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Background  
Persistent deficits in motor control following anterior cruciate ligament reconstruction 
suggest that conventional rehabilitation approaches fail to address underlying 
neurocognitive and sensorimotor mechanisms. However, how different rehabilitation 
strategies influence these mechanisms remains unclear. 

Methods  
A systematic review with narrative synthesis was conducted in accordance with PRISMA 
guidelines. Studies evaluating motor control targeted rehabilitation interventions in 
anterior cruciate ligament reconstruction or relevant populations were included. 
Interventions were classified into five domains based on their primary mechanisms: 
motor learning, neuromuscular training, cognitive and dual task approaches, feedback 
based interventions, and environment mediated strategies. Outcomes were synthesized 
across biomechanical, sensorimotor, and functional domains. 

Results  
Seven studies were included. Interventions demonstrated domain specific effects, with no 
single approach producing consistent improvements across all outcomes. Motor learning 
interventions improved movement performance and lower extremity kinematics, while 
cognitive and dual task approaches influenced both biomechanical and postural control 
outcomes. Neuromuscular training improved proprioception, whereas feedback based and 
environment mediated interventions showed more context specific effects. 
Improvements in objective outcomes were not consistently associated with patient 
reported measures. 

Conclusion  
Motor control rehabilitation following anterior cruciate ligament reconstruction is 
mechanism dependent rather than intervention dependent. A domain-based framework 
provides a structured basis for aligning rehabilitation strategies with specific functional 
targets and may enhance the precision and effectiveness of rehabilitation. 

INTRODUCTION 

Anterior cruciate ligament (ACL) reconstruction is widely 
performed to restore knee stability and facilitate return to 
sport; however, a substantial proportion of individuals fail 
to regain pre-injury performance levels or experience sec

ondary ACL injury despite completing rehabilitation.1 Prin
ciples of motor learning have been proposed to support 
neuroplastic adaptation following ACL injury, highlighting 
the importance of targeting central mechanisms in rehabil
itation rather than focusing solely on peripheral recovery.2 
Consistent with this perspective, ACL injury is associated 
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with neurophysiological alterations involving disrupted 
sensorimotor integration, altered cortical activity, and im
paired motor planning, which contribute to persistent 
deficits in movement control.3 
Despite these advances, current clinical practice guide

lines for ACL rehabilitation remain largely impairment-
based, emphasizing strength, range of motion, and func
tional progression, with limited integration of 
mechanism-specific approaches targeting motor control.4 
Evidence from quantitative syntheses further suggests that 
rehabilitation interventions produce variable and often in
consistent effects across outcome measures, with no single 
approach demonstrating superiority across all domains of 
recovery.5 

Neuromuscular training interventions targeting propri
oception and sensorimotor control have demonstrated im
provements in joint position sense and movement stability 
in individuals following ACL reconstruction.6 Similarly, sys
tematic evidence supports the role of neuromuscular train
ing in enhancing proprioceptive function and reducing 
movement deficits, although the magnitude and consis
tency of effects vary across studies.7 
Motor learning–based strategies, including the use of 

external focus of attention, have been shown to improve 
movement performance and biomechanical outcomes, par
ticularly in tasks such as jump-landing, where altered me
chanics are associated with increased injury risk.8 In ad
dition, structured return-to-sport rehabilitation programs 
have demonstrated benefits in improving functional out
comes, although variability in effectiveness remains a per
sistent challenge.9 Persistent deficits in functional perfor
mance, including reduced jump capacity and altered 
biomechanics, have been identified even at the time of 
return to sport, reinforcing the limitations of current re
habilitation approaches.10 Emerging interventions incor
porating virtual reality and technology-enhanced training 
environments have shown potential to modify movement 
behavior through environmental and sensory feedback, al
though evidence remains limited and heterogeneous.11 
A critical limitation in the current literature is the ten

dency to evaluate rehabilitation interventions as homo
geneous approaches, despite targeting distinct underlying 
mechanisms such as neuromuscular control, motor learn
ing, cognitive processing, and environmental interaction. 
This lack of mechanistic differentiation contributes to het
erogeneity in reported outcomes and limits the interpreta
tion of intervention-specific effects. 
Therefore, a structured synthesis that classifies rehabili

tation interventions based on their primary mechanisms of 
action is needed to clarify how different approaches influ
ence motor control and movement outcomes following ACL 
reconstruction. The aim of this systematic review is to eval
uate rehabilitation strategies using a domain-based frame
work and to synthesize their effects across biomechanical, 
sensorimotor, and functional outcomes. 

METHODS 

STUDY DESIGN, REGISTRATION, AND REPORTING 
STANDARDS 

This study was designed as a systematic review with a nar
rative synthesis to evaluate the effects of rehabilitation in
terventions targeting motor control following anterior cru
ciate ligament reconstruction (ACLR). A quantitative 
meta-analysis was not performed due to substantial hetero
geneity across included studies in terms of study design, 
populations, intervention characteristics, and outcome 
measures. The review was conducted in accordance with 
the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) 2020 statement. The review pro
tocol was registered in the International Prospective Regis
ter of Systematic Reviews (PROSPERO) under the registra
tion number CRD420261368408. 

LITERATURE SEARCH STRATEGY AND STUDY SELECTION 

A systematic literature search was conducted to identify 
studies evaluating rehabilitation interventions targeting 
motor control in ACLR or populations relevant to ACL in
jury mechanisms. The search strategy incorporated com
binations of keywords and controlled vocabulary terms re
lated to anterior cruciate ligament reconstruction, motor 
control, and rehabilitation approaches. 
The core search string included: (“anterior cruciate lig

ament reconstruction” OR “ACLR”) AND (“motor control” 
OR “movement control” OR “neuromuscular control”) AND 
(“rehabilitation” OR “training”) AND (“motor learning” OR 
“external focus” OR “cognitive” OR “dual-task” OR “feed
back” OR “biofeedback” OR “virtual reality” OR “aug
mented reality”). 
The search process identified 57 records. After removal 

of duplicates (n = 9), 48 records were screened based on ti
tles and abstracts. A total of 14 full-text reports were as
sessed for eligibility, resulting in 8 reports included in the 
review. One report was identified as a study protocol with
out outcome data and was excluded from the final synthe
sis, yielding 7 studies included in the analysis. The study 
selection process is illustrated in the PRISMA flow diagram. 

ELIGIBILITY CRITERIA AND DATA EXTRACTION 

Studies were included if they evaluated rehabilitation inter
ventions targeting motor control and incorporated a com
parator condition. Eligible populations included individuals 
following ACL reconstruction as well as populations rele
vant to ACL injury mechanisms, including healthy or at-risk 
individuals, to provide mechanistic insight into motor con
trol adaptations. 
Eligible study designs included randomized controlled 

trials, randomized cross-over studies, controlled compara
tive studies, and diagnostic controlled studies, consistent 
with the designs observed in the included studies. 
Studies were excluded if they were non-controlled, in

volved irrelevant populations, did not include motor con
trol–targeted interventions, or lacked extractable outcome 
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data. Protocol studies without reported outcomes were ex
cluded from the final synthesis. 
Data extraction was conducted using a structured ap

proach and included study design, sample size, population 
characteristics, intervention type, comparator, intervention 
duration, and outcome measures. Outcomes of interest in
cluded biomechanical measures, neuromuscular function 
(including proprioception), postural control, functional 
performance, muscle strength, and patient-reported out
comes, consistent with the outcome categories reported 
across included studies. 

INTERVENTION CLASSIFICATION AND DATA SYNTHESIS 

Interventions were categorized according to their primary 
mechanism of action, as identified from the characteristics 
of the included studies, into five domains: feedback-based 
interventions, neuromuscular training, motor learning 
strategies, cognitive and dual-task approaches, and envi
ronment-mediated interventions. Each study was assigned 
to a primary domain based on its dominant intervention 
characteristics. 
Given the heterogeneity across studies in terms of de

sign, population characteristics, intervention approaches, 
and outcome measures, a narrative synthesis approach was 
employed. Findings were synthesized according to inter
vention domains and outcome categories to identify pat
terns of effect across different mechanisms. 

RISK OF BIAS AND DATA HANDLING 

Risk of bias was assessed for randomized controlled trials 
using the Cochrane Risk of Bias 2 (RoB 2) tool. Domains as
sessed included the randomization process, deviations from 
intended interventions, missing outcome data, measure
ment of outcomes, and selection of reported results. 
Data were extracted and analyzed as reported in the in

cluded studies without transformation or imputation. Due 
to the limited number of included studies, publication bias 
was not formally assessed. 

RESULTS 

STUDY SELECTION 

A total of 57 records were identified through database 
searching. After removal of 9 duplicates, 48 records re
mained for title and abstract screening. Of these, 34 records 
were excluded based on predefined eligibility criteria, in
cluding non-controlled study designs, ineligible popula
tions, and studies not involving neurocognitive or tech
nology-enhanced interventions. Fourteen full-text articles 
were assessed for eligibility. Of these, 6 reports were ex
cluded for the following reasons: non-controlled study de
sign (n = 2), ineligible population (n = 1), lack of a relevant 
intervention (n = 2), and insufficient outcome reporting (n 
= 1). 
A total of 8 reports met the inclusion criteria. One report 

was identified as a study protocol without reported out
come data and was excluded from data synthesis. Conse

quently, 7 studies were included in the final synthesis. Each 
included report was treated as an independent study. 
The study selection process is illustrated in Figure 1. 

STUDY CHARACTERISTICS 

The synthesis included 8 reports published between 2014 
and 2024. One report was identified as a study protocol and 
was excluded from outcome synthesis, resulting in 7 stud
ies included in the final analysis. The included studies com
prised randomized controlled trials (n = 4), a randomized 
cross-over study (n = 1), a controlled comparative study (n 
= 1), and a diagnostic controlled study (n = 1). Sample sizes 
ranged from 24 to 56 participants. 
Three studies included participants following anterior 

cruciate ligament reconstruction (ACLR), while the remain
ing studies involved either healthy athletes or individuals 
with biomechanical or neuromuscular risk profiles associ
ated with ACL injury. Some studies included both ACLR and 
healthy control groups. 
Detailed characteristics of the included studies, includ

ing study design, population, interventions, and outcome 
measures, are summarized in Table 1 . 
Most studies were conducted in controlled laboratory 

environments using biomechanical or motor control based 
outcome measures. Given the limited number of random
ized trials conducted exclusively in ACLR populations, 
studies involving healthy or at risk populations were in
cluded to provide mechanistic insight into motor control 
adaptations relevant to ACLR rehabilitation. 
Intervention duration ranged from single-session exper

imental protocols to structured programs lasting up to 24 
weeks. The majority of multi-session interventions were 
conducted over 6–8 weeks (Figure 2 ). 

INTERVENTION CLASSIFICATION 

Building on the study characteristics presented in Table 1, 
the included interventions were grouped into five domains 
based on their primary mechanism of action, as identified 
from the intervention design and reported outcomes. These 
domains were: (1) feedback-based interventions, (2) neuro
muscular training based interventions, (3) motor learning 
based interventions, (4) cognitive and dual-task based in
terventions, and (5) environment-mediated interventions. 
The feedback-based domain included interventions that 

provided augmented or real-time feedback to modify move
ment patterns, such as augmented reality based telereha
bilitation. The neuromuscular training domain included 
structured exercise based interventions targeting proprio
ception and sensorimotor control. Motor learning based in
terventions focused on modifying movement performance 
through attentional focus strategies and skill acquisition. 
Cognitive and dual-task interventions incorporated con
current cognitive demands to influence motor control and 
movement strategies. 
Finally, environment mediated interventions involved 

manipulation of environmental conditions, such as immer
sive virtual reality, to alter movement behavior. Each study 
was assigned to a single domain based on its primary mech
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Figure 1. PRISMA flow diagram illustrates the identification, screening, eligibility assessment, and inclusion of             
studies in the systematic review.      

anism, although several interventions incorporated over
lapping components. 
A structured summary of intervention types and corre

sponding outcome categories is presented in Table 2 . 

EFFECTS OF INTERVENTIONS ACROSS DOMAINS 

The included studies reported intervention effects across 
biomechanical, neuromuscular, and functional outcomes, 
with variation in both outcome type and magnitude of ef
fect across domains. 
In the feedback-based domain, the augmented reality 

based telerehabilitation intervention demonstrated im
provement in quadriceps strength compared to the control 
group, while no significant differences were observed in pa
tient reported outcomes measured using the International 
Knee Documentation Committee score (Lim et al.). 
In the neuromuscular training domain, the intervention 

resulted in a significant reduction in knee position sense 
error, indicating improved proprioceptive function follow
ing structured training (Ghaderi et al.). 
In the motor learning domain, interventions based on 

external focus and feedback driven strategies demonstrated 

improvements in movement performance and kinematic 
measures across studies. Specifically, external focus in
struction was associated with reduced Landing Error Scor
ing System scores (van Weert et al.), while combined ap
proaches incorporating video instruction and 
self-controlled feedback demonstrated improvements in 
lower extremity kinematics and transfer to sport specific 
tasks (Benjaminse et al.). 
In the cognitive and dual task domain, interventions 

incorporating concurrent cognitive demands demonstrated 
improvements across both biomechanical and postural con
trol outcomes. Dual task neuromuscular training was as
sociated with reductions in dynamic knee valgus and in
creases in knee flexion and ankle dorsiflexion (Hamoongard 
et al.). In contrast, the inclusion of a cognitive task during 
postural assessment was associated with reduced postural 
sway, while external focus alone did not produce measur
able changes in postural control in one study (Ahmadi et 
al.). 
In the environment mediated domain, the virtual real

ity-based intervention was associated with movement pat
terns that approximated those of healthy control partici
pants within the same study context (Gokeler et al.). 
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Figure 2. Intervention duration across included studies.      
Most interventions ranged from single-session protocols to structured programs lasting up to 24 weeks, with the majority conducted over 6–8 weeks. 

CROSS-DOMAIN SYNTHESIS 

The included studies demonstrated domain specific effects 
across biomechanical, proprioceptive, postural control, and 
functional outcomes, with differences in both the type and 
range of outcomes affected across intervention categories. 
Motor learning based and cognitive and dual task-based 

interventions were each supported by more than one study 
and were associated with effects across multiple outcome 
measures across studies within each domain. Motor learn
ing interventions were primarily associated with improve
ments in movement performance and lower extremity kine
matics, including Landing Error Scoring System scores and 
task specific movement patterns. In contrast, cognitive and 
dual task interventions influenced both biomechanical and 
postural control outcomes, including reductions in dynamic 
knee valgus and postural sway, as well as increases in knee 
flexion and ankle dorsiflexion. 
Feedback based, neuromuscular training based, and en

vironment mediated interventions were each supported by 
a single study and demonstrated more limited or domain 
specific effects. The feedback-based intervention showed 
improvement in quadriceps strength without correspond
ing changes in patient reported outcomes. The neuromus
cular training intervention demonstrated improvements in 
proprioceptive measures, while the environment mediated 
intervention was associated with movement patterns that 
approximated those of healthy control participants within 
the same study context. 
Across domains, interventions supported by more than 

one study were reported across a broader range of outcome 
measures, whereas interventions supported by single study 
evidence were limited to fewer outcomes. These findings 

suggest that different intervention approaches influence 
distinct outcome domains rather than producing uniform 
effects across all measures. 

OUTCOME-BASED SYNTHESIS AND STUDY 
HETEROGENEITY 

The included studies demonstrated substantial heterogene
ity in study design, population characteristics, intervention 
approaches, and outcome measures, as reflected in the 
study characteristics and outcome summaries presented in 
Tables 1 and 2. 
Outcome based synthesis revealed variation in both the 

type of outcomes assessed and the manner in which they 
were reported across studies. Across domains, variability 
was observed in study design, population characteristics, 
and intervention approaches. 
Study designs ranged from randomized controlled trials 

and cross over studies to controlled comparative and diag
nostic studies. Populations included individuals following 
anterior cruciate ligament reconstruction, healthy athletes, 
and participants with biomechanical risk profiles associated 
with anterior cruciate ligament injury. 
Intervention characteristics varied considerably, ranging 

from single session experimental protocols to structured 
rehabilitation programs lasting up to 24 weeks. Interven
tions also targeted distinct mechanisms, including neuro
muscular training, motor learning strategies, cognitive and 
dual task integration, augmented feedback, and environ
mental manipulation. 
Outcome measures were highly variable and included 

biomechanical parameters, proprioceptive measures, pos
tural control, muscle strength, functional performance 
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Table 1. Characteristics of included studies, summarizing study design, population, interventions, comparators, duration, and key outcomes. Interventions are                 
categorized by domain based on their primary mechanism of action.           

Author Year Study 
Design 

Sample 
Size 

Population Intervention Comparator Duration 
/ Follow-
up 

Domain Primary 
Mechanism 

Outcome 
Category 

Key Findings 

Ghaderi et 
al. 

2020 Randomized 
Controlled 
Trial 

24 Post-ACLR 
patients 
(6–12 
months 
post-op) 

Neuromuscular 
training 

Usual 
training 

8 weeks Neuromuscular Sensorimotor 
integration 

Proprioception Knee position sense error 
decreased significantly (≈51.7% 
vs 4.4%, p < 0.05) 

Hamoongard 
et al. 

2022 Randomized 
Controlled 
Trial 

30 At-risk 
athletes 
(ligament 
dominance 
defect) 

Neuromuscular + 
dual-task training 

Daily activity 8 weeks Cognitive / 
Dual task 

Cognitive load 
integration 

Biomechanics Knee valgus decreased; knee 
flexion and ankle dorsiflexion 
increased (p < 0.05) 

Queen et al.a 2021 Study 
protocol 

40 Post-ACLR 
patients 

Visual & tactile 
biofeedback 
(bilateral squat) 

Education 6 weeks 
(planned) 

Feedback Augmented 
feedback 

Symmetry 
(planned) 

Intervention framework 
proposed; no outcome data 
reported 

Ahmadi et al. 2019 Controlled 
comparative 
study 

40 ACLR + 
healthy 
controls 

External focus + 
cognitive task 

Single task Single 
session 

Cognitive Cognitive load 
modulation 

Postural 
control 

Postural sway decreased under 
cognitive task (p < 0.05); external 
focus alone showed no significant 
effect 

van Weert et 
al. 

2023 Randomized 
cross-over 
study 

30 Post-ACLR 
patients 

External focus 
instruction 

Internal 
focus + 
baseline 

Single 
session 

Motor learning Attentional 
focus 

Motor 
performance 

LESS scores improved under 
external focus (p < 0.05) 

Lim et al. 2024 Randomized 
Controlled 
Trial 

56 Post-ACLR 
patients 

AR-based 
telerehabilitation 

Brochure-
based 
rehabilitation 

24 
weeks 

Feedback Augmented 
feedback 

Strength / 
Patient-
reported 
outcomes 

No significant difference in IKDC 
(p > 0.05); quadriceps strength 
improved significantly (p < 0.05) 

Benjaminse 
et al. 

2018 Randomized 
Controlled 
Trial 

40 Healthy 
athletes 

External focus + 
video instruction 
+ self-controlled 
feedback 

Internal 
focus + 
control 

Training 
+ 
retention 
period 

Motor learning Motor 
learning 
adaptation 

Biomechanics Improved lower extremity 
kinematics and transfer to sport-
specific tasks (p < 0.05) 

Gokeler et 
al. 

2014 Diagnostic 
controlled 
study 

40 ACLR + 
healthy 
controls 

Immersive virtual 
reality 

Non-VR 
condition 

Single 
session 

Environment Environmental 
modulation 

Biomechanics Movement patterns shifted 
toward normal biomechanics in 
VR condition 

a Study protocol without reported outcome data; excluded from outcome synthesis and risk of bias assessment. 
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Table 2. Domain-based classification of interventions and reported outcomes across included studies.           
Interventions are grouped according to their primary mechanism of action.           

Domain Number 
of 
Studies 
in 
Synthesis 
(n) 

Intervention 
Type 

Reported Outcomes Outcome Direction Evidence 
Source 

Feedback-
based 

1a Augmented 
reality–based 
telerehabilitation 

Quadriceps strength; 
IKDC score 

Quadriceps strength increased; no 
difference in IKDC 

Lim et al. 
(2024) 

Neuromuscular 
training–based 

1 Plyometric, 
balance, and 
strength training 

Knee proprioception 
(joint position sense) 

Significant reduction in knee position 
sense error 

Ghaderi et 
al. (2020) 

Motor 
learning–based 

2 External focus; 
video 
instruction; self-
controlled 
feedback 

LESS score; lower 
extremity 
kinematics; transfer 
to sport-specific 
tasks 

LESS score decreased (van Weert et 
al.); kinematic measures and transfer 
performance improved (Benjaminse et 
al.) 

van Weert et 
al. (2023); 
Benjaminse 
et al. (2018) 

Cognitive/
dual-
task–based 

2 Dual-task 
neuromuscular 
training; 
cognitive task 
integration 

Knee valgus; knee 
flexion; ankle 
dorsiflexion; postural 
sway 

Biomechanical measures improved 
(Hamoongard et al.); while postural 
sway decreased under cognitive task 
(Ahmadi et al.) 

Hamoongard 
et al. (2022); 
Ahmadi et al. 
(2019) 

Environment-
mediated 

1 Virtual reality 
environment 

Knee biomechanics; 
movement patterns 

Movement patterns approximated 
those of healthy controls 

Gokeler et 
al. (2014) 

aExcludes one study protocol without outcome data (Queen et al., 2021). 

metrics, and patient reported outcomes. The lack of stan
dardized outcome measures across studies further limited 
direct comparison between interventions. 
Given this heterogeneity in study characteristics, inter

vention design, and outcome assessment, a narrative syn
thesis approach was considered more appropriate than 
quantitative meta-analysis. 

SUMMARY OF FINDINGS 

The included studies demonstrated that rehabilitation in
terventions targeting motor control after anterior cruciate 
ligament reconstruction produced domain-specific effects 
across biomechanical, sensorimotor, and functional out
comes, with no single intervention approach showing con
sistent effects across all outcome categories. 
Motor learning and cognitive and dual-task interven

tions were supported by more than one study and were 
associated with effects across multiple outcome domains. 
Motor learning approaches were primarily linked to im
provements in movement performance and kinematic mea
sures, while cognitive and dual-task interventions influ
enced both biomechanical and postural control outcomes. 
In contrast, feedback-based and environment-mediated 

interventions were supported by single-study evidence and 
were associated with more specific outcome effects, includ
ing improvements in quadriceps strength and movement 
pattern adaptation under controlled conditions. 
Overall, findings were consistent within intervention do

mains but varied across intervention types. The evidence 
suggests that rehabilitation strategies following ACL re
construction influence motor control in a domain-specific 
manner, with different approaches affecting distinct out
come categories. 

RISK OF BIAS 

Risk of bias was assessed using the RoB 2 tool across the 
included randomized controlled trials (Figure 3 ). Overall, 
studies were judged as having low risk of bias or some con
cerns across most domains, with one study demonstrating 
high risk in at least one domain. 
All studies showed low risk of bias in the randomization 

process (D1) and missing outcome data (D3). Some con
cerns were identified in deviations from intended interven
tions (D2), measurement of the outcome (D4), and selec
tion of the reported results (D5). Specifically, Ghaderi et al. 
(2020) showed some concerns in the selection of reported 
results, Lim et al. (2024) demonstrated high risk related to 
deviations from intended interventions, and Benjaminse et 
al. (2018) showed some concerns in outcome measurement. 
These findings indicate variability in methodological 

quality across studies, which should be considered when in
terpreting the results. 

DISCUSSION 

The findings of this review indicate that rehabilitation 
strategies targeting motor control following anterior cruci
ate ligament reconstruction produce domain specific adap
tations rather than uniform improvements across out
comes, reflecting the multidimensional and mechanism 
dependent nature of recovery. This suggests that variability 
across intervention effects is not a limitation of efficacy, 
but rather a consequence of targeting distinct components 
of the motor control system. These effects can be under
stood within a hierarchical model of motor control inte
grating central neurocognitive processing and peripheral 
neuromuscular function. Anterior cruciate ligament injury 
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Figure 3. Risk of bias summary of included randomized controlled trials assessed using the RoB 2 tool.                
Green indicates low risk, yellow indicates some concerns, and red indicates high risk. 

has been shown to induce persistent alterations in cortical 
activity, motor planning, and visuomotor processing, which 
extend beyond structural recovery and influence movement 
execution.12 Disruption in afferent input from mechanore
ceptors further contributes to impaired sensorimotor inte
gration, leading to deficits in proprioception and altered 
motor output. Motor learning-based interventions, partic
ularly those emphasizing external attentional focus and 
task specific feedback, likely facilitate more efficient corti
cal processing and promote automaticity of movement. In 
contrast, cognitive and dual task interventions engage ex
ecutive control processes and enhance the integration of 
sensory input with motor responses, thereby influencing 
both postural stability and dynamic joint alignment. 
Evidence also indicates that neuromuscular recovery fol

lowing anterior cruciate ligament reconstruction does not 
consistently translate into improvements in patient re
ported outcomes, highlighting a dissociation between pe
ripheral function and perceived recovery.13 This discrep
ancy reinforces the limitations of conventional 
rehabilitation models that prioritize strength and range of 
motion without adequately addressing central mechanisms. 
The present findings align with contemporary perspectives 
that conceptualize injury and recovery as complex, non
linear processes. A complex systems framework suggests 
that movement patterns and injury risk emerge from in
teractions among multiple subsystems rather than isolated 
impairments, supporting the domain specific adaptations 
observed across intervention types.14 From a clinical per
spective, these findings support a shift toward individual
ized and mechanism driven rehabilitation strategies. Motor 
learning-based interventions should be prioritized when 
the goal is to optimize movement mechanics and reduce 
high risk biomechanical patterns, whereas cognitive and 
dual task approaches should be integrated when the objec
tive is to enhance adaptability and performance under dy
namic conditions. Current return to sport paradigms em
phasizes the need to move beyond traditional 
strength-based criteria toward multidimensional assess

ment models that better reflect functional recovery.15 In 
addition, consensus recommendations highlight the impor
tance of incorporating psychological readiness and move
ment quality into return to sport decision making, given 
their critical role in successful outcomes.16 
This review advances the current literature by applying 

a domain-based classification framework that distinguishes 
rehabilitation interventions according to their primary 
mechanisms of action. This approach provides a structured 
method for interpreting heterogeneous evidence and high
lights the limitations of treating rehabilitation strategies as 
interchangeable. It also aligns with recent efforts to refine 
rehabilitation and return to sport testing frameworks fol
lowing anterior cruciate ligament reconstruction, empha
sizing the need for more comprehensive and mechanism in
formed approaches.17 
Several limitations should be considered. The included 

studies demonstrated substantial heterogeneity in study 
design, populations, intervention characteristics, and out
come measures, which limits direct comparability and syn
thesis across studies. This heterogeneity, however, reflects 
the diversity of mechanisms targeted and supports the ra
tionale for a domain based analytical approach. In addition, 
the limited number of studies within certain domains re
duces the strength of conclusions and highlights the need 
for further high-quality trials. The inclusion of non anterior 
cruciate ligament reconstruction populations, although 
justified to provide mechanistic insight, may limit direct 
clinical generalizability. 
Future research should focus on isolating specific mech

anistic components within rehabilitation interventions and 
evaluating their independent and combined effects. In par
ticular, studies examining integrated approaches that com
bine motor learning, cognitive, and neuromuscular strate
gies are needed to determine whether synergistic 
adaptations can enhance recovery and improve both objec
tive and patient reported outcomes. 
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CONCLUSION 

Rehabilitation targeting motor control following anterior 
cruciate ligament reconstruction is mechanism dependent 
rather than intervention dependent, with distinct strategies 
influencing specific domains of recovery. Motor learning 
approaches primarily optimize movement mechanics, 
whereas cognitive and dual task interventions enhance 
adaptability and postural control. The observed dissocia
tion between objective improvements and patient reported 
outcomes underscores the limitations of conventional re
habilitation models that neglect central neurocognitive 
processes. A domain based, mechanism driven rehabilita
tion approach is required to improve clinical outcomes and 
address persistent deficits associated with reinjury risk. Fu
ture research should focus on developing integrated reha
bilitation models that combine motor learning, cognitive, 
and neuromuscular strategies, alongside standardized out
come frameworks to strengthen clinical translation. 
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