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ABSTRACT
Objective To systematically review and summarise the 
evidence for the effects of neuromuscular training compared 
with any other therapy (conventional training/sham) on knee 
proprioception following anterior cruciate ligament (ACL) 
injury.
Design Systematic Review.
Data sources PubMed, CINAHL, SPORTDiscus, AMED, 
Scopus and Physical Education Index were searched from 
inception to February 2020.
Eligibility criteria Randomised controlled trials (RCTs) 
and controlled clinical trials investigating the effects of 
neuromuscular training on knee- specific proprioception tests 
following a unilateral ACL injury were included.
Data extraction and synthesis Two reviewers 
independently screened and extracted data and assessed 
risk of bias of the eligible studies using the Cochrane risk 
of bias 2 tool. Overall certainty in evidence was determined 
using the Grading of Recommendations, Assessment, 
Development and Evaluation (GRADE) tool.
Results Of 2706 articles retrieved, only 9 RCTs, comprising 
327 individuals with an ACL reconstruction (ACLR), met the 
inclusion criteria. Neuromuscular training interventions varied 
across studies: whole body vibration therapy, Nintendo- 
Wii- Fit training, balance training, sport- specific exercises, 
backward walking, etc. Outcome measures included joint 
position sense (JPS; n=7), thresholds to detect passive 
motion (TTDPM; n=3) or quadriceps force control (QFC; 
n=1). Overall, between- group mean differences indicated 
inconsistent findings with an increase or decrease of 
errors associated with JPS by ≤2°, TTDPM by ≤1.5° and 
QFC by ≤6 Nm in the ACLR knee following neuromuscular 
training. Owing to serious concerns with three or more 
GRADE domains (risk of bias, inconsistency, indirectness or 
imprecision associated with the findings) for each outcome 
of interest across studies, the certainty of evidence was very 
low.
Conclusions The heterogeneity of interventions, 
methodological limitations, inconsistency of effects (on 
JPS/TTDPM/QFC) preclude recommendation of one 
optimal neuromuscular training intervention for improving 
proprioception following ACL injury in clinical practice. There 
is a need for methodologically robust RCTs with homogenous 
populations with ACL injury (managed conservatively or with 
reconstruction), novel/well- designed neuromuscular training 

and valid proprioception assessments, which also seem to 
be lacking.
PROSPERO registration number CRD42018107349.

INTRODUCTION
Anterior cruciate ligament (ACL) injury is a 
common musculoskeletal injury1 2 accounting 
for an annual incidence rate of 68.6/100 000 
person- years in the USA.3 ACL injury is most 
prevalent in young athletes (14–18 years for 
females and 19–25 years for males).3 The 
injury occurs more often during competition 
rather than training, with ~70% or more of 
the injuries representing noncontact mecha-
nisms4 5 such as landing from a jump, sudden 
deceleration and/or while cutting.6 Thus, the 
injury mechanisms are related to neuromotor 
control, among other factors, of the indi-
vidual. ACL injury is predominantly treated 

Strengths and limitations of this study

 ► A systematic review of neuromuscular training 
on knee proprioception following the Preferred 
Reporting Items for Systematic Reviews and Meta- 
Analyses guidelines, using a broad search in six 
electronic databases.

 ► The risk of bias associated with the outcomes of in-
terest (knee proprioception measures) in the includ-
ed RCTs was assessed using the updated Cochrane 
risk of bias 2 tool.

 ► The overall certainty of evidence for the effects of 
neuromuscular training on knee joint position sense, 
threshold to detect passive motion, and quadriceps 
force control following ACL injury/reconstruction was 
ascertained using the Grading of Recommendations, 
Assessment, Development and Evaluation tool.

 ► Only RCTs published in English were included.
 ► A meta- analysis was precluded because of clin-
ical heterogeneity of interventions and outcome 
measures.
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by surgical reconstruction,3 and followed by a long period 
of rehabilitation and yet many individuals do not return 
to preinjury levels of activity7 which challenges the effi-
cacy of existing preventative and rehabilitative strategies.

Individuals with an ACL injury present with a 
decreased number of proprioceptive mechanorecep-
tors (Pacinian capsules, Ruffini nerve endings and 
Golgi tendon organs),8 9 which might alter somatosen-
sory input to the central nervous system (CNS)9 leading 
to decreased knee proprioception. Disturbed proprio-
ception might also be caused by acute inflammation 
and pain, and the capsule and surrounding ligaments 
getting affected following instability.10 11 Although there 
has been a debate regarding the effects of ACL injury 
on different knee proprioception tests,2 12 our recent 
systematic review13 suggests that knee joint position sense 
(JPS tests have sufficient validity in discriminating ACL- 
injured knees from asymptomatic knees (accepted). 
When compared with non- injured controls, individuals 
with ACL injury demonstrate altered movement strat-
egies,4 14 quadriceps muscle weakness15 and onset and 
progression of osteoarthrosis.6 16 Due to the potential 
serious consequences of the injury, much attention 
and clinical efforts have been dedicated to preventative 
and rehabilitative strategies for ACL injury,11 including 
various neuromuscular training (NT) methods believed 
to improve the proprioceptive ability.

Even if proprioceptive deficits could affect neuro-
motor control, the rationale, mechanisms and plausi-
bility for improving proprioception by training need 
to be verified. In the context of neuroplasticity, func-
tional MRI has revealed that individuals with ACL- 
deficient knees demonstrate less activation in several 
sensorimotor cortical areas and increased activation 
in presupplementary motor areas, posterior secondary 
somatosensory area and posterior inferior temporal 
gyrus compared with controls with asymptomatic 
knees during a knee flexion- extension task.1 It seems 
individuals with ACL reconstruction (ACLR) adapt a 
visual- sensory- motor strategy instead of a normal senso-
rimotor strategy owing to aberrant sensory feedback 
following ACL injury.17 Nevertheless, neuroplastic reor-
ganisation ensues where other potential sensory sources 
are used to organise the movement or regulate neuro-
motor control, particularly in (sporting) tasks with 
higher complexity. Therefore, ACL injuries might be 
regarded as a neuromotor control dysfunction rather 
than a simple peripheral musculoskeletal injury.11 18 It 
is yet unclear though whether NT can improve proprio-
ception after an ACL injury11 19 and the neurophysio-
logical mechanisms underpinning such interventions 
need further substantiation.

To date, there is no consensus on the most effective 
rehabilitation programmes for ACL injury, and the 
prevalence of reinjury after returning to sport is up to 
30%.18 Owing to the neuroplastic changes and possibly 
altered proprioception following an ACL injury, NT 
has received much attention to enhance dynamic joint 

stability and relearn movement patterns and skills.20 In 
this context, both NT and sensorimotor training terms 
have been used. NT is defined as ‘…training enhancing 
unconscious motor responses by stimulating both 
afferent signals and central mechanisms responsible for 
dynamic joint control’20 and sensorimotor training aims 
to improve ‘…function of the CNS in regulating move-
ment in order to reach proper firing patterns for main-
taining joint stability…’.21 Active knee motion will in 
any case stimulate proprioceptors, which in turn would 
alter the demands on the CNS.10 19 Henceforth, we will 
use the term NT in this review.

There are different ways to challenge proprioception, 
for example, vibration may be used to alter afferent 
input from muscle spindles; an unstable surface can 
challenge input from the ankle; vision can be occluded 
or head position can be changed to disturb visual and 
vestibular information,10 or focus can be shifted to 
influence cognitive processing sources.18 Due to a puta-
tive visual sensory motor strategy following ACL injury, 
a modified visual feedback training method might 
decrease visual reliance and improve sensorimotor 
function.18 Most studies exploring the effects of NT on 
proprioception combine different exercises and various 
outcome measures which precludes isolating the effects 
of a proprioception- specific exercise.22 Therefore, this 
study aimed to systematically review and summarise the 
evidence for the effects of NT compared with compar-
ator/control interventions on proprioception measured 
by knee- specific proprioception tests in individuals with 
ACL injury or reconstruction.

METHODS
We adhered to the Preferred Reporting Items for 
Systematic Review sand Meta- Analyses (PRISMA) check-
list23 and the reporting guidelines for Synthesis Without 
Meta- analysis in systematic reviews.24 A list of acronyms 
used in the review is summarised in table 1.

Eligibility criteria
The structure of PICOS25 was used to frame the following 
criteria:
1. Participants: Individuals aged over 15 years (both 

sexes) with a history of a unilateral ACL rupture, 
managed conservatively or surgically reconstructed, 
with or without concomitant meniscus and/or collat-
eral ligament injuries on the injured leg, without any 
other lower extremity injuries/surgeries that would 
confound the outcomes of rehabilitation training.

2. Intervention: Specific NT, closed or open kinetic 
chain exercises, balance training, joint reposition-
ing training, joint force sense training, coordination 
training, plyometric training, whole- body vibration, 
virtual gaming training, an accelerated rehabilitation 
protocol or any other training programmes focusing 
on improving the lower limb neuromuscular control 
and knee proprioception.
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3. Comparator: Any other therapy, conventional train-
ing, usual care, placebo or sham therapy.

4. Outcome measures: Knee- specific proprioception tests 
targeting JPS, kinesthesia (threshold to detect passive 
motion (TTDPM)), force sense/perception, active 
movement extent discrimination, velocity sense or psy-
chophysical threshold methods13; they can be performed 
actively and/or passively with or without visual input in 
weight bearing or non- weight bearing positions.10

5. Study design: randomised controlled trials (RCTs) or 
controlled clinical trials.

Data sources and searches
Database- specific search terms (eg, Medical Subject 
Headings (MeSH)) were combined using Boolean opera-
tors (‘AND’ and ‘OR’) under three conceptual domains: 
participants, interventions and outcomes. Six electronic 
databases were searched from their inception to 12 
February 2020: PubMed, Cumulative Index to Nursing 
& Allied Health Literature (CINAHL via EBSCOhost), 
SPORTDiscus (via EBSCOhost), the Allied and Comple-
mentary Medicine Database (AMED via EBSCOhost), 
Scopus and Physical Education Index (via Proquest) 
(online supplemental file 1).

Study selection
One reviewer (SM) imported all titles and abstracts 
retrieved from the databases into EndNote X8. Two 
reviewers (AA and SM) independently checked titles, 
abstracts and/or full text by following a screening ques-
tionnaire (online supplemental file 2). Any disagreements 
in inclusion of articles were adjudicated by two other 
reviewers (CKH and MB) until consensus was reached. A 

manual search of the reference lists of included articles 
was performed.

Data extraction
Data were extracted by one reviewer (SM) and veri-
fied by another reviewer (AA) using a customised data 
extraction sheet (online supplemental file 3). If any data 
were missing, the corresponding authors were contacted 
via email.

Quality assessment
The risk of bias (ROB) for each outcome of interest in 
the included studies was evaluated using the Cochrane 
ROB 2 tool.26 The tool has five domains: (1) randomi-
sation (number of signalling questions (n=3), (2) devi-
ations from intended interventions (n=7), (3) missing 
outcome data (n=5), (4) measurement of the outcomes 
(n=5) and (5) selection of the reported results (n=3). 
Each signalling question can be answered as (1) yes, (2) 
probably yes, (3) probably no, (4) no and (5) no infor-
mation. Responses to the questions provide the basis for 
judgement of the ROB at each domain level using a tool- 
specific algorithm resulting in one out of three possible 
judgements: (1) low ROB, (2) some concerns or (3) 
high ROB. An overall ROB score for each outcome in a 
study can be low (with a low ROB for all domains), some 
concerns (if some concerns prevail in at least one domain 
without a high ROB for any domain) or high (if a high 
ROB underpins at least one domain or some concerns 
remain in multiple domains, defining multiple as more 
than two).

Evidence synthesis
The overall evidence level in this review was determined 
using the Grading of Recommendations, Assessment, 
Development and Evaluation (GRADE) tool considering 
the following five domains: (1) ROB: high risk, some 
concerns or low risk associated with knee proprioception 
measures based on the Cochrane ROB 2 tool; (2) inconsis-
tency of findings: similar or conflicting direction of effect, 
effect estimates and overlap of confidence intervals for 
knee proprioception measures from different studies; (3) 
indirectness of evidence: appropriateness of participants, 
interventions and outcomes used to answer the review 
question; (4) imprecision of results: the length of 95% 
confidence intervals (CIs) of effect estimates and overall 
sample (number of participants) from which effect esti-
mates are derived; and (5) other domains: for example, 
publication bias if applicable.27 The overall evidence was 
rated as very low, low, moderate or high.

A meta- analysis was precluded owing to clinical 
heterogeneity of interventions and outcome measure-
ments (JPS, TTDPM and quadriceps force control 
(QFC)). For instance, despite seven studies targeting 
JPS, a meta- analysis was not appropriate because at most 
two studies used the same method (active- active,28 29 
passive- passive30 31 or passive- active)32 33 but the starting 
and target angles and the number of trials per each 

Table 1 A list of acronyms used in the review

Acronym Definition

ACL Anterior cruciate ligament

ACLR Anterior cruciate ligament reconstruction

AAE Absolute angular error

CNS Central nervous system

GRADE Grading of recommendations, assessment, 
development and evaluation

JPS Joint position sense

NT Neuromuscular training

PRISMA Preferred reporting items for systematic 
review and meta- analysis

PICOS Participants, intervention, comparator, 
outcome measures, study design

QFC Quadriceps force control

RCT Randomised controlled trial

ROB Risk of bias

TTDPM Thresholds to detect passive motion

WBVT Whole- body vibration therapy

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 11, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

18 M
ay 2021. 

10.1136/b
m

jo
p

en
-2021-049226 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

https://dx.doi.org/10.1136/bmjopen-2021-049226
https://dx.doi.org/10.1136/bmjopen-2021-049226
https://dx.doi.org/10.1136/bmjopen-2021-049226
http://bmjopen.bmj.com/


4 Arumugam A, et al. BMJ Open 2021;11:e049226. doi:10.1136/bmjopen-2021-049226

Open access 

angle varied between these proprioception tests in the 
included studies. Further, the neuromusuclar training 
interventions, targeting JPS, widely varied between 
studies28–34: closed kinetic chain exercises on a balance 
pad,34 whole- body vibration therapy (WBVT),29 30 
motor control exercises for the lower limbs,32 backward 
walking on a treadmill,31 Nintendo Wii Fit training28 
and cross- education of strength training of the non- 
injured leg along with standard rehabilitation.33 
Further, in addition to inconsistent findings among the 
studies, a significant statistical heterogeneity (I2 >60%) 
in a random- effects meta- analysis was evident. Although 
meta- analyses were excluded, the Review Manager V.5.3 
software (the Cochrane Collaboration) was used to 
calculate between- group mean differences (effect sizes) 
and their 95% CIs for summarising the findings for 
each outcome of interest in table 2.

Patient and public involvement
Neither patients nor public were involved.

RESULTS
Search results
Electronic databases search led to a total of 2706 
articles (excluding duplicates: 2162). After title and 
abstract screening, 22 articles were shortlisted for 
full- text screening and subsequently nine articles met 
the inclusion criteria (figure 1). Thirteen articles 
were excluded owing to the following reasons: not an 
RCT (n=1),35 no knee- specific proprioception tests 
(n=6),36–41 participants were without an ACL injury 
(n=1),42 knee proprioception data were missing and the 
corresponding author did not respond to our emails 
(n=1),43 a comparison between different surgical inter-
vention groups with same rehabilitation programme 
(n=2),44 45 and lack of a neuromuscular rehabilitation 
training programme (n=2).46 47 No additional rele-
vant studies were identified through manual search of 
bibliographic references.

Study design and participants
All the nine studies included were RCTs with a total of 
386 participants and two studies had their trial preregis-
tered in a clinical trial registry.31 33 All participants had 
undergone an ACLR with a bone- patellar- tendon- bone 
or a hamstring graft (table 2).

Quality assessment
The agreement (Cohen’s kappa) of responses to the 
signalling questions between the two reviewers (AA and 
MB) was substantial (0.69±0.047, p<0.001). Disagree-
ments were discussed and resolved by the two reviewers. 
Online supplemental figure 1 shows the percentage 
of studies judged as low risk, some concerns and high 
ROB in the five domains, and table 3 shows domain 
judgements of each study. The overall ROB judgement 
showed that four of the included studies had a high 

ROB,28 29 32 34 four had some concerns,30 31 48 49 and one 
study33 had a high ROB for JPS and some concerns for 
QFC. The domain that most consistently showed ROB 
across studies was bias in selection of the reported 
results (online supplemental figure 1 and table 3). The 
most common reason was the absence of information 
regarding prespecified plan of analyses. None of the 
included studies reported trial protocol publication 
and only two31 33 reported trial registration. Further-
more, two studies were judged to perform inappropriate 
multiple analyses.28 29 Judgement of bias in measure-
ment of the outcome (domain 4, table 3) showed most 
scattered results across studies (online supplemental 
figure 1). A high ROB was found in three studies of 
which one had no information on measurements34 and 
two showed inappropriate measurement methods of the 
outcome of interest.28 33 In the study by Zult et al, only 
one trial per target was performed to estimate JPS,33 
while Baltaci et al used a test with presumably a high 
demand on motor and memory components,28 without 
reporting its reliability or validity. The domain with 
least ROB was missing outcome data where all studies, 
except one,32 had low ROB.

Rehabilitation programmes
The studies included a spectrum of rehabilitation 
programmes employed to influence knee propriocep-
tion (table 2). Only one study by Baltaci et al investigated 
the effects of using feedback with an external focus in 
a simulated sport- specific gaming environment with 
Nintendo Wii Fit compared with conventional rehabil-
itation.28 On the contrary, the remaining eight studies 
focused on having an internal focus (mainly related 
to the position of specific body parts) for NT. Two 
studies29 30 explored the effects of WBVT combined with 
or without conventional rehabilitation compared with 
conventional rehabilitation alone. Cho et al compared 
closed kinetic chain exercises on a balance pad versus 
on a stable floor.34 Risberg et al compared the effects of 
an NT compared with strength training. In their neuro-
muscular programme, the first half of the rehabilitation 
focused on exercises on a wobble board or trampoline 
and exercises to increase the range of motion, while the 
end of the programme focused on specific training of 
plyometric, agility and sport- specific skills.48 Beynnon 
et al evaluated the effects of accelerated (19 weeks) vs 
non- accelerated (32 weeks) programmes of conven-
tional training.49 The timeframe and exercises in their 
experimental programme ranged from 1 to 7 weeks 
for range of motion and muscle activation, 8–11 weeks 
for dynamic functional activities such as biking and 
jogging, and finally, 12–19 weeks for plyometric and 
agility drill exercises.49 Kaya et al studied the effects of 
neuromuscular (motor control) exercises for the lower 
limbs combined with standard rehabilitation compared 
with standard rehabilitation alone.32 Shen et al exam-
ined the outcome of standard rehabilitation combined 
with backward walking at 1.3 km/hour on a treadmill 
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for four groups (at four inclination angles 0°, 5°, 10° 
and 15°, respectively) compared with standard rehabil-
itation in a comparator group.31 Nevertheless, Zult et 
al examined the effects of cross- education of strength 
training of the non- injured leg along with standard 
rehabilitation compared with standard rehabilitation 
alone.33

Knee-specific proprioceptive measures
Seven studies used active or passive JPS and all but one 
used (absolute) angular error (AAE) as a variable to 
evaluate the outcome.28–34 Conversely, one study used 
a computer programme (monitored- rehab- system- 
software) to define a virtual line/route to allow joint 
repositioning within 30%–70% knee range of motion 
with and without visual feedback.28 The differences 
between visual and blinded trials (two each) based on 
the deviations from the computer- generated line (in 
mm) were used to give information about the sense of 
proprioception.28 All these studies used sitting or supine 
test position for assessing JPS. There were two to four 
predetermined target knee flexion angles across studies 
ranging from 15° to 80°.29–34 Moreover, two studies28 29 
used active knee motion and four used passive knee 
motion30–33 to set the target angle. Whether Cho et al 
used active or passive knee motion to set/reproduce the 
target angle seems ambiguous.34 Four studies28 29 32–34 
used active knee motion and two30 31 used passive knee 
motion to reproduce the target angle. The JPS method 

used by Zult et al33 was presumed based on their refer-
ence to Hortobágyi et al.50

The angular error was measured with 1–6 trials per 
each angle and one study33 randomised the order of the 
joint angles used. Eyes were blinded during the test in 
six studies29–34 while one study used visual feedback when 
the individual was placing the knee joint in the target 
angle but no such feedback was given during reproduc-
tion of the target angle.28 The difference between visual 
and non- visual trials was calculated in mm by the device 
as a measure of JPS.28 A Biodex dynamometer (Biodex 
Medical Systems, Shirly, New York, USA) was used in 
five studies29 30 32–34 to test JPS. Even so, one study used a 
continuous passive motion equipment31 while another28 
employed a functional squat system (Monitored Rehab 
System, Haarlem and the Netherlands) with a leg press 
machine and an associated computer programme for 
assessing JPS.

Three studies31 48 49 evaluated knee kinesthesia with 
the TTDPM using a bespoke device,48 49 or a continuous 
passive motion equipment.31 The knee joint was moved 
in flexion or extension at a constant angular velocity of 
0.5°/s48 or 0.1°/s.31 49 While the participants were blind-
folded in two studies,31 49 the other study did not mention 
about visual feedback.48 In all three studies, the tests were 
performed three times in each direction (flexion and/or 
extension) for both legs but whether the order of direc-
tion or leg was randomised is not reported. In the study 
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Records excluded 
(n = 2140) 

Full-text articles assessed for eligibility  
(n = 22) 

Full-text articles excluded  
with reasons (n = 13): not a randomized 
controlled trial or a controlled clinical trial (n = 
1); no knee-specific proprioception test (n = 6); 
participants were not having an ACL injury (n = 
1); knee proprioception data were not available 
(n = 1); comparison between two groups with 
same rehabilitation but different surgery (n = 2); 
the intervention was not neuromuscular training 
(n = 2).  
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Figure 1 Flow diagram depicting the steps involved in screening and selection of eligible articles. ACL, anterior cruciate 
ligament.
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by Risberg et al.48 TTDPM data were missing for 27 out 
of 74 participants because of device failure, which might 
lower the power of the study.

Effects of NT on knee proprioception in individuals with ACLR
There were conflicting findings among the included 
studies for the effects of NT on improving JPS, TTDPM 
and QFC. Overall, mean differences between groups indi-
cated inconsistent findings with an increase or decrease 
of JPS angular errors (one or more target angles) by 
≤2°, TTDPM by ≤1.5°, and QFC (concentric/eccentric/
isometric contractions) by ≤6 Nm following NT.

Of the nine included articles, four reported reduction 
in JPS angular errors of ACLR knee at one or more target 
angles (JPS at 45° but not 15°34; JPS at 60° but not 30°29; JPS 
at 15°, 45°, 75°32; JPS 20°, 50°, 80°31 and/or contralateral 
non- injured knee (JPS at 30° and 60°)29 favouring the NT 
group (exercises on a balance pad,34 WBVT,29 neuromotor 
control exercises32 or backward treadmill walking.31 Shen 
et al also reported improved TTDPM following backward 
treadmill walking.31 When we calculated mean differences 
for author- reported postoperative32 or change (preinter-
vention vs postintervention) scores29 34 between groups 
for the ACLR leg with the Review Manager V.5.3 software 
(the Cochrane Collaboration), their 95% CIs revealed no 

effects (see table 2). Moreover, the remaining five studies 
did not report significant differences in proprioception 
between groups.28 30 33 48 49

Assessing certainty in evidence
There were serious concerns with four GRADE domains 
(ROB, inconsistency, indirectness and imprecision asso-
ciated with the findings) across the seven studies that 
measured JPS (tables 4 and 5). The certainty of evidence 
found was very low for the effects of NT on improving JPS 
following ACLR.

There were further serious concerns with four GRADE 
domains (ROB, inconsistency, indirectness and impreci-
sion associated with the findings) across the three studies 
measuring TTDPM (tables 4 and 5). Therefore, the 
certainty of evidence found was very low for improving 
TTDPM in individuals with ACLR following NT (table 4).

An overall judgement of some concerns based on the 
Cochrane ROB 2 tool (table 3) was found for the study 
reporting changes in QFC following NT.33 Available popu-
lation, the magnitude and direction of effect, and effect 
estimates of QFC (tables 2 and 4) are derived from only 
one study which reflect serious concerns. However, the 
participants with ACLR, intervention (cross- education 
of the quadriceps with standard rehabilitation), and 

Table 3 Risk of bias assessment of included studies according to the revised Cochrane risk- of- bias tool for randomised trials 
(RoB 2)—judgements in five domains and an overall judgement using the descriptors of low risk of bias (low), some concerns 
and high risk of bias (High)

Included 
studies

Outcome 
variable

1. Bias from the 
randomisation 
process

2. Bias due 
to deviations 
from intended 
interventions

3. Bias due 
to missing 
outcome 
data

4. Bias in 
measurement of 
the outcome

5. Bias in 
selection of 
the reported 
result

Overall 
judgement

Baltaci et al 
201328

JPS High Some concerns Low High High High

Beynnon et al 
201149

TTDPM Low Low Low Low Some 
concerns

Some 
concerns

Cho et al 201334 JPS Some concerns Some concerns Low High Some 
concerns

High

Fu et al 201330 JPS Low Low Low Low Some 
concerns

Some 
concerns

Kaya et al 
201932

JPS Some concerns High High Low Some 
concerns

High

Moezy et al 
200829

JPS Some concerns Low Low Some concerns High High

Risberg et al 
200748

TTDPM Low Low Low Low Some 
concerns

Some 
concerns

Shen et al 
201931

JPS Some concerns Low Low Low Some 
concerns

Some 
concerns

TTDPM Some concerns Low Low Low Some 
concerns

Some 
concerns

Zult et al 201833 JPS Low Some concerns Low High Some 
concerns

High

QFC Low Some concerns Low Low Some 
concerns

Some 
concerns

JPS, joint position sense; QFC, quadriceps force control; TTDPM, threshold to detect passive motion.
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QFC33 are directly related to our research question. The 
certainty of evidence found was very low for improving 
QFC in individuals with ACLR following NT because only 
one relevant study was found.

DISCUSSION
This review is the first, as far as we are aware, to address the 
effects of neuromuscular rehabilitation training on knee 
proprioception in individuals with ACL injury. A previous 
review, however, summarised the effects of proprioceptive 
and balance exercises following ACL injury/reconstruc-
tion on certain outcome measures (muscle strength, hop 
test, etc) but other than knee- specific proprioception 
tests.51 Another similar review did not find any RCTs in 
this area.52 We identified nine studies employing a range 
of NT methods, of which all but one48 were published 
within the past decade. Nevertheless, there were serious 
concerns with two or more GRADE domains (ROB, incon-
sistency, indirectness or imprecision associated with the 
findings) across studies implying a very low certainty of 
evidence for improving JPS, TTDPM, and QFC of ACLR 
knee following NT.

Effects of NT on knee proprioception in individuals with ACLR
Most of the employed NT programmes did not influence 
proprioception compared with comparator interven-
tions. Potential reasons for insignificant between- group 
differences include: (1) experimental and comparator 
programmes (with exercises that are wholly or partly 
similar) which potentially might stimulate similar effects 
on proprioception in both programmes28 30 32 34 48 49; (2) 
the exercises did not adequately stimulate propriocep-
tion sense33; (3) a lack of proprioception deficit following 
ACL injury (TTDPM similar between ACL- injured and 
contralateral uninjured knee)49 ; (4) a lack of valid, 
sensitive and responsive knee- specific proprioception 
test methods; (5) a short follow- up period (a follow- up 
at least 18 months post- ACLR might be needed to regain 
proprioceptive function53 in most studies except two 
studies32 49; (6) type II errors arising from low sample 
sizes in most studies (with missing power or sample size 
calculations); and (7) adherence rates of participants 
to the prescribed programme (only three studies have 
explicitly reported adherence rates to training sessions/
exercises (table 2)).30 48 49 The heterogeneity of interven-
tions, methodological limitations, inconsistency in the 
magnitude and direction of effects, and imprecision of 
effect estimates, found in this review, preclude recom-
mendation of one optimal NT intervention for improving 
proprioception following ACL injury in clinical practice.

ROB in the included studies
Bias in selection of the reported variables/results due to 
absence of a prespecified plan of analyses applied to all 
but one study,33 and none had published a trial protocol 
in a scientific journal although two studies were registered 
in a trial registry.31 33 A possible reason for the absence of Ta
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Table 5 GRADE evaluation of the certainty in evidence for knee joint position sense (JPS)

GRADE domain Reviewer judgement
Concerns about 
GRADE domains

  Knee JPS   

Risk of bias 
(methodological 
limitations)

Among seven RCTs28–34 reporting changes in JPS following neuromuscular training, 
five RCTs were found to have a high risk of bias while the remaining two studies have 
some concerns based on the Cochrane ROB 2 tool (see table 3). Indeed, we judged 
that the included RCTs have very serious methodological limitations.

Very serious

Inconsistency The direction and/or magnitude of effect on JPS was inconsistent across most of the 
included RCTs. In summary, the between- group comparisons of five RCTs showed 
borderline or no change in JPS angular errors of the ACLR knee for one or more 
target angles following interventions. We noted significant differences in reduction of 
JPS angular errors for all target angles favouring the intervention groups (backward 
treadmill walking or motor control exercises) in only two RCTs as reported by the 
authors.31 32 In fact, Kaya et al had reported only postintervention scores but they 
neither reported nor compared the baseline scores (postoperative scores).32 Two 
other studies29 34 presented with insignificant effects at a low target angle (15° or 
30°) and significant effects at a high target angle (45° or 60°) of JPS favouring the 
intervention group (whole- body vibration therapy29 or exercises on a balance pad.34 
When we calculated mean differences for author- reported postoperative32 or change 
(preintervention vs postintervention) scores,29 34 between groups for the ACLR leg 
with the Review Manager V.5.3 software (the Cochrane Collaboration), their 95% CIs 
revealed no effects. Overall, we judged the evidence to have serious inconsistency in 
the direction and/or magnitude of effects.

Serious

Indirectness The participants (with ACLR (different grafts)), different neuromuscular training and 
comparator interventions, and knee specific JPS measures in the included studies 
provide evidence to the research question. However, the heterogeneity of interventions 
precludes recommendation of one optimal neuromuscular training intervention for 
clinical practice. In addition, variations in the methods of JPS measurements (active vs 
passive angle reproduction, low vs high target angles, etc) precluded a meta- analysis. 
We judged the evidence to have serious indirectness especially owing to variations in 
the interventions and outcome measures.

Serious

Imprecision A total of 244 patients was included from seven RCTs reporting changes in JPS 
following neuromuscular training (n=139) or comparator interventions (n=105). Most of 
the included trials reported non- significant results with wider 95% confidence intervals 
for one or more JPS (target) angles (see table 2). Therefore, we judged the evidence to 
have serious imprecision.

Serious

Other 
considerations

Since negative and positive findings have been published, and a comprehensive 
search for RCTs has been done, we did not suspect a publication bias.

None

  Knee joint TTDPM   

Risk of bias 
(methodological 
limitations)

Three RCTs31 48 49 reporting changes in TTDPM following neuromuscular training were 
found to show some concerns in risk of bias based on the Cochrane ROB 2 tool (see 
table 3). We judged the included RCTs to be of serious methodological limitations.

Serious

Inconsistency The direction and/or magnitude of effect was conflicting between the three RCTs. 
As two trials reported insignificant effects and one41 reported significant effects (see 
table 2), we judged the evidence to have serious inconsistency in the direction and/or 
magnitude of effects.

Serious

Indirectness The participants (with ACLR (different grafts)), different neuromuscular training and 
comparator interventions, and knee specific TTDPM measures in the included studies 
provide some evidence to the research question in hand. However, the heterogeneity 
of interventions and TTDPM measurements (starting angles, angular velocity, etc) 
precluded a meta- analysis. We judged the evidence to have serious indirectness 
especially owing to variations in the interventions and TTDPM methods.

Serious

Continued
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registration for most studies in this review may be that all 
but three studies were older than 5 years. Yet, one latest 
published study did not report trial registration.32

Another concern was the method used to measure JPS. 
For instance, estimates of JPS based on 3–5 repetitions, 
in clinical trials, may be insufficient.54 According to Selfe 
et al five repetitions in active knee JPS test, and six when 
performed passively, are necessary to ensure a consistent 
proprioception score.55 However, this was only met in two 
included studies.29 32

All studies used AAE for measuring JPS acuity which 
represents a task- oriented approach to studying perfor-
mance skill, in contrast to a process- orientation in which 
underlying processes are in focus. The inconsistency in 
performance, that is, response variability (variable error), 
may reflect noise in sensory signal and its processing56 
and thus be a more process- oriented outcome than AAE. 
To understand possible underlying mechanisms, it would 
be advantageous to combine task- oriented and process- 
oriented measures.

In general, method descriptions of proprioception tests 
were short and, in some studies, deficient, lacking infor-
mation about factors that could influence the results. 
One such factor was randomisation of the order of target 
positions (cf. Zult et al),33 which is required to minimise 
the effect of memory and reduce motor elements of the 
test. This is particularly applicable in tests with active posi-
tioning, which was the case for most studies, enabling 
central motor programmes.57 Inadequate reporting of 
the proprioception tests would hinder their replication 
and raise ROB rating. Moreover, Kaya et al reported only 
post- intervention JPS scores, precluding baseline scores, 
despite claiming their study to be an RCT.32

Among seven RCTs28–34 investigating changes in JPS 
following NT, five RCTs were found to have a high ROB 
while the remaining two studies have some concerns 
based on the Cochrane ROB 2 tool (table 3). Therefore, 
included RCTs have been judged to have very serious 
methodological limitations in the GRADE evidence 
synthesis.

Mechanisms underpinning NT following ACLR
Two of the included studies evaluated the effects of 
WBVT29 30; however, only one found a favourable effect 
on proprioception (JPS—target angle 60°).29 Two factors 
may contribute to the different findings between these 
studies. First, time point at which WBVT was given: Fu et 
al employed WBVT at 1 month post- ACLR for 2 months 
and evaluated JPS at 3 and 6 months after the surgery 
(table 3).30 On the other hand, Moezy et al gave WBVT 
at 3 months post- ACLR for 1 month and assessed JPS at 
4 months after the surgery.29 It seems starting WBVT at 3 
months, rather than at 1 month, post- ACLR might have 
better on improving knee JPS. Second, the use of active29 
or passive30 knee movement when testing JPS. Active tests 
stimulate both joint and muscle- tendon mechanorecep-
tors and induce alpha- gamma coactivation while passive 
tests assess joint receptors to a higher degree10 58 which 
potentially could mean a higher sensitivity of the active 
test.

WBVT has shown effects on body posture, flexibility, 
proprioception (TTDPM in patients with osteoar-
thritis), coordination and muscle power.59–61 It has been 
promoted as an effective method to induce a reflex 
muscle contraction in subjects with difficulties to evoke 
voluntary contractions.62 The mechanism behind the 
improvements may be that the vibration stimuli excite 
muscle spindles, and activate the tonic vibration reflex, 
which acts on alpha- motor neurons. This could poten-
tially engage central motor command, which facilitates 
increased muscle activation and voluntary movements.59

Cho et al showed a significant effect on knee proprio-
ception (JPS and TTDPM) with closed kinetic chain exer-
cises on a balance pad/board.34 Exercises on a balance 
board are widely used to improve proprioception.38 51 In 
this review, a few NT programmes included, among other 
exercises, balance training with or without a balance pad/
board.28 32 34 48 49 Additionally, one study claimed back-
ward walking, a closed kinematic chain exercise, to stim-
ulate joint/muscle receptors and sensory afferents to the 
CNS and augment proprioceptive and balance training.31 

GRADE domain Reviewer judgement
Concerns about 
GRADE domains

Imprecision A total of 135 patients was included in three RCTs reporting the effects of 
neuromuscular training (n=84) or comparator interventions (n=51) on TTDPM. Two 
trials48 49 reported non- significant results while another one31 reported significant 
effects which is evident with their confidence intervals (see table 2). However, Shen 
et al reporting significant effects on TTDPM included only 10 to 11 participants in 
each group while the other two studies with a relatively larger sample size declared 
no significant effects on TTDPM. Therefore, we judged the evidence to have serious 
imprecision.

Serious

Other 
considerations

As both negative and positive findings have been published, and a comprehensive 
search for RCTs has been done, we did not suspect a publication bias.

None
  

ACLR, anterior cruciate ligament reconstruction; RCTs, randomised controlled trials; ROB, risk of bias; TTDPM, thresholds to 
detect passive motion.
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Among these studies, all but one,31 did not show signifi-
cant mean differences between groups in proprioception 
calculated using the Review Manager V.5.3 software (the 
Cochrane Collaboration) (see table 2 and online supple-
mental file). Different designs and levels of difficulty of 
the execution were found (eg, a simple static balance 
task (with and without visual input), dynamic exercises 
performed on the balance board, backward walking on a 
treadmill, etc).

There is a challenge to transfer the rehabilitation 
in the clinic to automatic movements required for 
athletic activities.18 63 Wii Fit or similar games have the 
potential to combine feedback with an external focus 
in a sport- specific environment,28 supporting the use of 
such training tools. However, a study on Nintendo Wii 
Fit training did not support its use for improving knee 
proprioception following ACLR.28 Newer technology 
with stroboscopic eyewear might have the potential to 
decrease visual input without fully occluding it, making 
it possible to use them in sport specific rehabilitation. To 
prepare the individual for complex athletic environments 
and reduce reinjury risk, rehabilitation might focus on 
NT with reduced demands on visual inputs and enhance 
automatic movement control with cognitive demands 
included.18 Whether such NT training improves knee 
proprioception and, how this should be assessed in the 
best way,13 are yet to be determined.

The ability of tests to discern changes in proprioception 
following NT
There is neither a gold- standard proprioception test 
(targeting JPS, kinesthesia, force sense) nor a standard 
procedure with established psychometric properties to 
test each proprioception sense following ACL injury. In 
this review, JPS and TTDPM were commonly reported. 
The Ruffini and Golgi receptors are slow- adapting recep-
tors, responding to a change in joint position. Neverthe-
less, the Pacinian receptors that respond to low degrees 
of joint stress are more sensitive to rapid changes in accel-
erations and contribute to a low TTDPM.2 64 JPS has been 
reported to detect a greater difference in knee proprio-
ception than TTDPM following an ACL injury.2 However, 
our findings remain equivocal regarding the outcomes of 
JPS or TTDPM following NT.

Knee- specific proprioception tests provide an indi-
rect measure of proprioception involving the process 
of the CNS.10 Psychosocial factors,65 pain and preinjury 
motor skills may influence the central mechanisms and 
the outcome of such tests following NT. Knee- specific 
proprioception tests are designed to exclude motor skills, 
but how successful that exclusion works, remains unclear.

Limitations and future recommendations
The nine included studies looked at only individuals with 
ACLR but not those managed conservatively following 
ACL injury. Owing to clinical heterogeneity of interven-
tions and outcome measurements, meta- analyses were 
precluded from the GRADE evidence synthesis. The 

included studies had methodological limitations (high 
ROB or some concerns) and all, but two studies,31 33 had 
not preregistered/published their protocol. There is a 
need for high- quality RCTs with low ROB in this area.

Grey literature was not included in the current review 
which could be seen as a limitation. The most common 
reason for exclusion of clinical trials in this review was 
that they did not evaluate the effects of NT following 
ACLR with a knee- specific proprioception test. Perhaps, 
the lack of consensus regarding the most appropriate, 
valid, reliable and responsive proprioception tests, 
number of target angles or most responsive target angles 
(low vs high) might have precluded such outcomes in 
these studies. Therefore, psychometric properties of such 
tests must be established.13

When designing rehabilitation programmes with long- 
term follow- up, aberrations in neuromotor control as well 
as neuroplastic changes should preferably be addressed. 
To reflect a wide spectrum of individual impairments, 
further research should investigate differences in indi-
viduals with ACL injuries managed with surgical (graft 
types) or conservative treatment, both sexes, athletes 
and non- athletes of different ages. Future studies might 
assess neuromotor control in functional tasks rather than 
relying on knee- specific proprioception tests, given the 
challenges of isolating the proprioceptive ability.

CONCLUSION
The existing nine studies on individuals with an ACLR 
using heterogeneous interventions and knee- specific 
proprioception measures revealed a very low certainty 
in current evidence for employing NT programmes to 
improve knee proprioception. The GRADE evidence 
synthesis revealed a high ROB or some concerns, indirect 
evidence, conflicting findings and imprecision of effect 
estimates in the included studies. Well- designed RCTs with 
homogeneous populations (having ACL injury managed 
with or without reconstruction), novel/well- designed 
NT interventions and valid proprioception measures are 
warranted to substantiate conclusive evidence in this area.

Contributors AA and CKH conceived the idea of the project. AA, MB, SM and CKH 
were responsible for designing the review and conceptualising the initial review 
protocol. AA led the writing of the manuscript. MB, SM and CKH contributed to 
writing the manuscript. AA, MB and CKH have reviewed and revised the manuscript 
for intellectual content. All authors approved the final version of the manuscript. AA 
is the guarantor of this work.

Funding The work was supported by the Swedish Research Council (2017–
00892); Region Västerbotten (ALF 7003575; Strategic funding VLL-358901; Project. 
No. 7002795); the Swedish Research Council for Sports Science (CIF P2019 0068) 
and King Gustaf V and Queen Victoria’s Foundation of Freemasons 2019 (Häger).

Disclaimer The funders were not involved in the conception, design, execution and 
writing of the review.

Competing interests None declared.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the 
article or uploaded as online supplemental information.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 11, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

18 M
ay 2021. 

10.1136/b
m

jo
p

en
-2021-049226 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

https://dx.doi.org/10.1136/bmjopen-2021-049226
https://dx.doi.org/10.1136/bmjopen-2021-049226
http://bmjopen.bmj.com/


16 Arumugam A, et al. BMJ Open 2021;11:e049226. doi:10.1136/bmjopen-2021-049226

Open access 

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https:// creativecommons. org/ 
licenses/ by/ 4. 0/.

ORCID iD
Ashokan Arumugam http:// orcid. org/ 0000- 0001- 5795- 3812

REFERENCES
 1 Kapreli E, Athanasopoulos S, Gliatis J, et al. Anterior cruciate 

ligament deficiency causes brain plasticity: a functional MRI study. 
Am J Sports Med 2009;37:2419–26.

 2 Relph N, Herrington L, Tyson S. The effects of ACL injury on knee 
proprioception: a meta- analysis. Physiotherapy 2014;100:187–95.

 3 Sanders TL, Maradit Kremers H, Bryan AJ, et al. Incidence of anterior 
cruciate ligament tears and reconstruction: a 21- year population- 
based study. Am J Sports Med 2016;44:1502–7.

 4 Kobayashi H, Kanamura T, Koshida S, et al. Mechanisms of the 
anterior cruciate ligament injury in sports activities: a twenty- year 
clinical research of 1,700 athletes. J Sports Sci Med 2010;9:669–75.

 5 Johnston JT, Mandelbaum BR, Schub D, et al. Video analysis of 
anterior cruciate ligament tears in professional American football 
athletes. Am J Sports Med 2018;46:862–8.

 6 Acevedo RJ, Rivera- Vega A, Miranda G, et al. Anterior cruciate 
ligament injury: identification of risk factors and prevention 
strategies. Curr Sports Med Rep 2014;13:186–91.

 7 Ardern CL, Taylor NF, Feller JA, et al. Sports participation 2 years 
after anterior cruciate ligament reconstruction in athletes who had 
not returned to sport at 1 year: a prospective follow- up of physical 
function and psychological factors in 122 athletes. Am J Sports Med 
2015;43:848–56.

 8 Gao F, Zhou J, He C, et al. A morphologic and quantitative study 
of mechanoreceptors in the remnant stump of the human anterior 
cruciate ligament. Arthroscopy 2016;32:273–80.

 9 Dhillon MS, Bali K, Prabhakar S. Differences among 
mechanoreceptors in healthy and injured anterior cruciate ligaments 
and their clinical importance. Muscles Ligaments Tendons J 
2012;2:38–43.

 10 Röijezon U, Clark NC, Treleaven J. Proprioception in musculoskeletal 
rehabilitation. Part 1: basic science and principles of assessment and 
clinical interventions. Man Ther 2015;20:368–77.

 11 Kapreli E, Athanasopoulos S. The anterior cruciate ligament 
deficiency as a model of brain plasticity. Med Hypotheses 
2006;67:645–50.

 12 Nakamae A, Adachi N, Ishikawa M, et al. No evidence of impaired 
proprioceptive function in subjects with anterior cruciate ligament 
reconstruction: a systematic review. J Isakos 2017;2:191–9.

 13 Arumugam A, Strong A, Tengman E, et al. Psychometric properties 
of knee proprioception tests targeting healthy individuals and 
those with anterior cruciate ligament injury managed with or 
without reconstruction: a systematic review protocol. BMJ Open 
2019;9:e027241.

 14 Stensdotter A- K, Tengman E, Olofsson LB, et al. Deficits in single- 
limb stance more than 20 years after ACL injury. European Journal of 
Physiotherapy 2013;15:78–85.

 15 Fukunaga T, Johnson CD, Nicholas SJ, et al. Muscle hypotrophy, 
not inhibition, is responsible for quadriceps weakness during 
rehabilitation after anterior cruciate ligament reconstruction. Knee 
Surg Sports Traumatol Arthrosc 2019;27:573–9.

 16 Zebis MK, Andersen LL, Bencke J, et al. Identification of athletes at 
future risk of anterior cruciate ligament ruptures by neuromuscular 
screening. Am J Sports Med 2009;37:1967–73.

 17 Grooms DR, Page SJ, Nichols- Larsen DS, et al. Neuroplasticity 
associated with anterior cruciate ligament reconstruction. J Orthop 
Sports Phys Ther 2017;47:180–9.

 18 Grooms D, Appelbaum G, Onate J. Neuroplasticity following 
anterior cruciate ligament injury: a framework for visual- motor 
training approaches in rehabilitation. J Orthop Sports Phys Ther 
2015;45:381–93.

 19 Clark NC, Röijezon U, Treleaven J. Proprioception in musculoskeletal 
rehabilitation. Part 2: clinical assessment and intervention. Man Ther 
2015;20:378–87.

 20 Risberg MA, Mørk M, Jenssen HK, et al. Design and implementation 
of a neuromuscular training program following anterior cruciate 
ligament reconstruction. J Orthop Sports Phys Ther 2001;31:620–31.

 21 Moutzouri M, Gleeson N, Billis E, et al. What is the effect of sensori- 
motor training on functional outcome and balance performance 
of patients' undergoing TKR? A systematic review. Physiotherapy 
2016;102:136–44.

 22 Ordahan B, Küçükşen S, Tuncay İbrahim, Tuncay I, et al. The effect 
of proprioception exercises on functional status in patients with 
anterior cruciate ligament reconstruction. J Back Musculoskelet 
Rehabil 2015;28:531–7.

 23 Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for 
systematic reviews and meta- analyses: the PRISMA statement. PLoS 
Med 2009;6:e1000097.

 24 Campbell M, McKenzie JE, Sowden A, et al. Synthesis without 
meta- analysis (swim) in systematic reviews: reporting guideline. BMJ 
2020;368:l6890.

 25 Methley AM, Campbell S, Chew- Graham C, et al. PICO, PICOS and 
spider: a comparison study of specificity and sensitivity in three 
search tools for qualitative systematic reviews. BMC Health Serv Res 
2014;14:579.

 26 Sterne JAC, Savović J, Page MJ, et al. Rob 2: a revised tool for 
assessing risk of bias in randomised trials. BMJ 2019;366:l4898.

 27 Guyatt GH, Oxman AD, Vist GE, et al. Grade: an emerging consensus 
on rating quality of evidence and strength of recommendations. BMJ 
2008;336:924–6.

 28 Baltaci G, Harput G, Haksever B, et al. Comparison between 
Nintendo Wii fit and conventional rehabilitation on functional 
performance outcomes after hamstring anterior cruciate ligament 
reconstruction: prospective, randomized, controlled, double- blind 
clinical trial. Knee Surg Sports Traumatol Arthrosc 2013;21:880–7.

 29 Moezy A, Olyaei G, Hadian M, et al. A comparative study of 
whole body vibration training and conventional training on knee 
proprioception and postural stability after anterior cruciate ligament 
reconstruction. Br J Sports Med 2008;42:373–85.

 30 Fu CLA, Yung SHP, Law KYB, CLA F, KYB L, et al. The effect of early 
whole- body vibration therapy on neuromuscular control after anterior 
cruciate ligament reconstruction: a randomized controlled trial. Am J 
Sports Med 2013;41:804–14.

 31 Shen M, Che S, Ye D, et al. Effects of backward walking on knee 
proprioception after ACL reconstruction. Physiother Theory Pract 
2019:1–8.

 32 Kaya D, Guney- Deniz H, Sayaca C, et al. Effects on lower extremity 
neuromuscular control exercises on knee proprioception, muscle 
strength, and functional level in patients with ACL reconstruction. 
Biomed Res Int 2019;2019:1–7.

 33 Zult T, Gokeler A, van Raay JJAM, et al. Cross- education does not 
accelerate the rehabilitation of neuromuscular functions after ACL 
reconstruction: a randomized controlled clinical trial. Eur J Appl 
Physiol 2018;118:1609–23.

 34 Cho S- H, Bae C- H, Gak H- B. Effects of closed kinetic chain 
exercises on proprioception and functional scores of the knee 
after anterior cruciate ligament reconstruction. J Phys Ther Sci 
2013;25:1239–41.

 35 Laboute E, Verhaeghe E, Ucay O, et al. Evaluation kinaesthetic 
proprioceptive deficit after knee anterior cruciate ligament (ACL) 
reconstruction in athletes. J Exp Orthop 2019;6:6.

 36 Feil S, Newell J, Minogue C, et al. The effectiveness of 
supplementing a standard rehabilitation program with superimposed 
neuromuscular electrical stimulation after anterior cruciate ligament 
reconstruction: a prospective, randomized, single- blind study. Am J 
Sports Med 2011;39:1238–47.

 37 Ihara H, Nakayama A. Dynamic joint control training for knee 
ligament injuries. Am J Sports Med 1986;14:309–15.

 38 Vathrakokilis K, Malliou P, Gioftsidou A, et al. Effects of a balance 
training protocol on knee joint proprioception after anterior 
cruciate ligament reconstruction. J Back Musculoskelet Rehabil 
2008;21:233–7.

 39 Saha S, Adhya B, Dhillon MS, et al. A study on the role of 
proprioceptive training in non operative ACL injury rehabilitation. 
Indian J Physiother Occup Ther 2015;9:226–31.

 40 Lim J- M, Cho J- J, Kim T- Y, et al. Isokinetic knee strength and 
proprioception before and after anterior cruciate ligament 
reconstruction: a comparison between home- based and 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 11, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

18 M
ay 2021. 

10.1136/b
m

jo
p

en
-2021-049226 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-5795-3812
http://dx.doi.org/10.1177/0363546509343201
http://dx.doi.org/10.1016/j.physio.2013.11.002
http://dx.doi.org/10.1177/0363546516629944
http://www.ncbi.nlm.nih.gov/pubmed/24149795
http://dx.doi.org/10.1177/0363546518756328
http://dx.doi.org/10.1249/JSR.0000000000000053
http://dx.doi.org/10.1177/0363546514563282
http://dx.doi.org/10.1016/j.arthro.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/23738272
http://dx.doi.org/10.1016/j.math.2015.01.008
http://dx.doi.org/10.1016/j.mehy.2006.01.063
http://dx.doi.org/10.1136/jisakos-2016-000087
http://dx.doi.org/10.1136/bmjopen-2018-027241
http://dx.doi.org/10.3109/21679169.2013.791718
http://dx.doi.org/10.3109/21679169.2013.791718
http://dx.doi.org/10.1007/s00167-018-5166-1
http://dx.doi.org/10.1007/s00167-018-5166-1
http://dx.doi.org/10.1177/0363546509335000
http://dx.doi.org/10.2519/jospt.2017.7003
http://dx.doi.org/10.2519/jospt.2017.7003
http://dx.doi.org/10.2519/jospt.2015.5549
http://dx.doi.org/10.1016/j.math.2015.01.009
http://dx.doi.org/10.2519/jospt.2001.31.11.620
http://dx.doi.org/10.1016/j.physio.2015.11.001
http://dx.doi.org/10.3233/BMR-140553
http://dx.doi.org/10.3233/BMR-140553
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1136/bmj.l6890
http://dx.doi.org/10.1186/s12913-014-0579-0
http://dx.doi.org/10.1136/bmj.l4898
http://dx.doi.org/10.1136/bmj.39489.470347.AD
http://dx.doi.org/10.1007/s00167-012-2034-2
http://dx.doi.org/10.1136/bjsm.2007.038554
http://dx.doi.org/10.1177/0363546513476473
http://dx.doi.org/10.1177/0363546513476473
http://dx.doi.org/10.1080/09593985.2019.1681040
http://dx.doi.org/10.1155/2019/1694695
http://dx.doi.org/10.1007/s00421-018-3892-1
http://dx.doi.org/10.1007/s00421-018-3892-1
http://dx.doi.org/10.1589/jpts.25.1239
http://dx.doi.org/10.1186/s40634-019-0174-8
http://dx.doi.org/10.1177/0363546510396180
http://dx.doi.org/10.1177/0363546510396180
http://dx.doi.org/10.1177/036354658601400412
http://dx.doi.org/10.3233/BMR-2008-21403
http://dx.doi.org/10.5958/0973-5674.2015.00128.8
http://bmjopen.bmj.com/


17Arumugam A, et al. BMJ Open 2021;11:e049226. doi:10.1136/bmjopen-2021-049226

Open access

supervised rehabilitation. J Back Musculoskelet Rehabil 
2019;32:421–9.

 41 Liu- Ambrose T, Taunton JE, MacIntyre D, et al. The effects of 
proprioceptive or strength training on the neuromuscular function of 
the ACL reconstructed knee: a randomized clinical trial. Scand J Med 
Sci Sports 2003;13:115–23.

 42 Lee SJ, Ren Y, Chang AH, et al. Effects of pivoting neuromuscular 
training on pivoting control and proprioception. Med Sci Sports Exerc 
2014;46:1400–9.

 43 Peultier- Celli L, Mainard D, Wein F, et al. Comparison of an innovative 
rehabilitation, combining reduced conventional rehabilitation with 
balneotherapy, and a conventional rehabilitation after anterior 
cruciate ligament reconstruction in athletes. Front Surg 2017;4:61.

 44 Faggal MS, Abdelsalam MS, Adel Elhakk SM, et al. Proprioceptive 
training after ACL reconstruction: standard versus stump 
preservation technique. Physiother Pract Res 2019;40:69–75.

 45 San Martín- Mohr C, Cristi- Sánchez I, Pincheira PA, et al. Knee 
sensorimotor control following anterior cruciate ligament 
reconstruction: a comparison between reconstruction techniques. 
PLoS One 2018;13:e0205658.

 46 Büyükturan Öznur, Büyükturan B, Kurt EE, et al. Effects of tai chi on 
partial anterior cruciate ligament injury: a single- blind, randomized- 
controlled trial. Turk J Phys Med Rehabil 2019;65:160–8.

 47 Wang L. Immediate effects of neuromuscular joint facilitation 
intervention after anterior cruciate ligament reconstruction. J Phys 
Ther Sci 2016;28:2084–7.

 48 Risberg MA, Holm I, Myklebust G, et al. Neuromuscular training 
versus strength training during first 6 months after anterior cruciate 
ligament reconstruction: a randomized clinical trial. Phys Ther 
2007;87:737–50.

 49 Beynnon BD, Johnson RJ, Naud S, et al. Accelerated versus 
nonaccelerated rehabilitation after anterior cruciate ligament 
reconstruction: a prospective, randomized, double- blind investigation 
evaluating knee joint laxity using roentgen stereophotogrammetric 
analysis. Am J Sports Med 2011;39:2536–48.

 50 Hortobágyi T, Garry J, Holbert D, et al. Aberrations in the control of 
quadriceps muscle force in patients with knee osteoarthritis. Arthritis 
Rheum 2004;51:562–9.

 51 Cooper RL, Taylor NF, Feller JA. A systematic review of the effect 
of proprioceptive and balance exercises on people with an injured 
or reconstructed anterior cruciate ligament. Res Sports Med 
2005;13:163–78.

 52 Baltaci G, Kohl HW. Does proprioceptive training during knee and 
ankle rehabilitation improve outcome? Phys Ther Rev 2003;8:5–16.

 53 Iwasa J, Ochi M, Adachi N, et al. Proprioceptive improvement in 
knees with anterior cruciate ligament reconstruction. Clin Orthop 
Relat Res 2000;381:168–76.

 54 Han J, Waddington G, Adams R, et al. Assessing proprioception: a 
critical review of methods. J Sport Health Sci 2016;5:80–90.

 55 Selfe J, Callaghan M, McHenry A, et al. An investigation into the 
effect of number of trials during proprioceptive testing in patients 
with patellofemoral pain syndrome. J Orthop Res 2006;24:1218–24.

 56 van Beers RJ, Sittig AC, Denier van der Gon JJ, van der Gon Denier 
JJ. How humans combine simultaneous proprioceptive and visual 
position information. Exp Brain Res 1996;111:253–61.

 57 Gandevia SC, Burke D. Does the nervous system depend on 
kinesthetic information to control natural limb movements? Behav 
Brain Sci 1992;15:614–32.

 58 Clark NC, Akins JS, Heebner NR, et al. Reliability and measurement 
precision of concentric- to- isometric and eccentric- to- isometric knee 
active joint position sense tests in uninjured physically active adults. 
Phys Ther Sport 2016;18:38–45.

 59 Avelar NCP, Costa SJ, da Fonseca SF, et al. The effects of 
passive warm- up vs. whole- body vibration on high- intensity 
performance during sprint cycle exercise. J Strength Cond Res 
2012;26:2997–3003.

 60 Chow DHK, Lee TY, Pope MH. Effects of whole body vibration on 
spinal proprioception in healthy individuals. Work 2018;61:403–11.

 61 Trans T, Aaboe J, Henriksen M, et al. Effect of whole body vibration 
exercise on muscle strength and proprioception in females with knee 
osteoarthritis. Knee 2009;16:256–61.

 62 Herrero AJ, Menéndez H, Gil L, et al. Effects of whole- body vibration 
on blood flow and neuromuscular activity in spinal cord injury. Spinal 
Cord 2011;49:554–9.

 63 Benjaminse A, Gokeler A, Dowling AV, et al. Optimization of the 
anterior cruciate ligament injury prevention paradigm: novel feedback 
techniques to enhance motor learning and reduce injury risk. J 
Orthop Sports Phys Ther 2015;45:170–82.

 64 Ochi M, Iwasa J, Uchio Y, et al. The regeneration of sensory 
neurones in the reconstruction of the anterior cruciate ligament. J 
Bone Joint Surg Br 1999;81:902–6.

 65 Louw A, Zimney K, Puentedura EJ, et al. The efficacy of pain 
neuroscience education on musculoskeletal pain: a systematic 
review of the literature. Physiother Theory Pract 2016;32:332–55.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 11, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

18 M
ay 2021. 

10.1136/b
m

jo
p

en
-2021-049226 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://dx.doi.org/10.3233/BMR-181237
http://dx.doi.org/10.1034/j.1600-0838.2003.02113.x
http://dx.doi.org/10.1034/j.1600-0838.2003.02113.x
http://dx.doi.org/10.1249/MSS.0000000000000249
http://dx.doi.org/10.3389/fsurg.2017.00061
http://dx.doi.org/10.3233/PPR-180127
http://dx.doi.org/10.1371/journal.pone.0205658
http://dx.doi.org/10.5606/tftrd.2019.2798
http://dx.doi.org/10.1589/jpts.28.2084
http://dx.doi.org/10.1589/jpts.28.2084
http://dx.doi.org/10.2522/ptj.20060041
http://dx.doi.org/10.1177/0363546511422349
http://dx.doi.org/10.1002/art.20545
http://dx.doi.org/10.1002/art.20545
http://dx.doi.org/10.1080/15438620590956197
http://dx.doi.org/10.1179/108331903225001363
http://dx.doi.org/10.1097/00003086-200012000-00020
http://dx.doi.org/10.1097/00003086-200012000-00020
http://dx.doi.org/10.1016/j.jshs.2014.10.004
http://dx.doi.org/10.1002/jor.20127
http://dx.doi.org/10.1007/BF00227302
http://dx.doi.org/10.1017/S0140525X0007254X
http://dx.doi.org/10.1017/S0140525X0007254X
http://dx.doi.org/10.1016/j.ptsp.2015.06.005
http://dx.doi.org/10.1519/JSC.0b013e318243fb48
http://dx.doi.org/10.3233/WOR-182816
http://dx.doi.org/10.1016/j.knee.2008.11.014
http://dx.doi.org/10.1038/sc.2010.151
http://dx.doi.org/10.1038/sc.2010.151
http://dx.doi.org/10.2519/jospt.2015.4986
http://dx.doi.org/10.2519/jospt.2015.4986
http://dx.doi.org/10.1302/0301-620X.81B5.0810902
http://dx.doi.org/10.1302/0301-620X.81B5.0810902
http://dx.doi.org/10.1080/09593985.2016.1194646
http://bmjopen.bmj.com/

	Effects of neuromuscular training on knee proprioception in individuals with anterior cruciate ligament injury: a systematic review and GRADE evidence synthesis
	Abstract
	Introduction
	Methods
	Eligibility criteria
	Data sources and searches
	Study selection
	Data extraction
	Quality assessment
	Evidence synthesis
	Patient and public involvement

	Results
	Search results
	Study design and participants
	Quality assessment
	Rehabilitation programmes
	Knee-specific proprioceptive measures
	Effects of NT on knee proprioception in individuals with ACLR
	Assessing certainty in evidence

	Discussion
	Effects of NT on knee proprioception in individuals with ACLR
	ROB in the included studies
	Mechanisms underpinning NT following ACLR
	The ability of tests to discern changes in proprioception following NT
	Limitations and future recommendations

	Conclusion
	References


