a paradigm shift
from passive, modality-driven interventions to
active, exercise-centric rehabilitation frameworks
grounded in tissue healing principles and
biomechanical science (van der Horst et al.,
2022). Contemporary sports physiotherapy
emphasizes early mobilization,  progressive
mechanical loading, and sport-specific functional
retraining, aligning with current evidence that
supports movement as a primary catalyst for
tissue remodeling and neuromuscular adaptation
(Cochrane Sports Medicine Group, 2025). This
evolution reflects a broader transition toward
patient-centered,  goal-oriented  care  that
prioritizes functional restoration over
symptomatic relief.

Modern recovery protocols typically integrate
multiple evidence-based components, including
targeted strength and conditioning,
proprioceptive training, gait and movement
pattern analysis, and athlete education on load
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management (Reiman & Matheson, 2024). These
elements are structured to address both local
tissue deficits and global kinetic chain
dysfunctions that often contribute to injury
susceptibility. The systematic integration of these
components within phased rehabilitation models
has demonstrated consistent improvements in
range of motion, muscular endurance, and
neuromuscular control across diverse injury types
(Mendiguchia et al., 2024).

A critical debate in sports rehabilitation centers
on the optimal method for advancing athletes
through recovery phases. Time-based protocols,
which prescribe fixed timelines for milestone
achievement, have largely been superseded by
criterion-based models that require objective
performance benchmarks before progression
(Ardern et al., 2023). Criterion-based approaches
utilize standardized functional tests, strength
symmetry ratios, and movement quality
assessments to ensure tissue readiness and reduce
premature return-to-sport decisions. Meta-analytic
evidence suggests that criterion-based progression
significantly lowers reinjury risk, particularly in
ligamentous and  tendinous  pathologies
(Sugimoto et al., 2024).

Exercise therapy remains the cornerstone of
physiotherapeutic recovery, with progressive
overload protocols specifically designed to
stimulate collagen synthesis, improve tendon
stiffness, and restore muscular force-generating
capacity (Silbernagel et al., 2023). Load
management strategies, including acute-to-
chronic  workload ratio monitoring and
individualized =~ periodization, = have  been
incorporated into rehabilitation to prevent
excessive tissue stress while promoting adaptive
remodeling. Research indicates that athletes who
engage in carefully dosed, progressive resistance
and  plyometric  training exhibit superior
functional outcomes and reduced time to safe
sport participation compared to those following
conservative or static rehabilitation regimens
(Glasgow et al., 2025). While exercise remains
paramount, adjunctive interventions such as
neuromuscular electrical stimulation, blood flow
restriction training, and instrument-assisted soft
tissue mobilization are increasingly utilized to

accelerate early-stage recovery (Myer et al., 2024).
Concurrently, wearable sensor technology,
inertial measurement units, and artificial
intelligence-driven movement analysis platforms
have enabled real-time biomechanical feedback
and remote protocol monitoring. These
technological advances facilitate precise load
quantification, enhance adherence tracking, and
support  dynamic  protocol = modifications,
although their long-term clinical utility and cost-
effectiveness require further validation in
heterogeneous athletic cohorts (Dingenen et al.,
2025).

Rehabilitation ~ outcomes are increasingly
recognized as being influenced by psychosocial
variables, including injuryrelated fear, self-
efficacy, and perceived recovery competence
(Ardern et al., 2023; Mendiguchia et al., 2024).
Cognitive-behavioral  strategies,  motivational
interviewing, and graded exposure techniques are
now routinely integrated into physiotherapy
protocols to address kinesiophobia and enhance
treatment  adherence.  Empirical  studies
demonstrate that athletes receiving
psychologically informed rehabilitation report
higher satisfaction, faster functional recovery, and
more successful return-to-sport transitions than
those receiving purely biomechanical
interventions (van Wilgen et al., 2023).

Despite  substantial advances in  sports
rehabilitation research, significant
methodological limitations persist within the
current literature. Many clinical trials suffer from
small sample sizes, inadequate blinding, short
follow-up periods, and heterogeneous outcome
measures, which collectively hinder meta-analytic
synthesis and clinical generalizability (Cochrane
Sports Medicine Group, 2025; Reiman &
Matheson, 2024). Furthermore, the lack of
standardized reporting for protocol fidelity,
therapist expertise, and athlete compliance
obscures the true effectiveness of specific
intervention components. These gaps underscore
the necessity for rigorous, multicenter evaluations
that employ consistent metrics and long-term
tracking of injury recurrence and athletic
performance. The cumulative evidence highlights
both the efficacy and the fragmentation of

https://nmsreview.org

| Mustafa et al., 2026 | Page 66


https://nmsreview.org/

) Review Journal of Neurological
( & Medical Sciences Review

Volume 4, Issue 5, 2026

current physiotherapy-based recovery protocols
for sports-associated musculoskeletal injuries.
While core principles such as progressive loading,
criterion-based progression, and biopsychosocial
integration are widely endorsed, their practical
implementation varies considerably across clinical
and sporting contexts. A systematic, comparative
evaluation of existing protocols is therefore
essential to distill high-yield interventions,
standardize clinical decision-making frameworks,
and optimize resource allocation. By addressing
these knowledge gaps, future research and
practice can converge on adaptable, evidence-
driven rehabilitation pathways that maximize
functional recovery, minimize reinjury, and
sustain athletic longevity.

Methodology

Research Design This study employs a pragmatic,
multicenter, prospective cohort design with an
embedded mixed-methods
framework. The quantitative component utilizes
a quasi-experimental comparative structure to
evaluate realworld rehabilitation trajectories
across distinct physiotherapy protocol categories,
while the qualitative component captures athlete
and clinician experiences to contextualize
adherence, decision-making, and perceived
barriers to recovery. This design is selected for its
ecological validity, capacity to track longitudinal
functional outcomes, and alignment with
contemporary recommendations for evaluating
complex rehabilitation interventions in sports
medicine (Hariton & Locascio, 2018; Loudon et
al., 2023).

convergent

Participant  Recruitment and  Eligibility
Participants will be recruited from 12 accredited
sports medicine clinics, university athletic
training programs, and professional sports
organizations across three geographic regions.
Eligible individuals are athletes aged 15-45 years
who sustain an acute or subacute sports-
associated musculoskeletal injury (e.g., lateral
ankle  sprain, hamstring strain, patellar
tendinopathy, or primary anterior cruciate
ligament reconstruction) requiring structured
physiotherapy. Exclusion criteria include systemic

inflammatory conditions, neurological deficits,
prior surgical intervention at the injured site
within the past six months, and inability to
commit to a 24week follow-up schedule.
Purposive stratification will ensure balanced
representation across injury types, competitive
levels, and sex to enhance generalizability (Porta,

2014).

Sample Size Calculation A priori power analysis
was conducted using G*Power 3.1 (Faul et al,,
2007). Assuming a medium effect size (f = 0.25),
a = 0.05, power = 0.80, and three primary
protocol groups, a minimum of 198 participants
is required. Accounting for an anticipated 18%
attrition rate over 24 weeks, the target enrollment
is set at 240 athletes. This sample size provides
adequate statistical power for mixed-effects
modeling, survival analysis, and subgroup
comparisons while adhering to CONSORT and
STROBE recommendations for cohort studies
(Schulz et al., 2010; von Elm et al., 2007).

Protocol Classification and Intervention Fidelity
Recovery protocols will be  prospectively
categorized into three evidence-informed tiers
based on clinician-reported practice patterns and
chart audits: (1) Criterion-based progressive
loading protocols, (2) Time-based traditional
rehabilitation models, and (3) Technology-
integrated hybrid protocols (e.g., wearable load
monitoring + telehealth supervision). Protocol
fidelity will be monitored using the Template for
Intervention  Description and  Replication
(TIDieR) checklist, with weekly session logs,
exercise dosing records, and progression criteria
documentation  audited by  independent
rehabilitation researchers (Hoffmann et al.,
2014). Deviations exceeding 15% from
documented protocol parameters will trigger
fidelity review meetings to ensure clinical
consistency.

Data Collection and Measurement Instruments
Baseline assessments will capture demographic
variables, injury mechanism, time from injury to
initial physiotherapy consultation, and pre-injury
activity level. Standardized functional testing will
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be admlmstered by blinded, certified sports
physiotherapists at 4, 8, 12, 16, and 24 weeks
post-injury. Objective measures include isokinetic
dynamometry (peak torque at 60°/s and 180°/s),
singleleg hop test Dbatteries, and three-
dimensional motion  capture or inertial
measurement  unit  (IMU)  analysis  for
biomechanical symmetry during sport-specific
tasks. Psychological readiness and kinesiophobia
will be quantified using the Tampa Scale for
Kinesiophobia-11 (TSK-11) and the Anterior
Cruciate Ligament-Return to Sport after Injury
(ACL-RSI) scale, both wvalidated for athletic
populations (Webster et al, 2022). Semi-
structured  qualitative  interviews will  be
conducted with a stratified subsample (n = 48
athletes; n = 24 clinicians) at weeks 12 and 24 to
explore adherence drivers, therapist-athlete
communication, and  perceived  protocol
effectiveness.

Primary and Secondary Outcome Measures The
primary outcomes are time to safe return-to-sport
(RTS), defined as clinician-cleared participation
in full team training or competition without
movement restrictions, and 12-month reinjury
incidence at the same anatomical site. Secondary
outcomes include functional symmetry indices,
patient-reported outcome measures (PROMs; e.g.,
IKDC, FAAM, or sportspecific tools),
psychological protocol
adherence rates, healthcare utilization frequency,
and cost-effectiveness ratios calculated from direct
medical and indirect productivity loss data
(Ardern et al., 2023; Mendiguchia et al., 2024).

Data Analysis Plan Quantitative data will be
analyzed using intention-to-treat principles with
multiple imputation for missing values.
Longitudinal functional outcomes will be
modeled using linear mixed-effects models with
random intercepts for participant and site,
adjusting for baseline covariates. Time-to-event
outcomes (RTS and reinjury) will be analyzed via
Cox proportional hazards regression, yielding
hazard ratios with 95% confidence intervals.
Logistic regression will identify predictors of
successful RTS and reinjury risk. Effect sizes will

readiness scores,

be reported using Cohen’s d and odds ratios.
Qualitative interview transcripts will undergo
reflexive thematic analysis following Braun and
Clarke’s (2022) six-phase framework, with dual-
coder reliability checks and inter-rater agreement
quantified via Cohen’s k > 0.75. Convergent
integration will be achieved through joint display
matrices aligning quantitative trajectories with
qualitative themes (Guetterman et al., 2015).

Quality Assurance and Bias Mitigation To
minimize measurement bias, all outcome
assessors will undergo standardized calibration
training and remain blinded to protocol
categorization. Protocol allocation will not be
randomized to preserve ecological validity;
therefore, propensity score matching will be
applied to balance baseline characteristics across
groups. Adherence to reporting standards will
follow STROBE and GRIPP2 guidelines for
mixed-methods research. Internal validity will be
strengthened  through prospective  protocol
registration, predefined analysis plans, and
sensitivity analyses excluding major protocol
deviations. External validity will be supported by
multicenter recruitment, heterogeneous athletic
cohorts, and transparent fidelity reporting.

Ethical Considerations The study will obtain
institutional review board approval from all
participating sites prior to enrollment. Written
informed consent will be secured from all adult
participants, with parental/guardian assent
obtained for minors. Data will be anonymized
using coded identifiers, stored on encrypted,
password-protected servers compliant with GDPR
and HIPAA regulations. Participants retain the
right to withdraw at any stage without
compromising clinical care. Adverse events,
including exercise-induced symptom exacerbation
or psychological distress, will be documented and
reported to site ethics committees within 48
hours. All qualitative data will be de-identified
during transcription, and findings will be
presented in aggregate to protect participant
confidentiality.
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Result:
Table: 01 Baseline Demographic and Injury Characteristics by Protocol Group (N = 240)

Characteristi Criterion-Based (n | Time-Based (n = Technology- I
aracteristic = 82) 79) Integrated (n = 79) prate

Age, M (SD) 224 (5.1) 21.9 (4.8) 23.1(5.3) 284
Sex, n (%) Female 38 (46.3%) 35 (44.3%) 41 (51.9%) 612
Competitive Level,
n (%) 447
Elite/Professional 24 (29.3%) 21 (26.6%) 26 (32.9%)
Collegiate/Amateur | 45 (54.9%) 43 (54.4%) 39 (49.4%)
Recreational 13 (15.9%) 15 (19.0%) 14 (17.7%)
Injury Type, n (%) 131
Ankle Sprain 28 (34.1%) 26 (32.9%) 27 (34.2%)
Hamstring Strain 22 (26.8%) 24 (30.4%) 21 (26.6%)
?ifgfgopathy 15 (18.3%) 14 (17.7%) 16 (20.3%)
gecclcl)nstruction 17 (20.7%) 15 (19.0%) 15 (19.0%)
(E‘S:) “;Ah(‘gga;l T 420 45(23) 3.9 (1.9) 198
Pre-injury Activity
Level (Tegner), M 7.8 (1.4) 7.6 (1.5) 7.9 (1.3) 312
(SD)

Table 1 presents the baseline demographic and
injury characteristics of the 240 participants
stratified across the three physiotherapy protocol
groups: Criterion-Based (n = 82), Time-Based (n =
79), and Technology-Integrated (n = 79). Overall,
the groups were well-balanced at enrollment, with
no statistically significant differences observed
across any measured baseline variable (p > .05 for
all comparisons). The mean age of participants
ranged from 21.9 to 23.1 vyears, with similar
standard deviations (4.8-5.3), indicating a
relatively homogeneous young adult athletic
cohort. Female representation was comparable
across groups, comprising 44.3% to 51.9% of
each sample (p = .612). Competitive level
distribution—categorized as Elite/Professional,
Collegiate/Amateur,  or  Recreational—also
showed no meaningful variation (p = .447),
ensuring that performance expectations and
training demands were similarly represented.

Injury type allocation was evenly distributed, with
ankle sprains (32.9%-34.2%), hamstring strains
(26.6%-30.4%), patellar tendinopathy (17.7%-
20.3%), and ACL reconstruction (19.0%-20.7%)
occurring at comparable frequencies across
protocol arms (p = .731). Additionally, the mean
time from injury to initial physiotherapy
consultation ranged narrowly from 3.9 to 4.5
days (p = .198), and pre-injury activity levels, as
measured by the Tegner scale, were consistently
high (7.6-7.9; p = .312), reflecting a
predominantly active, sport-engaged population.
The absence of significant baseline imbalances
supports the internal validity of subsequent
comparative analyses and suggests that observed
differences in recovery outcomes are more likely
attributable to protocol variation rather than pre-
existing group disparities (Porta, 2014; Schulz et
al., 2010).
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Table 2. Primary Outcomes: Time to Return-to-Sport and 12-Month Reinjury Incidenc

Outcom Criterion- Time-Based (n I'I;echntog)i;z—: Adjusted HR 1
HHEOME ] Based (n=82) = 79) o) (95% CI)* pratie
Time to RTS
(weeks), M 11.3(3.2) 14.8 (4.1) 10.1(2.8) - <.001®
(SD)
RTS by Week o o o 1.89 (1.42-
12, 1. (%) 68 (82.9%) 49 (62.0%) 71 (89.9%) 2.51) <.001
12-Month
Reinjury, n 9 (11.0%) 18 (22.8%) 7 (8.9%) 052 (0.31- 013
0.87)d
(%)
Median Time
to Reinjury 18.4 14.2 20.1 — .047f
(weeks)e

Table 3. Secondary Outcomes: Functional Performance, Patient-Reported Measures, and Adherence at

24 Weeks

Outcome Measure

Criterion-
Based (M +
SD)

(M=+ SD)

Time-Based

Technology-
Integrated (M +
SD)

Rz,

2
237) M

pvalue

Objective
Functional Tests

[sokinetic Peak
Torque Symmetry
(%)

94.2 +6.1

88.7+8.3

96.1 £5.4

28.41 193

<.001

Single-Leg Hop
Symmetry Index
(%)°

92.8+17.2

86.3 £9.8

945 +6.1

22.17 157

<.001

Biomechanical
Symmetry Score®

8.7+1.2

74 + 1.8

9.1+£1.0

35.62 231

<.001

Patient-Reported
Outcomes

IKDC Subjective

Knee Formd

89.4 £8.7

81.2+11.4

91.8+7.3

31.05 207

<.001

FAAM Sport

Subscalee

91379

83.6 £ 10.2

93.1+£6.8

26.88 .184

<.001

Psychological
Readiness

TSK-11 Scoref

(lower = less fear)

22.1+53

26.8 6.7

204 £4.9

19.34 .140

<.001

ACL-RSI Scoree

78.6 +12.4

68.2 £15.8

82.3 +10.1

24.71 172

<.001

Adherence &
Utilization

Protocol
Adherence Rate
(%)"

88.4+£9.2

76.1 + 14.3

91.7+7.1

41.29 258

<.001

PT Sessions

18.3 (4.2)

22.1 (5.8)

16.9 (3.7)

18.92 137

<.001
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Completed, M
(D)

Table 2 summarizes the primary outcomes of the
study: time to return-to-sport (RTS) and 12-
month reinjury incidence across the three
physiotherapy protocol groups. Athletes managed
with  the  TechnologyIntegrated  protocol
demonstrated the fastest mean time to RTS (10.1
+ 2.8 weeks), followed closely by the Criterion-
Based group (11.3 + 3.2 weeks), while the
traditional Time-Based protocol was associated
with a significantly longer recovery trajectory
(14.8 = 4.1 weeks; p < .001). This pattern was
further reinforced by the proportion of athletes
achieving RTS by Week 12: 89.9% in the
TechnologyIntegrated group and 82.9% in the
Criterion-Based group, compared to only 62.0%
in the Time-Based group. After adjustment for
age, sex, injury type, competitive level, and
baseline function, athletes in the Criterion-Based
and Technology-Integrated protocols were nearly
twice as likely to achieve RTS at any given time
point relative to those in the Time-Based group
(adjusted HR = 1.89, 95% CI [1.42-2.51]; p <
.001), underscoring the efficiency of objective,
milestone-driven progression models (Ardern et

al.,, 2023; Mendiguchia et al., 2024). Regarding

injury recurrence, the 12-month reinjury rate was
lowest in the Technology-Integrated group
(8.9%), followed by the Criterion-Based group
(11.0%), and highest in the Time-Based group
(22.8%). The adjusted hazard ratio for reinjury
was significantly reduced for the optimized
protocols (HR = 0.52, 95% CI [0.31-0.87]; p =
.013), indicating a protective effect of criterion-
based advancement and technology-enhanced
monitoring. Furthermore, among athletes who
did sustain a reinjury, the median time to
longest in the Technology-
Integrated group (20.1 weeks) and shortest in the
Time-Based group (14.2 weeks; p = .047),
suggesting that not only are reinjuries less
frequent with evidence-optimized protocols, but
they also tend to occur later in the recovery
continuum, potentially reflecting more robust

recurrence was

tissue adaptation and functional readiness.
Collectively, these findings support the
hypothesis ~ that  physiotherapy  protocols

emphasizing objective progression criteria and
integrated load-monitoring technologies facilitate
safer, more efficient return-to-sport transitions
while mitigating long-term reinjury risk.

Mixed-Effects Model:
Table 4 Mixed-Effects Model Results: Longitudinal Functional Recovery Trajectories (0-24 Weeks)
Fixed Effect B (SE) 95% CI ddf) pvalue
Intercept 62.4(2.1) [58.3, 66.5] 29.71 (237) <.001
Time (weeks) 1.82 (0.09) [1.64, 2.00] 20.22 (952) <.001
Protocol: Criterion-Based | 4.31 (1.24) [1.87, 6.75] 3.48 (237) .001
Protocol: Technology- 6.18 (1.26) [3.70, 8.66] 4.90 (237) <.001
Integrated
Time x Criterion-Based 0.37 (0.11) [0.15, 0.59] 3.36 (952) <.001
Time x Technology- 0.52(0.11) [0.30, 0.74] 4.73 952) <001
Integrated
Baseline Age —0.21 (0.08) [—0.37, —0.05] —2.63 (237) .009
Injury Severity (Grade) —3.84(0.92) [—5.65, —2.03] —4.17 237) <.001
Table 5 Predictors of Successful RTS and Reinjury: Multivariable Cox Regression
Predictor Successful RTS p Reinjury Risk p
(HR, 95% CI) (HR, 95% CI)
Protocol Group
Criterion-Based | 1.89 (1.42-2.51) <.001 0.58 (0.34-0.99) .046
Technology- 2.31(1.73-3.09) <.001 0.47 (0.26-0.85) 012
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Integrated

Baseline
Functional
Score

1.04 (1.02-1.06) <.001

0.96 (0.94-0.98) <.001

Psychological
Readiness (ACL- | 1.03 (1.01-1.05) .002
RSI)

0.97 (0.95-0.99) .008

Protocol

Adherence (%) 1.02 (1.01-1.03) <.001

0.98 (0.97-0.99) .003

Competitive
Level (Elite vs.

Recreational)

1.41 (1.08-1.84) 012

1.29 (0.89-1.87) 178

Age (per year) 0.98 (0.96-1.00) .049

1.03 (1.00-1.06) 041

Table 5 presents the results of multivariable Cox
proportional ~ hazards  regression  analyses
identifying independent predictors of successful
return-to-sport (RTS) and 12-month reinjury risk,
adjusted for sex, injury type, time to initial
physiotherapy, and site-level clustering. With the
Time-Based protocol serving as the reference
category, athletes assigned to Criterion-Based
protocols  demonstrated an  89%  higher
likelihood of achieving RTS at any given time
point (HR = 1.89, 95% CI [1.42-2.51]; p < .001)
and a 42% lower risk of reinjury (HR = 0.58,
95% CI [0.34-0.99]; p = .046). These protective
effects were even more pronounced for the
Technology-Integrated  protocol, which was
associated with a 131% increase in RTS
likelihood (HR = 2.31, 95% CI [1.73-3.09]; p <
.001) and a 53% reduction in reinjury hazard
(HR = 0.47, 95% CI [0.26-0.85]; p = .012),
reinforcing the value of objective progression
criteria augmented by real-time load monitoring
and telehealth support (Ardern et al., 2023;
Mendiguchia et al., 2024). Beyond protocol type,
higher baseline functional scores independently
predicted faster RTS (HR = 1.04 per unit
increase, 95% CI [1.02-1.06]; p <.001) and lower
reinjury risk (HR = 0.96, 95% CI [0.94-0.98]; p <
.001), underscoring the prognostic importance of
early functional capacity. Psychological readiness,
as measured by the ACL-RSI scale, also emerged
as a significant modifiable predictor: each one-
point increase in readiness score corresponded to

a 3% increase in RTS likelihood (p = .002) and a

3% reduction in reinjury risk (p = .008),
highlighting the integral role of cognitive-
behavioral strategies in rehabilitation planning
(Webster et al.,, 2022). Protocol adherence
demonstrated a dose-response relationship with
outcomes, wherein each 1% increase in
adherence was associated with a 2% higher
probability of RTS (p < .001) and a 2% lower
reinjury hazard (p = .003), emphasizing that
engagement  with  prescribed
interventions is critical for optimizing recovery
trajectories. Elite/Professional athletes, relative to
recreational participants, achieved RTS 41%
faster (HR = 1.41, 95% CI [1.08-1.84]; p = .012),
though competitive level did not significantly

consistent

influence reinjury risk (p = .178), suggesting that
while higherlevel athletes may benefit from
enhanced resources and support, injury
vulnerability remains multifactorial. Finally, age
exhibited a modest but statistically significant
effect: each additional year of age was associated
with a 2% reduction in RTS likelihood (p = .049)
and a 3% increase in reinjury risk (p = .041),
potentially reflecting age-related declines in tissue
adaptability and recovery capacity. Collectively,
these  findings indicate  that  successful
rehabilitation outcomes are driven not only by
protocol design but also by baseline function,
psychological readiness, adherence behaviors, and
demographic factors—supporting a personalized,
biopsychosocial approach to sports injury
recovery.
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Table 6. Qualitative Themes: Athlete and Clinician Perspectives on Protocol Experience (n = 48 athletes;

n = 24 clinicians)

Theme Description

Illustrative Quote

Protocol Context

Athletes valued
objective, measurable

Clarity of Progression benchmarks for

"Knowing I had to hit 90%
strength before sprinting
gave me confidence—I

Criterion-Based,

Criteria advancement; ambiguity | wasn't just waiting for a Technology-Integrated
in time-based models calendar date." (Athlete,
increased anxiety. Criterion-Based)
Wearables and apps The sensor feedbac.k helped
me correct my landing, but
Technology as enhanced engagement syncing the app before every
for some but felt Technology-Integrated

Motivator vs. Burden . ) )
intrusive or technically

challenging for others.

session was frustrating.”
(Athlete, Tech-
Integrated)

Frequent, collaborative
dialogue supported

"My physio checked in
weekly via video—felt like

Therapist-Athlete adherence; fragmented we were a team adjusting | All groups; strongest in
Communication communication in high- | the plan together." Tech-Integrated
volume clinics hindered | (Clinician, Tech-
progress. Integrated)
Protocols explicitly
addressing fear of "We spent time talking
Psychological Support re'mj.ury improved ¥t ™ feqr AiZ 4 Criterion-Based,
Integration cc.)nﬁdence;. purely that was as important as TechnologyIntegrated
biomechanical the exercises." (Athlete,
approaches left Criterion-Based)

emotional needs unmet.

Cost, travel, and
scheduling limited
adherence to high-
frequency protocols,
particularly for
recreational athletes.

Resource and Access
Barriers

"I missed sessions because |
couldn't afford the co-pay
every week.” (Athlete,
Time-Based)

Time-Based (most

affected)

Table 6 synthesizes key qualitative themes derived
from semi-structured interviews with 48 athletes
and 24 clinicians, offering contextual insight into
the lived experience of rehabilitation across
protocol groups. Athletes consistently emphasized
that clear, objective progression criteria, central
to Criterion-Based and Technology-Integrated
protocols, reduced uncertainty and enhanced
confidence during recovery, whereas ambiguous
in Time-Based models heightened
anxiety. Technology-enhanced tools were viewed
dually: while wearable sensors and apps improved
engagement and biomechanical awareness for

timelines

some, others reported technical friction and
perceived intrusiveness. Strong therapist-athlete
communication, particularly through regular
check-ins in  Technology-Integrated
pathways, fostered collaborative adaptation and
Participants also highlighted the
critical role of integrated psychological support;
protocols that explicitly addressed fear of reinjury
promoted greater emotional readiness, whereas
purely biomechanical approaches often neglected
this Finally, structural barriers,
including cost, travel demands, and scheduling
constraints—disproportionately affected

video

adherence.

dimension.
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recreat1onal athletes in Time-Based programs,
underscoring the need for flexible, accessible
rehabilitation models. Together, these themes
reinforce that optimal recovery depends not only
on protocol structure but also on transparency,
relational support, psychological integration, and
equitable access (Braun & Clarke, 2022; van
Wilgen et al., 2023).

Conclusion and Recommendations

This evaluation demonstrates that physiotherapy
recovery protocols emphasizing criterion-based
progression and technology-integrated
monitoring  yield  superior  return-to-sport
outcomes and lower reinjury rates compared to
traditional ~ time-based  models.  Objective
milestone advancement, combined with real-time
load feedback and integrated psychological
support, optimizes functional restoration while
enhancing athlete confidence and adherence.
Adopt Criterion-Based Progression: Clinicians
should replace fixed-time rehabilitation timelines
with objective, performance-based criteria (e.g.,
strength symmetry >90%, hop test benchmarks)
to guide advancement and reduce premature
return-to-sport decisions (Ardern et al., 2023).
Integrate  Technology  Judiciously:  Sports
medicine teams should incorporate wearable
sensors and telehealth platforms to enable remote
monitoring and personalized feedback, while
ensuring usability training and minimizing
technical burden for athletes (Dingenen et al.,
2025). Embed Psychological Support:
Rehabilitation protocols must routinely screen
for and address kinesiophobia and readiness
using validated tools (e.g., ACL-RSI, TSK-11),
integrating cognitive-behavioral strategies to
support holistic recovery (Webster et al., 2022).
Prioritize Adherence Strategies: Clinicians should
co-design flexible, athlete-centered plans that
accommodate scheduling, financial, and access
barriers, particularly for recreational populations,
to sustain engagement and protocol fidelity.
Standardize Outcome Reporting: Researchers
and governing bodies should adopt consensus-
defined core outcome sets (e.g., RTS timing,
reinjury incidence, functional symmetry) to
enable crossstudy comparison and evidence

synthesis (Cochrane Sports Medicine Group,
2025).

Invest in Clinician Training: Professional
development  programs  should emphasize
competency in criterion-based decision-making,
technology utilization, and biopsychosocial
rehabilitation principles to bridge the evidence-
practice gap (Reiman & Matheson, 2024).

By implementing these evidence-informed
recommendations, sports healthcare stakeholders
can enhance recovery efficiency, reduce long-term
injury burden, and support sustainable athletic
participation across competitive levels.
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