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Abstract

Background: Proprioceptive deficits are one of the most important challenges after anterior cruciate ligament reconstruction
(ACLR).
Objectives: The current study aimed to investigate the effects of incorporating innovative land-based proprioceptive training into
the conventional accelerated land-based rehabilitation protocol, as compared to the conventional accelerated land-based rehabili-
tation protocol alone, on knee function and joint position sense in male athletes after ACLR.
Methods: Thirty male athletes with ACLR were randomly assigned to two rehabilitation groups. The conventional therapy (CT)
group (n = 15) received conventional rehabilitation for six weeks, and the proprioception training (PT) group (n = 15) received the
same conventional rehabilitation in addition to 12 sessions of innovative land-based proprioceptive training. Outcomes included
joint position sense (JPS) errors, International Knee Documentation Committee (IKDC) form, and Visual Analog Scale (VAS).
Results: There were significant differences in absolute errors (AE) (FAE = 56.81, P < 0.001) and variable errors (VE) (FVE = 60.95, P <
0.001) between the two groups. No significant differences were found in constant error (CE), VAS, and IKDC score between the two
groups (P > 0.05). Both groups showed significant changes in terms of AE, VE, VAS, and IKDC after the intervention (P < 0.05). Percent
changes after the intervention for AE, VE, CE, VAS, and IKDC were greater in the PT group than in the CT group, which were 70.19%,
69.22%, 66.20%, 38.50%, and 39.61%, respectively.
Conclusions: Innovative land-based proprioceptive training incorporated into the conventional accelerated rehabilitation proto-
col offers the improvement of proprioception efficiency for individuals with ACL reconstruction, and therefore, it could be useful
for clinicians when designing rehabilitation protocols to ensure the optimal engagement of proprioception.

Keywords: Anterior Cruciate Ligament Reconstruction, ACL, Rehabilitation, Proprioception Training, Joint Position Sense, Sports
Injury, Foam Roller

1. Background

The anterior cruciate ligament (ACL) in the knee is a key
element for the static and dynamic stabilities of the joint,
and so, it is quite vulnerable in sports activities with an an-
nual incidence of approximately 69 per 100,000 person-
years (1). The ACL sends information mainly about the
middle-range of knee movement through its receptors to
the central nervous system (2). Anterior cruciate ligament
reconstruction (ACLR) is a common procedure for improv-
ing the mechanical stability of the knee joint and regain-
ing the pre-injury level of function and dynamic neuro-
muscular control (3, 4).

The disturbances of information received by the cen-
tral nervous system (CNS) are expected due to the altered
joint mechanoreceptors and nervous central connections
after ACL injury and ACLR. These, in turn, lead to clinical
proprioceptive deficits with functional instability in most
patients (5, 6). Accordingly, the recovery of propriocep-
tive functions after ACLR is critically important for restor-
ing the strength, ROM, and integrity of the graft (7). Con-
sequently, research has been focused on the essential role
of proprioception and the role of exercise training on the
improvement of functional stability of the knee joint after
ACLR (8).

The most accepted definition of the joint position
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sense (JPS) is the awareness of the actual position of
the limb in a static position. In other words, it repre-
sents the static sense of movement (9, 10). Patients with
ACLR demonstrate decreased proprioception represented
by JPS, which reduces their functional ability (11). The most
appropriate proprioceptive training after ACLR could be
achieved by utilizing unstable boards and visual feedback
combined with closed kinetic chain exercises to promote
information received by the CNS (6).

The evidence on the best proprioceptive training af-
ter ACLR is still being researched. Few specific interven-
tion models have been published that address the vari-
ables needed for athletes post-ACLR (12-16). For example,
Ordahan et al. (12) used JPS to investigate the effect of pro-
prioception exercises on knee function after ACLR. They
found a significant improvement in knee proprioception
when the absolute angular error was calculated (12). How-
ever, the role of proprioception training as a major stage
of rehabilitation after ACLR has been paid attention to re-
cently, the effect of proprioceptive training on improving
proprioception after ACLR has not been well documented,
and it is poorly understood.

2. Objectives

The current study aimed to investigate the effective-
ness of incorporating innovative land-based propriocep-
tive training into the conventional accelerated rehabilita-
tion protocol on joint position sense and knee function in
male athletes after ACLR. It was hypothesized that incorpo-
rating the innovative land-based proprioceptive training
into the conventional accelerated rehabilitation protocol
would provide better functional outcomes.

3. Methods

3.1. Design

This is a prospective randomized controlled study with
a conventional rehabilitation group. All subjects were
asked to sign an informed consent form approved by the
Ethics Committee of Tehran University of Medical Sciences
(ethical approval ID: IR.TUMS.VCR.REC.1398.571).

3.2. Participants

Thirty male volunteers from the physical therapy clin-
ics of the Rehabilitation Faculty and Sports Medicine Fed-
eration participated in this study. All subjects were ama-
teur athletes. They had undergone reconstruction surgery
in a similar technique (hamstring tendon graft). The in-
clusion criteria included athletes aged between 18 and 35
years, undergoing a unilateral ACLR, no history or signs

of injury in the contralateral knee, less than one month
from injury to the surgery date, elapsing nine weeks af-
ter ACLR, full knee ROM of flexion, and complete extension
(zero degrees). Athletes with ACLR were excluded if they
had swelling that restricted doing exercises, history of pre-
vious major injuries in the lower extremities, any known
neurological, rheumatic, or orthopedic diseases, high level
of pain when doing tests, and any complication that pre-
vented data collection.

3.3. Randomization

Subjects were randomly assigned to two rehabilitation
groups. Fifteen slips of paper were marked with PT letters
and 15 with CT letters. Each slip of paper was randomly al-
located into 30 sealed envelopes by the project manager,
and the envelopes were numbered 1 to 30. Then, the num-
bered sealed envelopes were sent to the assessor who did
the testing and evaluation sessions for the subjects. After
sampling the subjects in the study, they were numbered
1 to 30 in the order they visited the clinic to complete the
baseline testing session. The laboratory director, who was
not an investigator of the study, opened the correspond-
ing sealed envelope to disclose the group allocation of sub-
jects. The first group was the conventional therapy (CT)
group (n = 15, age 24.33 ± 3.68, weight 79.57 ± 4.96) that
did the conventional therapy according to the accelerated
rehabilitation protocol (17). The second group was the pro-
prioceptive training (PT) group (n = 15, age 23.14 ± 3.03,
weight 81.57 ±3.89) that did an innovative land-based pro-
prioceptive training with the conventional accelerated re-
habilitation protocol. Both groups were matched for the
demographic characteristic (Table 1).

Table 1. Anthropometric Characteristics of Subjectsa

Variables PT Group (N = 15) CT Group (N = 15) P-Value

Age, y 23.14 ± 3.03 24.33 ± 3.68 0.49

High, cm 175.68 ± 4.89 174.25 ± 4.78 0.09

Weight, kg 81.57 ±3.89 79.57 ± 4.96 0.16

aValues are expressed as mean ± SD.

3.4. Outcomes and Testing Protocols

Clinical evaluations were performed pre and post-
intervention for both groups, as follows: (1) Proprioception
assessed by active joint position sense; (2) level of pain as-
sessed by Visual Analog Scale (VAS); and (3) knee function
assessed by International Knee Documentation Commit-
tee (IKDC) questionnaire.
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3.4.1. Proprioception Assessment

Proprioception was assessed by active joint position
sense to test the ability to reproduce the same joint posi-
tion during knee extension and flexion using Biodex Medi-
cal systems (System 3 ProTM, New York, USA) for the affected
leg (18, 19). In doing so, the subject was blindfolded and
placed on a System chair, with head and back supported
and the hip joints in an 80° flexed position. The upper
limbs were placed along the trunk with the elbows bent
and hands positioned on the thighs. The legs were relaxed
in a 90° resting position. The goniometer axis of rotation
was placed at the lateral femoral condyle to match the flex-
ion/extension axis of rotation of the knee joint. Belts were
used to stabilize the subject in place in the chest, hip, and
thigh. Before doing the test, the dynamometer was cali-
brated by asking the subject to place the knee at 0° of flex-
ion. The subject was then asked to place the knee in the
starting point at 90° of knee flexion. Then, the subject
was instructed to move the limb leisurely to 45° (18) (tar-
get angle) of extension. Afterward, the subject was asked to
hold the limb at the target angle for 10 seconds to let him
remember the position. The subject was then instructed
to return the leg to the starting point (90°). After a 15-
second pause, the cycle was performed again. Once the
subject believed that the position (estimated angle) had
been achieved, he pressed a stop button and was not al-
lowed to correct the angle again. The estimated angle was
identified from the onscreen goniometer. Five trials were
done for each subject, and the average of these trials was
used to calculate errors (20). The absolute mean error, con-
stant mean error, and variable mean error were calculated
as variables of JPS using the following formulas (21):

Absolute error (AE) was calculated by Equation 1:

(1)AE = Σ [X − C] /K

Constant error (CE) was calculated by Equation 2:

(2)CE = Σ (X − C) /K

Variable error (VE) was calculated by Equation 3:

(3)V E =
√ [

Σ(X − C)2/k
]

(CE)2

where X = target angle, C = estimated angle, K = number
of repetitions.

3.4.2. Pain Assessment

The pain intensity of the reconstructed knee was as-
sessed using the Visual Analog Scale (VAS). The scale con-
sisted of a 10 cm line (100 mm) with the left end designed
as no pain at 0 and the right end showing intolerable pain
at 10. All subjects were asked to determine the severity of
pain by a small mark on the line (22).

3.4.3. Knee Function Assessment

All subjects responded to the International Knee Doc-
umentation Committee (IKDC) questionnaire to assess the
function during daily activity, and the level of a symptom-
free sports activity. The IKDC form contains seven items on
knee symptoms, two items on function, and two items on
sports activities. Scores ranged from 0 to 100 points, where
0 referred to the lowest level of function and 100 referred
to the highest level of function (23). The Persian version
of IKDC is a reliable, valid, and responsive measure for pa-
tients with ACL injury (24).

3.5. Intervention

All subjects initiated similar conventional rehabilita-
tion protocols according to the accelerated land-based re-
habilitation protocol (17) for nine weeks, starting from
day 1 post-surgery till the recruitment day. In week 9,
subjects were randomized into two rehabilitation groups.
The CT group continued to receive conventional rehabili-
tation, including strengthening, walking, and neuromus-
cular training (60 - 75 min, three sessions per week, for six
weeks). The PT group received the same conventional re-
habilitation in addition to innovative proprioceptive train-
ing. All subjects in this group underwent two sessions per
week of innovative proprioception exercises for 45 - 60 min
for six weeks. Each proprioceptive training session con-
sisted of three parts: warm-up, main practice, and cool-
down. The subjects performed a series of stretching ex-
ercises of the soleus, hamstring, and quadriceps muscles
to avoid muscular fatigue. During exercises, subjects were
not allowed to support themselves by the contralateral
limbs or hands. If the subject lost his balance, he was asked
to lean on the contralateral limb. The exercises were grad-
ually increased in intensity according to individual ability.
The progression of the proprioceptive training protocol is
presented in Table 2 and Figure 1.

3.6. Statistical Analysis

The independent t-test was used to analyze the differ-
ences in the anthropometric characteristics of subjects at
baseline. A one-sample Kolmogorov-Smirnov test was used
to check the normal distribution of the variables. The vari-
ables had a normal distribution. Thus, the independent t-
test was used to assess the differences before and after the
intervention within the groups. Repeated-measures anal-
ysis of variance (ANOVA) was used to compare the differ-
ences between the two groups. An effect size using Cohen’s
d from the independent t-test was calculated to develop a
deeper understanding of the clinical meaningfulness after
the interventions. The relative size of Cohen’s d was used:
negligible effect (≥ -0.15 and < 0.15), small effect (≥ 0.15
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Table 2. Progression of the Innovative Proprioceptive Training Protocola

Clinical Exercise Exercise Explanation

1) Single-leg stance with eyes open -

2) Single-leg stance with eyes closed -

3) Single-leg stance with leg swing and eyes open Single-leg support, arms extended forward, and another leg swinging to 45°

4) Single-leg stance with leg swing and eyes closed Single-leg support, arms extended forward, and another leg swinging to 45°

5) Single-leg squat with eyes open Knee flexed at 30° and arms extended forward

6) Single-leg squat with eyes closed Knee flexed at 30° and arms extended forward

7) Double-leg stance on a foam roller with eyes open Subjects in a standing position, double-legged support, and arms extended forward

8) Double-leg stance on a foam roller with eyes closed Subjects in a standing position, double-legged support, and arms extended forward

9) Single-leg stance on a foam roller with eyes open Single-leg support, arms extended forward, and another leg flexed to 90°

10) Single-leg stance on a foam roller with eyes closed Single-leg support, arms extended forward and another leg flexed to 90°

11) Double-leg squat on a foam roller with eyes open Double-legged support, knee flexed at 30°, and arms extended forward

12) Single-leg stance with leg swing on a foam roller with eyes open Single-leg support, hands-on-hips, and another leg swing to 30°

13) Single-leg stance with leg swing on a foam roller with eyes closed Single-leg support, hands-on-hips, and another leg swing to 30°

14) Rollover walking forward on a foam roller Subjects in a standing position on a foam roller, rolling over forward on the foam roller,
and arms crossed

15) Rollover walking backward on a foam roller Subjects in a standing position on a foam roller, rolling over backward on the foam roller,
and arms crossed

16) Double-leg stance on a foam roller and throwing the ball Subjects in a standing position on the foam roller, double leg support, throwing the ball
from multiple directions to the subject and throwing it back to the therapist

aThe foam roller was constructed over a rigid, hollow core with high-quality materials that would not break down or lose shape from repeated use. Dimensions: 66 ×
15 cm with 150 kg weight limit.

and < 0.40), medium effect (≥ 0.40 and < 0.75), large ef-
fect (≥ 0.75 and < 1.10), very large effect (≥ 1.10 and < 1.45),
and huge effect > 1.45 (25).

The alpha level at 0.05 was considered statistically sig-
nificant for all analyses. The SPSS version 25 software for
Windows (SPSS Inc., Chicago, Ill., USA) was used for all ana-
lyzes.

4. Results

Table 1 shows the anthropometric characteristics of the
subjects. No significant difference was found between the
two groups in the anthropometric characteristics (i.e., age,
height, weight) before the intervention (P > 0.05). Table 3
shows that there were significant differences in AE, VE, VAS,
and IKDC before and after the intervention (P < 0.05) in
both groups. No significant difference was found in both
groups before and after the intervention in CE (P > 0.05)
(Figures 2 and 3). There was a significant difference in AE
(FAE = 56.81, P < 0.001) and VE (FVE = 60.95, P < 0.001) be-
tween the two groups (Table 4). The improvement of AE
and VE in the PT group was significantly greater than that
in the CT group (Figures 2 and 3). However, no significant
differences were found in CE (FCE = 0.28, P > 0.05), VAS (FVAS

= 0.44, P > 0.05), and IKDC (FIKDC = 0.04, P > 0.05) between
the two groups (P > 0.05) (Table 4).

Effect sizes for all variables after the intervention in
both groups are reported in Table 5. The PT group showed
the greatest improvement after the intervention for all
variables (Figure 4). Among all variables in the PT group,
the largest percent change was found for AE and VE.

5. Discussion

This study aimed to examine an innovative land-based
proprioceptive training incorporated into the conven-
tional accelerated rehabilitation protocol and compare it
with the conventional accelerated land-based rehabilita-
tion protocol alone for improving proprioception, knee
function, and pain level in athletes with ACLR. The re-
sults showed that the innovative land-based propriocep-
tive training incorporated into the conventional acceler-
ated rehabilitation protocol offered the improvement of
proprioception efficiency for individuals with ACLR.

The proprioception assessment showed significant dif-
ferences between the two groups after the intervention re-
garding JPS variables. The results of this study revealed
that subjects who followed innovative land-based proprio-
ceptive training incorporated into the conventional accel-
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Figure 1. Land-based proprioception training. (1) Single-leg stance; (2) single-leg stance on a foam roller; (3) rollover walking forward on a foam roller, A: starting position, B:
walking forward; (4) rollover walking backward on a foam roller, A: starting position, B: walking backward; (5) double-leg stance on a foam roller and throwing the ball.

Table 3. Mean and Standard Deviation of Results Before and After Intervention in
Two Groups (N = 15)

Variables Before, Mean ± SD After, Mean ± SD P-Value

AE

PT 8.75 ± 1.13 2.74 ± 0.7 0.000

CT 8.77 ± 1.15 5.01 ± 1.09 0.000

VE

PT 15.63 ± 2.11 4.95 ± 1.27 0.000

CT 16.07 ± 2.46 9.09 ± 1.81 0.000

CE

PT 1.31 ± 8.3 0.22 ± 2.86 0.92

CT -0.96 ± 8.94 -0.26 ± 5.25 0.48

VAS

PT 5.89 ± 1.04 1.81 ± 1.13 0.02

CT 5.47 ± 0.94 1.26 ± 1.37 0.018

IKDC

PT 58.64 ± 4.83 80.68 ± 2.39 0.000

CT 58.55 ± 5.09 77.02 ± 1.89 0.000

Abbreviations: AE, absolute error; CE, constant error; IKDC, International Knee
Documentation Committee; VAS, Visual Analog scale; VE, variable error.

erated rehabilitation protocol had significantly reduced
proprioception errors, which implies a reduction in pro-
prioceptive deficit after the intervention. These differences
between the groups can be attributed to several reasons.
The unstable surface, the Foam Roller in our case of study,
imposes a continuous activation of the muscles to main-
tain the stability of the body because there is no stable
resting position on it. This unstable environment pro-
moted the stimulation of the proprioceptive pathway, in-
creasing sensory feedback and body awareness (5, 6). More-
over, when the patient is challenged to maintain his bal-
ance, this promotes neuromuscular coordination and pro-
prioception efficiency (26). Furthermore, training with
eyes closed stimulates other balance systems, especially
the proprioceptive system, to compensate and develop a
heightened awareness and create more efficient and effec-
tive movement (27).

The pain intensity was also compared in this study be-
tween the two groups. Proprioception is affected by the
level of pain after ACLR because it increases the afferent
discharge from pain receptors (type III and IV), and con-
sequently, it is likely to perturb neuromuscular control
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Table 4. Analysis of Variance Results to Compare Between Two Rehabilitation Groups (N = 15)

Variable Sum of Squares Mean Square F P-Value

AE 68.17 41.95 56.81 0.000

CE 633.59 5.92 0.28 0.59

VE 209.42 131.462 60.95 0.000

VAS 56.96 0.72 0.44 0.52

IKDC 165.62 0.17 0.04 0.86

Abbreviations: AE, absolute error; CE, constant error; IKDC, International Knee Documentation Committee; VAS, Visual Analog scale; VE, variable error.

PT Group 

CT Group 

PT Group 

CT Group 

AE CEVE

AE CEVE

A

B

18

16

14

12

10

8

6

4

2

0

-2

10

8

6

4

2

0

-2

2.74

5.01 4.95

9.09

0.22
-0.26

1.31

-0.9

16.0715.06

8.778.75

Figure 2. Means of JPS variables of both groups; A, before intervention; B, after intervention.
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Figure 3. Means of IKDC and VAS of both groups; A, before intervention; B, after intervention.

about the knee joint and cause abnormal proprioception
responses (28). The results of the current study showed
that there was no significant difference in pain reduc-
tion between the two groups, with a decreased pain level
found in both groups after the intervention. Pain reduc-
tion could be due to optimizing muscle strength and en-
durance around the knee joint, in addition to continuous
improvement in tissue healing (17).

No significant difference in the IKDC score was found
between the two groups. Both groups showed a significant
improvement in IKDC. However, subjects who followed
an innovative land-based proprioceptive training incorpo-
rated into the conventional accelerated rehabilitation pro-
tocol gained higher scores in IKDC. Thus, it was not surpris-
ing that increased proprioception efficiency and reduced
pain were reflected in their quality of life and sports activ-

ities.

To the best of our knowledge, no study used foam roller
in proprioception rehabilitation after ACLR. Some studies
used the conventional proprioception approach in pro-
prioception rehabilitation after ACLR. For example, Liu-
Ambrose et al. selected 10 subjects to compare the effects
of proprioceptive training and strength training on restor-
ing proprioception and neuromuscular control. They used
a decreased surface of stability with removing visual feed-
back as proprioceptive training. They found no superior-
ity of one program over another in improving neuromus-
cular control (16). Moreover, Ordahan et al. (12) examined
20 subjects to investigate the effectiveness of propriocep-
tion exercises on knee function. They assessed patients
before and after six months of a rehabilitation program.
Proprioception training involved a wobbled board balance

Arch Neurosci. 2021; 8(1):e111430. 7
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Figure 4. Percent change after the intervention in both groups

Table 5. Effect Size After Intervention in Two Groups (N = 15)

Groups Cohen’s d Percent Change, %

CT group (n = 15)

AE 3.55 43.92

VE 3.39 44.47

CE 0.04 51

VAS 1.09 36.44

IKDS 6.08 39.22

PT group (n = 15)

AE 6.80 70.19

VE 6.35 69.22

CE 0.13 66.20

VAS 1.05 38.50

IKDC 6.09 39.61

Abbreviations: AE, absolute error; CE, constant error; IKDC, International Knee
Documentation Committee; VAS, Visual Analog scale; VE, variable error.

and trampoline exercises. They found that proprioception
exercises significantly improved knee proprioception and
knee function (12). Furthermore, Kaya et al. (15) did a study

to investigate the effect of neuromuscular control exer-
cises on knee proprioception in subjects with ACLR. They
used 32 subjects being assigned to two groups. Whereas
neuromuscular control exercises were added to the con-
ventional rehabilitation program in the first group, the
conventional rehabilitation was only used in the second
group. The JPS was used to assess the changes in knee pro-
prioception after interventions. The proprioceptive train-
ing in the neuromuscular control exercise program was
mainly a single-legged stance, and balance reach leg exer-
cises. They found improvements in proprioception repre-
sented by improvements in JPS (15).

This study had several limitations. Our study recruited
a relatively small number of subjects and included only
male subjects with a hamstring tendon graft. Therefore,
we cannot extend our findings to all individuals who are
suffering from the side effects of post ACLR. Future studies
should include larger samples, both sexes, and several re-
construction surgery techniques to generalize the results.
Furthermore, although this study showed that propriocep-
tion efficiency improved after the innovative propriocep-
tion protocol, we did not run follow-up assessments to see
the durability of these changes. Besides, this study did not
include functional tests; thus, future studies should con-
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sider the functional tests (e.g., single-hop test, cross-over
hop test, and triple-hop test) to assess the correlation be-
tween functional performance and improvement in pro-
prioception gained after the intervention.

5.1. Conclusions

Innovative land-based proprioceptive training plus the
conventional accelerated rehabilitation protocol provided
the improvement of proprioception efficiency, pain, and
knee function in individuals with ACL reconstruction. The
improvement of JPS could be a result of doing propriocep-
tion exercises plus conventional therapy. Thus, this study
stresses the importance of designing special propriocep-
tion exercises to improve a specific function instead of per-
forming exercises in general. It is worth noting that this
land-based proprioceptive training is the first in this field,
and we can name it “Hajouj’s Land-based Proprioceptive
Training”.

Acknowledgments

We would like to thank all the staff of the School of Re-
habilitation who supported us during this study. Special
thanks go to all participants for their kind contribution to
this study.

Footnotes

Authors’ Contribution: EH. and MRH developed the
original idea and the protocol, abstracted, and wrote the
manuscript. ST analyzed and interpreted the data, per-
formed statistical analysis, and helped in drafting the
manuscript. SMM re-analyzed the clinical and statisti-
cal data and revised the manuscript. EH and SG col-
lected the clinical data, interpreted them, and revised
the manuscript. All authors read and approved the final
manuscript.

Clinical Trial Registration Code: The clinical
trial registration code was IRCT20090301001722N21
(https://en.irct.ir/trial/41731).

Conflict of Interests: The authors declare no conflict of
interest.

Ethical Approval: This study was approved by the Ethics
Committee of Tehran University of Medical Sciences (code:
IR.TUMS.VCR.REC.1398.571).

Funding/Support: This research was supported by the
Tehran University of Medical Sciences.

Informed Consent: The objectives and methodology of
the study were explained to all participants. Besides, all
participants were asked to sign an informed consent form.

References

1. Sanders TL, Maradit Kremers H, Bryan AJ, Larson DR, Dahm DL,
Levy BA, et al. Incidence of anterior cruciate ligament tears and
reconstruction: A 21-year population-based study. Am J Sports
Med. 2016;44(6):1502–7. doi: 10.1177/0363546516629944. [PubMed:
26920430].

2. Solomonow M, Krogsgaard M. Sensorimotor control of knee stability.
A review. Scand J Med Sci Sports. 2001;11(2):64–80. doi: 10.1034/j.1600-
0838.2001.011002064.x. [PubMed: 11252464].

3. Lephart SM, Pincivero DM, Giraldo JL, Fu FH. The role of proprio-
ception in the management and rehabilitation of athletic injuries.
Am J Sports Med. 1997;25(1):130–7. doi: 10.1177/036354659702500126.
[PubMed: 9006708].

4. Beasley LS, Weiland DE, Vidal AF, Chhabra A, Herzka AS, Feng MT, et
al. Anterior cruciate ligament reconstruction: A literature review of
the anatomy, biomechanics, surgical considerations, and clinical out-
comes.Oper TechOrthop. 2005;15(1):5–19. doi: 10.1053/j.oto.2004.11.003.

5. Bonfim TR, Jansen Paccola CA, Barela JA. Proprioceptive and behav-
ior impairments in individuals with anterior cruciate ligament re-
constructed knees. Arch Phys Med Rehabil. 2003;84(8):1217–23. doi:
10.1016/s0003-9993(03)00147-3. [PubMed: 12917863].

6. Barrack RL, Lund PJ, Skinner HB. Knee joint proprioception revisited.
J Sport Rehabil. 1994;3(1):18–42. doi: 10.1123/jsr.3.1.18.

7. Riemann BL, Lephart SM. The sensorimotor system, part II: The role
of proprioception in motor control and functional joint stability.
J Athl Train. 2002;37(1):80–4. [PubMed: 16558671]. [PubMed Central:
PMC164312].

8. Jiang L, Wang Y, Huang W. The effect of proprioception training on
knee kinematics after anterior cruciate ligament reconstruction. Res
Square. 2020. doi: 10.21203/rs.2.19922/v1.

9. Bouet V, Gahery Y. Muscular exercise improves knee position sense
in humans. Neurosci Lett. 2000;289(2):143–6. doi: 10.1016/s0304-
3940(00)01297-0. [PubMed: 10904140].

10. Ogard WK. Proprioception in sports medicine and athletic condition-
ing. Strength Cond J. 2011;33(3):111–8. doi: 10.1519/SSC.0b013e31821bf3ae.

11. Relph N, Herrington L, Tyson S. The effects of ACL injury on knee pro-
prioception: A meta-analysis. Physiotherapy. 2014;100(3):187–95. doi:
10.1016/j.physio.2013.11.002. [PubMed: 24690442].

12. Ordahan B, Kucuksen S, Tuncay I, Salli A, Ugurlu H. The effect of
proprioception exercises on functional status in patients with ante-
rior cruciate ligament reconstruction. J Back Musculoskelet Rehabil.
2015;28(3):531–7. doi: 10.3233/BMR-140553. [PubMed: 26406302].

13. Carter ND, Jenkinson TR, Wilson D, Jones DW, Torode AS. Joint posi-
tion sense and rehabilitation in the anterior cruciate ligament defi-
cient knee. Br J SportsMed. 1997;31(3):209–12. doi: 10.1136/bjsm.31.3.209.
[PubMed: 9298555]. [PubMed Central: PMC1332521].

14. Cooper RL, Taylor NF, Feller JA. A randomised controlled trial of pro-
prioceptive and balance training after surgical reconstruction of
the anterior cruciate ligament. Res Sports Med. 2005;13(3):217–30. doi:
10.1080/15438620500222547. [PubMed: 16392537].

15. Kaya D, Guney-Deniz H, Sayaca C, Calik M, Doral MN. Effects on
lower extremity neuromuscular control exercises on knee pro-
prioception, muscle strength, and functional level in patients
with ACL reconstruction. Biomed Res Int. 2019;2019:1694695.
doi: 10.1155/2019/1694695. [PubMed: 31828089]. [PubMed Central:
PMC6881759 procedures used within this study].

16. Liu-Ambrose T, Taunton JE, MacIntyre D, McConkey P, Khan KM. The
effects of proprioceptive or strength training on the neuromuscu-
lar function of the ACL reconstructed knee: A randomized clini-
cal trial. Scand J Med Sci Sports. 2003;13(2):115–23. doi: 10.1034/j.1600-
0838.2003.02113.x. [PubMed: 12641643].

Arch Neurosci. 2021; 8(1):e111430. 9

http://dx.doi.org/10.1177/0363546516629944
http://www.ncbi.nlm.nih.gov/pubmed/26920430
http://dx.doi.org/10.1034/j.1600-0838.2001.011002064.x
http://dx.doi.org/10.1034/j.1600-0838.2001.011002064.x
http://www.ncbi.nlm.nih.gov/pubmed/11252464
http://dx.doi.org/10.1177/036354659702500126
http://www.ncbi.nlm.nih.gov/pubmed/9006708
http://dx.doi.org/10.1053/j.oto.2004.11.003
http://dx.doi.org/10.1016/s0003-9993(03)00147-3
http://www.ncbi.nlm.nih.gov/pubmed/12917863
http://dx.doi.org/10.1123/jsr.3.1.18
http://www.ncbi.nlm.nih.gov/pubmed/16558671
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC164312
http://dx.doi.org/10.21203/rs.2.19922/v1
http://dx.doi.org/10.1016/s0304-3940(00)01297-0
http://dx.doi.org/10.1016/s0304-3940(00)01297-0
http://www.ncbi.nlm.nih.gov/pubmed/10904140
http://dx.doi.org/10.1519/SSC.0b013e31821bf3ae
http://dx.doi.org/10.1016/j.physio.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24690442
http://dx.doi.org/10.3233/BMR-140553
http://www.ncbi.nlm.nih.gov/pubmed/26406302
http://dx.doi.org/10.1136/bjsm.31.3.209
http://www.ncbi.nlm.nih.gov/pubmed/9298555
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1332521
http://dx.doi.org/10.1080/15438620500222547
http://www.ncbi.nlm.nih.gov/pubmed/16392537
http://dx.doi.org/10.1155/2019/1694695
http://www.ncbi.nlm.nih.gov/pubmed/31828089
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6881759 procedures used within this study
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://www.ncbi.nlm.nih.gov/pubmed/12641643


Hajouj E et al.

17. Van Grinsven S, Van Cingel RE, Holla CJ, Van Loon CJ. Evidence-
based rehabilitation following anterior cruciate ligament recon-
struction. Knee Surg Sports Traumatol Arthrosc. 2010;18(8):1128–44. doi:
10.1007/s00167-009-1027-2. [PubMed: 20069277].

18. Beynnon BD, Renström PA, Konradsen L, Elmqvist LG, Gottlieb D, Dirks
M. Validation of techniques to measure knee proprioception. In: Le-
phart SM, H. Fu F, editors. Proprioception and neuromuscular control in
joint stability. Champaign, IL: Human Kinetics; 2000.

19. Pawlak D, Wysota A, Furmanek M, Ficek K, Juras G. Knee joint position
sense in physically active patients after ACL reconstruction. CEJSSM.
2014;7(3):65–72.

20. Relph N. Themeasurement of knee joint position sense. University of Sal-
ford; 2015.

21. Olsson L, Lund H, Henriksen M, Rogind H, Bliddal H, Danneskiold-
Samsøe B. Test–retest reliability of a knee joint position sense mea-
surement method in sitting and prone position. Adv Physiother.
2009;6(1):37–47. doi: 10.1080/14038190310009894.

22. Von Korff M, Jensen MP, Karoly P. Assessing global pain sever-
ity by self-report in clinical and health services research. Spine.
2000;25(24):3140–51. doi: 10.1097/00007632-200012150-00009.
[PubMed: 11124730].

23. Anderson AF, Federspiel CF, Snyder RB. Evaluation of knee ligament

rating systems. Am J Knee Surg. 1993;6(2):67–73.
24. Ebrahimzadeh MH, Makhmalbaf H, Golhasani-Keshtan F, Rabani S,

Birjandinejad A. The International Knee Documentation Committee
(IKDC) subjective short form: A validity and reliability study.Knee Surg
Sports Traumatol Arthrosc. 2015;23(11):3163–7. doi: 10.1007/s00167-014-
3107-1. [PubMed: 24957910].

25. Jacob Cohen. Set correlation and multivariate methods. Statistical
power analysis for the behavioral sciences. 2nd ed. Hillsdale, N. J: L. Erl-
baum Associates; 1988.

26. Beynnon BD, Johnson RJ, Abate JA, Fleming BC, Nichols CE. Treat-
ment of anterior cruciate ligament injuries, part I. Am J Sports
Med. 2005;33(10):1579–602. doi: 10.1177/0363546505279913. [PubMed:
16199611].

27. Kruse LM, Gray B, Wright RW. Rehabilitation after anterior cruciate
ligament reconstruction: A systematic review. J Bone Joint Surg Am.
2012;94(19):1737–48. doi: 10.2106/JBJS.K.01246. [PubMed: 23032584].
[PubMed Central: PMC3448301].

28. Barrack RL, Munn BG; American Orthopaedic Society for Sports
Medicine. Effects of knee ligament injury and reconstruction on pro-
prioception. In: Lephart SM, Fu FH, editors. Proprioception and neu-
romuscular control in joint stability. Champaign, IL: Human Kinetics;
2000. p. 197–212.

10 Arch Neurosci. 2021; 8(1):e111430.

http://dx.doi.org/10.1007/s00167-009-1027-2
http://www.ncbi.nlm.nih.gov/pubmed/20069277
http://dx.doi.org/10.1080/14038190310009894
http://dx.doi.org/10.1097/00007632-200012150-00009
http://www.ncbi.nlm.nih.gov/pubmed/11124730
http://dx.doi.org/10.1007/s00167-014-3107-1
http://dx.doi.org/10.1007/s00167-014-3107-1
http://www.ncbi.nlm.nih.gov/pubmed/24957910
http://dx.doi.org/10.1177/0363546505279913
http://www.ncbi.nlm.nih.gov/pubmed/16199611
http://dx.doi.org/10.2106/JBJS.K.01246
http://www.ncbi.nlm.nih.gov/pubmed/23032584
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3448301

	Abstract
	1. Background
	2. Objectives
	3. Methods
	3.1. Design
	3.2. Participants
	3.3. Randomization
	Table 1

	3.4. Outcomes and Testing Protocols
	3.4.1. Proprioception Assessment
	3.4.2. Pain Assessment
	3.4.3. Knee Function Assessment

	3.5. Intervention
	Table 2
	Figure 1

	3.6. Statistical Analysis

	4. Results
	Table 3
	Table 4
	Figure 2
	Figure 3
	Table 5
	Figure 4

	5. Discussion
	5.1. Conclusions

	Acknowledgments
	Footnotes
	Authors' Contribution: 
	Clinical Trial Registration Code: 
	Conflict of Interests: 
	Ethical Approval: 
	Funding/Support: 
	Informed Consent: 

	References

