
RESEARCH ARTICLE

Effect of Time after Anterior Cruciate
Ligament Tears on Proprioception and
Postural Stability
Dae-Hee Lee1*, Jin-Hyuck Lee2, Sung-Eun Ahn2, Min-Ji Park2

1 Department of Orthopaedic Surgery, Samsung Medical Center, Sungkyunkwan University School of
Medicine, Seoul, Korea, 2 Department of Sports Medical Center, Korea University College of Medicine,
Anam Hospital, Seoul, Korea

* eoak22@empal.com

Abstract
This study was designed to compare proprioception and postural stability in patients with

acute (time from injury� 3 months) and chronic (time from injury > 3 months) ACL tears,

and to evaluate the correlation between time interval after ACL injury and proprioception.

Thigh muscle strength, postural stability, and joint position sense were compared in 48

patients with acute ACL tears and in 28 with chronic ACL tears. Maximal torque (60°/sec) of

the quadriceps and hamstring was evaluated using an isokinetic testing device. Postural

stability was determined from the anterior-posterior (APSI), medial-lateral (MLSI), and over-

all (OSI) stability indices using stabilometry. Joint position sense was also tested by repro-

duction of passive positioning (RPP). Muscle strengths and stability indices on both the

involved and uninvolved sides were similar in the acute and chronic ACL tear groups. RPP

on the involved side was significantly greater in the chronic than in the acute ACL tear group

(7.8° vs. 5.6°, P = 0.041). Two of three stability indices (APSI, OSI) and RPP were signifi-

cantly greater on the involved than the uninvolved side in the chronic ACL tear group.

Introduction
The femoral and tibial attachment sites of the anterior cruciate ligament (ACL) contain mecha-
noreceptors such as the Pacinian corpuscles, Ruffini endings, and Golgi tendon organ-like cor-
puscles,[1, 2] all of which play a role in proprioception. Therefore, ACL tears not only create
mechanical instability, they may also impair proprioception, including postural stability,
because disruption of the ACL may lead to a lack of afferent sensory input from mechanore-
ceptors to the central nervous system.[3–5] Several studies have shown a significant loss in pro-
prioception in ACL-deficient knees.[6–8] Single limb stance postural stability has also been
reported to be impaired in patients with isolated ACL tears.[9, 10]

Proprioception, including postural stability, may be influenced by a variety of factors,
including age, muscle weakness, level of physical activity, and previous injury to the lower-
extremities.[11–13] In addition, elapsed time from the injury may affect proprioception and
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postural stability.[14–16] For example, a histologic study investigating the fate of mechanore-
ceptors present in ruptured ACLs reported an inverse relationship between the elapsed time
from injury and the number of mechanoreceptors in the torn ACL remnant. To date, however,
few clinical studies have evaluated the relationships between time after ACL tear and proprio-
ception and postural stability or have compared proprioception and postural stability in
patients with acute and chronic ACL tears.

This study was therefore designed to compare the proprioception and postural stability of
patients with acute (time from injury� 3 months) and chronic (time from injury> 3 months)
ACL tears, and to evaluate the correlation between time interval after ACL injury and proprio-
ception and postural stability. It was hypothesized that patients with chronic ACL tears would
have decreased proprioception and postural stability.

Materials and Methods

Ethics Statement
The ethical approval of this study protocol was granted by Institutional Review Board of the
Korea University Anam Hospital (permit no. AN10010-001). Written informed consent was
obtained from all subjects before participation in this study (parental/guardian consent was
obtained for minors).

Patient Selection and Study Design
This prospective longitudinal trial enrolled all candidates for ACL reconstruction with isolated
primary ACL ruptures confirmed by magnetic resonance imaging (MRI) and physical exami-
nations, such as positive anterior drawer, Lachmann, and/or pivot shift tests (more than grade
II). Patients with concomitant meniscus tear were excluded to eliminate bias resulting from
meniscus tear. Also excluded were patients with bilateral ACL injuries or associated injuries to
any other ligament (i.e., the medial or lateral collateral ligament or the posterior cruciate liga-
ment), previous injury / surgery to either knee, or any associated extra-articular lesions.
Patients were also excluded if they were unable to perform the isokinetic muscle strength, pos-
tural stability, or proprioception tests due to pain or limited motion of the knee joint due to
effusion. Patients who underwent surgery less than 3 months after injury were categorized as
having acute ACL tears, whereas those who underwent surgery after 3 months were categorized
as having chronic ACL tears. Of the 82 patients (82 knees) approached, 80 agreed to take part
in the study. After assessments for eligibility, 76 patients, 48 with acute and 28 with chronic
ACL tears, were enrolled. The baseline demographic characteristics of the two groups were
similar except for time interval from injury to surgery (Table 1).

Tests of Isokinetic Strength, Postural Stability, and Proprioception
Isokinetic knee extension/flexion (concentric/concentric muscle contraction) strength was
measured with each subject seated on a Biodex multi-joint system 4 (Biodex Medical Systems,
Shirley, NY) with his/her trunk perpendicular to the floor, and hips and knees flexed to 90
degrees. The center of motion of the lever arm was aligned as accurately as possible with the
lateral femoral condyle of the knee being tested. A strap was used to immobilize each subject’s
thigh, and the dynamometer attachment was aligned to the lateral malleolus of the lower leg of
the knee being tested. The resistance pad was placed as distally as possible on the tibia while
still allowing full dorsiflexion at the ankle. Before each test session, each individual performed a
set of 5 warm-up submaximal knee flexions and extensions of each leg at 60 degrees/sec. Each
test session consisted of 5 isokinetic knee extensions and flexions (range of motion, 80 to 0
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degrees) of each leg at 60 degrees/sec, with a rest time of 30 seconds between tests. Peak flexion
and extension torques were recorded (Nm/kg). Extensor strength was regarded as quadriceps
strength, and flexor strength was regarded as hamstring muscle strength. The mean value of
two trials was regarded as the maximal peak torque of the hamstring and quadriceps.

Postural stability tests were performed using the Biodex Stability System (BSS; Biodex Medi-
cal Systems), with a movable balance platform that provided up to 20° of surface tilt in a 360°
range of motion. This platform, which interfaced with computer software (Biodex, Version
1.32), enabled the device to objectively assess balance. Participants were instructed to stand
with a bare foot on the BSS locked platform, to keep the other foot off the ground in a comfort-
able position, to keep their arms at their sides and to look straight ahead at a point on the wall
approximately 1 m away at eye level. As soon as the subject was able to maintain the point indi-
cating that his/her location was on the center of pressure, the examiner recorded the foot loca-
tion using a coordinate system consisting of the lateral malleolus and the heel cord on the foot
plate. After positioning, subjects were instructed to maintain the same position of their feet
until the end of each test. Subjects unable to maintain balance during testing were allowed to
briefly touch their toes with the opposite foot or grasp the handrails for a short time to re-
establish balance as soon as possible. If a subject was unable to quickly re-establish balance,
that test was cancelled. Each test consisted of two trials, starting at level 12 (most stable) and
gradually decreasing to level one (least stable), with the stability level automatically declining
every 1.66 sec. Two test evaluations of 20 sec each were performed, with 10 sec between each
pair of tests. The mean and standard deviation of the two trials was calculated by the stability
system. The measures of balance and postural stability included anterior-posterior, medial-lat-
eral, and overall stability index scores. A lower stability index was associated with a more stable
platform, indicating greater dynamic balance or postural stability of the subject.

A reproduction of passive positioning (RPP) using the Biodex multi-joint system 4 was used
to measure the joint position sense of knee joint proprioception.The mean and standard devia-
tion of the two trials was calculated by this system. This system could measure the RPP to two
decimal places.

The subject was seated on the isokinetic dynamometer chair with eyes closed, with the hips
and knees flexed to 90°. The knee joint was then moved into a predetermined amount of exten-
sion (45° of knee flexion in our study) and held for 5 seconds, with each subject instructed to
remember that target position. The knee was then passively returned to the starting position
(90° of knee flexion). The knee was moved by the Biodex system, and the subject was asked to
push a switch when he/she thought that the angle of knee joint reached the previous target

Table 1. Demographic characteristics of subjects with acute and chronic anterior cruciate ligament tears.

Acute ACL group Chronic ACL group P-value

Sample size (number) 48 28

Gender (male/female) 42/6 24/4

Age (years) 32.1 ± 10.8 (16 to 55) 34.7 ± 12.7 (17 to 58) 0.316

Height (cm) 171.3 ± 7.4 (149 to 187) 171.0 ± 6.5 (157 to 183) 0.855

Weight (kg) 70.3 ± 11.6 (43 to 110) 71.9 ± 10.7 (51 to 97) 0.562

Body mass index (kg/m2) 23.8 ± 3.2 (17.7 to 31.7) 24.6 ± 3.3 (19.2 to 32.1) 0.396

Time interval from trauma (months) 1.1 ± 0.19 (1 to 2) 6.8 ± 4.3 (3 to 24) <0.001*

ACL, anterior cruciate ligament

Results reported as mean ± SD (range)

*P< 0.05

doi:10.1371/journal.pone.0139038.t001
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angle (45° of knee flexion). The difference between the angle indicated by the patient and the
target angle was recorded. Tests were performed twice on both legs alternately, with 30 seconds
of resting time between tests. For both the postural stability tests and the RPP tests, the unin-
jured knee was tested first.

Statistical analysis
An RPP difference> 1° between the acute and chronic ACL tear groups was regarded as clini-
cally significant. An a priori power analysis was performed to determine the sample size using
a two-sided hypothesis test at an alpha level of 0.05 and a power of 0.8. The results of a pilot
study involving 5 knees in each group indicated that 25 knees would be required to detect a sig-
nificant between-group RPP difference of> 1°, the primary outcome measure. Forty eight
patients with acute and 28 with chronic ACL tears were assessed. Overall, the power of this
study was 0.851 for detecting a significant between group difference in RPP.

To quantify the test-retest reliability of isokinetic strength, postural stability and joint posi-
tion sense, intraclass correlation coefficients (ICCs) were calculated for two trials of maximal
peak torques of the quadriceps and hamstring. ICCs were also calculated for two measurements
of each stability index, including anterior-posterior, medial-lateral, and overall stability indices,
and RPP. ICC values>0.75, between 0.4 and 0.75, and<0.4 represented good, fair, and poor
reliability/accuracy, respectively. [17]

Mean values of the stability indices, strengths of the hamstring and quadriceps muscles,
their ratio, and joint position sense (RPP) were compared in the acute and chronic ACL tear
groups, and on the uninvolved and involved sides, using Student’s t-tests or Mann-Whitney U
tests, as appropriate. Correlations between joint position sense and stability index, muscle
strength, and demographic characteristics, including time interval from injury, were assessed
by Pearson correlation analysis. Multiple linear regression analysis was performed to identify
variables that independently affected joint position sense on the involved side. Five parameters,
specifically age, duration from injury to surgery, uninvolved and involved hamstring torques,
and RPP of the uninvolved knee, were included as independent variables and RPP of the
involved side was defined as the dependent variable. Dataset used in this study is given in S1
Dataset. All statistical analyses were performed using IBM SPSS Statistics version 20 software
(IBM Corporation, USA), with a P value<0.05 considered statistically significant.

Results
In all subjects, the test-retest reliabilities of isokinetic peak torque were acceptable for the quad-
riceps (ICC = 0.82) and hamstring (ICC = 0.79) muscles. In addition, the test-retest reliabilities
for postural stability were good for overall (ICC = 0.76), anterior-posterior (ICC = 0.77), and
medial-lateral (ICC = 0.75) stability indices, as well as for RPP (ICC = 0.78).

Muscle Strength and Hamstring to Quadriceps (HQ) Ratio
There were no significant differences between the acute and chronic ACL tear groups in isoki-
netic maximal peak torques of the quadriceps and hamstring muscles at 60°/sec, on both the
involved and uninvolved sides. Moreover, there were no between group differences in ham-
string to quadriceps ratio on either side (Table 2).

Stability Indices and Reproduction of Passive Positioning
All three stability indices, OSI, APSI, and MLSI, on both the involved and uninvolved sides,
were similar in the acute ACL and chronic ACL tear groups (Table 3). RPP of the involved side
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was significantly greater in the chronic than the in acute ACL tear group (7.84° ± 4.22° vs. 5.58°
± 4.31°, P = 0.041), although RPP of the uninvolved side was similar in these two groups (5.60°
± 4.95° vs. 6.74° ± 5.77°, P = 0.388, Table 3). In the acute ACL tear group, all stability indices,
including OSI, APSI, and MLSI, and RPP, were similar on the involved and uninvolved sides,
whereas, in the chronic ACL tear group, all stability indices except for MLSI were significantly
greater on the involved than on the uninvolved side (Fig 1A–1D).

Correlations and Predictors of Reproduction of Passive Positioning of
the Involved Limb
Of the parameters associated with proprioception and postural stability, only RPP on the
involved side differed significantly between the acute and chronic ACL tear groups. Therefore,
correlation analyses were performed between various parameters and RPP on the involved
side. Univariate analysis showed that patient age, time from injury to surgery, peak torques of
the hamstring muscles on the involved and uninvolved sides, and RPP on the uninvolved side
were significantly correlated with RPP on the involved side (Table 4). Multiple linear regression
analysis of these 5 parameters showed that duration from injury to operation (β = 0.202,
P = 0.039) and RPP on the uninvolved side (β = 0.242, P = 0.026) were significant and indepen-
dent predictors of RPP on the involved side (Table 5).

Table 2. Muscle strength and hamstring/quadriceps ratios of subjects with acute and chronic anterior cruciate ligament tears.

Acute ACL group Chronic ACL group P-value

Quadriceps torque (uninvolved) 195.5 ± 51.2 203.7 ± 42.7 0.511

Quadriceps torque (involved) 116.1 ± 53.1 124.9 ± 62.1 0.535

Hamstring torque (uninvolved) 89.6 ± 25.8 90.7 ±35.0 0.874

Hamstring torque (involved) 53.8 ± 26.1 58.0 ± 29.6 0.547

HQ ratio (uninvolved) 46.7 ± 11.3 46.6 ± 16.0 0.982

HQ ratio (involved) 47.1 ± 16.9 47.7 ± 11.7 0.894

ACL, anterior cruciate ligament; H, hamstring; Q, quadriceps

Results reported as mean ± SD. Muscle strength was calculated as isokinetic peak torque of the quadriceps and hamstring muscles at 60°/sec (Nm/kg).

doi:10.1371/journal.pone.0139038.t002

Table 3. Parameters of postural stability and joint position sense in patients with acute and chronic anterior cruciate ligament tears.

Acute ACL group Chronic ACL group P-value

OSI uninvolved 1.45 ± 0.74 1.36 ± 0.59 0.620

OSI involved 1.65 ± 0.82 1.70 ± 0.63 0.778

APSI uninvolved 1.24 ± 0.59 1.25 ± 0.58 0.986

APSI involved 1.47 ± 0.84 1.51 ± 0.63 0.815

MLSI uninvolved 0.93 ± 0.37 0.79 ± 0.32 0.139

MLSI involved 0.89 ± 0.53 0.95 ± 0.39 0.605

RPP uninvolved 5.60 ± 4.95 6.74 ± 5.77 0.388

RPP involved 5.58 ± 4.31 7.84 ± 4.22 0.041*

Abbreviations: ACL, anterior cruciate ligament; OSI, overall stability index; APSI, anteroposterior stability index; MLSI, mediolateral stability index; RPP,

reproduction of passive positioning

Results reported as mean ± SD.

*P< 0.05

doi:10.1371/journal.pone.0139038.t003
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Discussion
This study quantitatively compared proprioception and postural stability in patients with acute
and chronic ACL tears using parameters such as RPP and stability indices. The main finding of
this study was that RPP on the involved side was greater in patients with chronic than acute
ACL tears. In addition, RPP and the OSI and APSI stability indices were greater on the
involved than on the uninvolved side, but only in the chronic ACL tear group.

Previous histologic and clinical studies[18–20] have yielded inconsistent results regarding
whether a longer time from injury to surgery resulted in a deterioration of proprioception in
ACL deficient knees. A study of arthroscopically obtained biopsy specimens of ACL remnant
tissue from 20 patients with ACL tears found that morphologically normal mechanoreceptors
remained in the ligament for three months after the injury, after which the number of mecha-
noreceptors gradually decreased. [19] By the ninth month after injury, only a few Pacinian cor-
puscles and free nerve endings were present, with these completely disappeared after 12
months. In contrast, assessments of proprioception, measured as threshold to detect passive
motion (TTDPM), in 11 patients with complete ACL tears showed that the mean TTDPM dif-
ference was significantly higher in these patients than in an age-matched control group, indi-
cating a greater decrease in proprioception in ACL deficient than in normal knees.[18]
Although TTDPM of the involved and uninvolved sides did not differ between patients with
acute and chronic tears, these results were not the primary outcome of the study, and the cutoff

Fig 1. Postural stability and joint position sense on the involved and uninvolved sides in patients with acute and chronic ACL tears. (a) Overall
stability index (OSI). (b) Anterior-posterior stability index (APSI). (c) Mediolateral stability index (MLSI). (d) Reproduction of passive position (RPP). *p<0.05.

doi:10.1371/journal.pone.0139038.g001
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between acute and chronic ACL tears was not defined. We found that all stability indices on
both the involved and uninvolved sides were similar in the acute and chronic ACL tear groups,
with only RPP of the involved side being significantly greater in the chronic than in the acute
ACL tear group. Furthermore, although we observed no differences in stability indices and
RPP on the involved and uninvolved sides in the acute ACL tear group, all of these parameters,
except for MLSI, were greater on the involved than on the uninvolved side in patients with
chronic ACL tears. We also found that the time interval from initial injury was a predictor of
RPP on the involved side. These findings suggested that the deterioration of proprioception of
ACL deficient knees was dependent on time following injury. The disparity of results among
studies may be due to a lack of standard tests of knee joint proprioception,[21] making it diffi-
cult to compare study results directly.

In addition to time following injury, we found that RPP on the uninvolved side was a signifi-
cant predictor of RPP on the involved side, indicating a bilateral proprioceptive defect in
patients with unilateral ACL tears.[22] Aberrant afferent information in the intra-articular
receptors in the injured limb may also affect proprioceptionin the contralateral, uninjured
limb. This bilateral impairment of proprioception may explain why the RPP of the uninvolved
side significantly affected RPP on the involved side.

Previous studies have yielded conflicting results on the correlation between proprioception
and postural stability. Because sensory information associated with a patient’s conscious per-
ception of joint motion via mechanoreceptors in the ACL may contribute to postural stability,
it can be inferred that a decrease of proprioception due to mechanoreceptor damage as a result
of ACL tear may be related to a reduction of postural stability. A recent study of 10 chronic

Table 4. Correlation between parameters andmean reproduction of passive positioning of the
involved limb.

RPP (involved)

Parameters Correlation coefficient p-value

Age 0.348 0.012*

Height -0.188 0.105

Weight -0.106 0.364

Duration 0.332 0.003*

Quadriceps torque (uninvolved) -0.177 0.127

Quadriceps torque (involved) -0.159 0.169

Hamstring torque (uninvolved) -0.251 0.029*

Hamstring torque (involved) -0.247 0.032*

HQ ratio (uninvolved) -0.175 0.129

HQ ratio (involved) -0.164 0.158

OSI uninvolved 0.085 0.465

OSI involved 0.016 0.890

APSI uninvolved 0.119 0.304

APSI involved 0.012 0.916

MLSI uninvolved 0.023 0.847

MLSI involved 0.159 0.170

RPP uninvolved 0.310 0.006*

RPP, reproduction of passive positioning; H, hamstring; Q, quadriceps; OSI, overall stability index; APSI,

anteroposterior stability index; MLSI, mediolateral stability index

*P< 0.05

doi:10.1371/journal.pone.0139038.t004
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ACL deficient knees found a significant positive correlation between the TTDPM and dynamic
stance stability on the involved side.[14] However, another study of 36 patients with chronic
ACL tears found no correlation between TTDPM and postural stability in single limb stance.
[23] Similarly, we observed no correlation between RPP and stability indices on the involved
side, including OSI, APSI, and MLSI. There are several possible explanations for the inconsis-
tent results reported for the correlation between proprioception and postural stability. Postural
stability requires input of information, primarily from quick-adapting mechanoreceptors such
as Pacinian corpuscles, whereas joint position sense is mediated primarily by slow-adapting
mechanoreceptors such as Ruffini endings and Golgi tendon organs.[24, 25] The involvement
of different mechanoreceptors in postural stability and joint position sense may explain the
lack of correlation between RPP and stability indices. In addition, the different positions used
for measuring proprioception (non weight bearing) and postural stability (weight bearing),
that is, with and without the contribution of receptors in the feet and leg muscles, may give rise
to different relationships between proprioception and postural stability. Finally, the influence
of proprioceptive deficiency after ACL tear on postural stability may be offset by compensation
from visual, vestibular, and somatosensory inputs in the joint structures around the knee.[26]

This study had several limitations. We were unable to measure the threshold to detect pas-
sive motion (TTDPM), a more sensitive method for quantifying proprioception than RPP.
However, the experimental conditions and equipment used would have greater effect on
TTDPM than on RPP.[27] Moreover, the test-retest reliability of RPP in our study was satisfac-
tory. Another limitation was our inability to ensure that the differences in joint position sense
between the acute and chronic ACL tear groups and between the involved and uninvolved
sides were due entirely to damage to mechanoreceptors in the ruptured ACL remnant.[22] The
capsular receptors and nerves may have been damaged at the time of initial injury, thus con-
tributing to loss of proprioception.[28]

Conclusions
The joint position sense on the affected side was worse in patients with chronic than with acute
ACL tears, although there was no difference in postural stability between the two groups. In
patients with chronic ACL tears, joint position sense and postural stability, except in the
medio-lateral direction, were worse on the involved than on the uninvolved side. These differ-
ences, however, were not observed in patients with acute ACL tears. Taken together, these find-
ings indicate that a longer elapsed time from injury to surgery results in worse proprioception
and postural stability in ACL deficient knees. Therefore, to prevent loss of proprioception,

Table 5. Multiple linear regression analysis of predictors of the reproduction of passive positioning of involved limbs in patients with anterior cru-
ciate ligament tears.

Dependentvariable IndependentVariables Unstandardized
coefficients

Standardized coefficients

B SE (B) B P-value

RPP involved Age 0.094 0.072 0.159 0.195

Duration 0.079 0.044 0.202 0.039*

RPP uninvolved 0.315 0.138 0.242 0.026*

Hamstring torque (uninvolved) -0.022 0.029 -0.091 0.460

Hamstring torque (involved) -0.031 0.029 -0.126 0.281

RPP, reproduction of passive positioning

*P< 0.05

doi:10.1371/journal.pone.0139038.t005
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ACL reconstruction should be performed as soon as possible after knee swelling has subsided
and range of motion has been regained.

Supporting Information
S1 Dataset. Raw data used in this study.
(XLSX)

Acknowledgments
No benefits in any form have been received or will be received from a commercial party related
directly or indirectly to the subject of this article, nor have any funds been received in support
of this study.

Author Contributions
Conceived and designed the experiments: DHL. Performed the experiments: JHL SEAMJP.
Analyzed the data: DHL. Contributed reagents/materials/analysis tools: SEA MJP. Wrote the
paper: DHL JHL.

References
1. Kennedy JC, Weinberg HW,Wilson AS. The anatomy and function of the anterior cruciate ligament as

determined by clinical and morphological studies. J Bone Joint Surg Am. 1974; 56(2):223–35. PMID:
4452683

2. Schutte MJ, Dabezies EJ, Zimny ML, Happel LT. Neural anatomy of the human anterior cruciate liga-
ment. J Bone Joint Surg Am. 1987; 69(2):243–7. PMID: 3805085

3. Katonis P, Papoutsidakis A, Aligizakis A, Tzanakakis G, Kontakis GM, Papagelopoulos PJ. Mechano-
receptors of the posterior cruciate ligament. J Int Med Res. 2008; 36(3):387–93. PMID: 18534119

4. Reider B, Arcand MA, Diehl LH, Mroczek K, Abulencia A, Stroud CC, et al. Proprioception of the knee
before and after anterior cruciate ligament reconstruction. Arthroscopy. 2003; 19(1):2–12. PMID:
12522394

5. Roberts D, Friden T, Zatterstrom R, Lindstrand A, Moritz U. Proprioception in people with anterior cruci-
ate ligament-deficient knees: comparison of symptomatic and asymptomatic patients. J Orthop Sports
Phys Ther. 1999; 29(10):587–94. Epub 1999/11/24. doi: 10.2519/jospt.1999.29.10.587 PMID:
10560067.

6. Fremerey RW, Lobenhoffer P, Zeichen J, Skutek M, Bosch U, Tscherne H. Proprioception after rehabil-
itation and reconstruction in knees with deficiency of the anterior cruciate ligament: a prospective, longi-
tudinal study. J Bone Joint Surg Br. 2000; 82(6):801–6. PMID: 10990300

7. Ko MS, Yang SJ, Ha JK, Choi JY, Kim JG. Correlation between Hamstring Flexor Power Restoration
and Functional Performance Test: 2-Year Follow-Up after ACL Reconstruction Using Hamstring Auto-
graft. Knee Surg Relat Res. 2012; 24(2):113–9. doi: 10.5792/ksrr.2012.24.2.113 PMID: 22708113

8. Park JH, JeongWK, Lee JH, Cho JJ, Lee DH. Postural stability in patients with anterior cruciate liga-
ment tears with and without medial meniscus tears. Knee Surg Sports Traumatol Arthrosc. 2015; 23
(1):240–5. doi: 10.1007/s00167-013-2675-9 PMID: 24037262

9. Ihara H, Takayama M, Fukumoto T. Postural control capability of ACL-deficient knee after sudden tilt-
ing. Gait Posture. 2008; 28(3):478–82. doi: 10.1016/j.gaitpost.2008.03.009 PMID: 18468899

10. Jensen TO, Fischer-Rasmussen T, Kjaer M, Magnusson SP. Proprioception in poor- and well-function-
ing anterior cruciate ligament deficient patients. J Rehabil Med. 2002; 34(3):141–9. Epub 2002/10/25.
PMID: 12395942.

11. Aydoğ ST, Korkusuz P, Doral MN, Tetik O, Demirel HA. Decrease in the numbers of mechanoreceptors
in rabbit ACL: the effects of ageing. Knee Surg Sports Traumatol Arthrosc. 2006; 14(4):325–9. PMID:
16133439

12. Fridén T, Roberts D, Zätterström R, Lindstrand A, Moritz U. Proprioception in the nearly extended knee.
Measurements of position and movement in healthy individuals and in symptomatic anterior cruciate
ligament injured patients. Knee Surg Sports Traumatol Arthrosc. 1996; 4(4):217–24. PMID: 9046506

ACL Chronicity on Proprioception

PLOS ONE | DOI:10.1371/journal.pone.0139038 September 30, 2015 9 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139038.s001
http://www.ncbi.nlm.nih.gov/pubmed/4452683
http://www.ncbi.nlm.nih.gov/pubmed/3805085
http://www.ncbi.nlm.nih.gov/pubmed/18534119
http://www.ncbi.nlm.nih.gov/pubmed/12522394
http://dx.doi.org/10.2519/jospt.1999.29.10.587
http://www.ncbi.nlm.nih.gov/pubmed/10560067
http://www.ncbi.nlm.nih.gov/pubmed/10990300
http://dx.doi.org/10.5792/ksrr.2012.24.2.113
http://www.ncbi.nlm.nih.gov/pubmed/22708113
http://dx.doi.org/10.1007/s00167-013-2675-9
http://www.ncbi.nlm.nih.gov/pubmed/24037262
http://dx.doi.org/10.1016/j.gaitpost.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18468899
http://www.ncbi.nlm.nih.gov/pubmed/12395942
http://www.ncbi.nlm.nih.gov/pubmed/16133439
http://www.ncbi.nlm.nih.gov/pubmed/9046506


13. Relph N, Herrington L, Tyson S. The effects of ACL injury on knee proprioception: a meta-analysis.
Physiotherapy. 2014; 100(3):187–95. Epub 2014/04/03. doi: 10.1016/j.physio.2013.11.002 PMID:
24690442.

14. Lee HM, Cheng CK, Liau JJ. Correlation between proprioception, muscle strength, knee laxity, and
dynamic standing balance in patients with chronic anterior cruciate ligament deficiency. Knee. 2009; 16
(5):387–91. doi: 10.1016/j.knee.2009.01.006 PMID: 19239988

15. Tsepis E, Vagenas G, Ristanis S, Georgoulis AD. Thigh muscle weakness in ACL-deficient knees per-
sists without structured rehabilitation. Clin Orthop Relat Res. 2006; 450:211–8. PMID: 16721346

16. Yoon JP, Yoo JH, Chang CB, Kim SJ, Choi JY, Yi JH, et al. Prediction of chronicity of anterior cruciate
ligament tear using MRI findings. Clin Orthop Surg. 2013; 5(1):19–25. doi: 10.4055/cios.2013.5.1.19
PMID: 23467216

17. Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater reliability. Psychol Bull. 1979; 86
(2):420–8. PMID: 18839484

18. Barrack RL, Skinner HB, Buckley SL. Proprioception in the anterior cruciate deficient knee. Am J Sports
Med. 1989; 17(1):1–6. PMID: 2929825

19. Denti M, Monteleone M, Berardi A, Panni AS. Anterior cruciate ligament mechanoreceptors. Histologic
studies on lesions and reconstruction. Clin Orthop Relat Res. 1994;(308: ):29–32. PMID: 7955696

20. Valeriani M, Restuccia D, Di Lazzaro V, Franceschi F, Fabbriciani C, Tonali P. Clinical and neurophysi-
ological abnormalities before and after reconstruction of the anterior cruciate ligament of the knee. Acta
Neurol Scand. 1999; 99(5):303–7. PMID: 10348160

21. Roberts D, Fridén T, Stomberg A, Lindstrand A, Moritz U. Bilateral proprioceptive defects in patients
with a unilateral anterior cruciate ligament reconstruction: a comparison between patients and healthy
individuals. J Orthop Res. 2000; 18(4):565–71. PMID: 11052492

22. Arockiaraj J, Korula RJ, Oommen AT, Devasahayam S, Wankhar S, Velkumar S, et al. Proprioceptive
changes in the contralateral knee joint following anterior cruciate injury. Bone Joint J. 2013; 95-B
(2):188–91. Epub 2013/02/01. doi: 10.1302/0301-620x.95b2.30566 PMID: 23365027.

23. Ageberg E, Roberts D, Holmström E, Fridén T. Balance in single-limb stance in patients with anterior
cruciate ligament injury relation to knee laxity, proprioception, muscle strength, and subjective function.
Am J Sports Med. 2005; 33(10):1527–35. PMID: 16009987

24. Horch KW, Clark FJ, Burgess PR. Awareness of knee joint angle under static conditions. J Neurophy-
siol. 1975; 38(6):1436–47. PMID: 1221081

25. Ferrell WR. The adequacy of stretch receptors in the cat knee joint for signalling joint angle throughout
a full range of movement. J Physiol. 1980; 299:85–99. PMID: 7381780

26. Gokeler A, Benjaminse A, Hewett TE, Lephart SM, Engebretsen L, Ageberg E, et al. Proprioceptive def-
icits after ACL injury: are they clinically relevant? Br J Sports Med. 2012; 46(3):180–92. Epub 2011/04/
23. doi: 10.1136/bjsm.2010.082578 PMID: 21511738.

27. Zhou MW, Gu L, Chen YP, Yu CL, Ao YF, Huang HS, et al. Factors affecting proprioceptive recovery
after anterior cruciate ligament reconstruction. Chin Med J. 2008; 121(22):2224–8. PMID: 19080321

28. Hughston JC, Andrews JR, Cross MJ, Moschi A. Classification of knee ligament instabilities. Part II.
The lateral compartment. J Bone Joint Surg Am. 1976; 58(2):173–9. PMID: 1254620

ACL Chronicity on Proprioception

PLOS ONE | DOI:10.1371/journal.pone.0139038 September 30, 2015 10 / 10

http://dx.doi.org/10.1016/j.physio.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24690442
http://dx.doi.org/10.1016/j.knee.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19239988
http://www.ncbi.nlm.nih.gov/pubmed/16721346
http://dx.doi.org/10.4055/cios.2013.5.1.19
http://www.ncbi.nlm.nih.gov/pubmed/23467216
http://www.ncbi.nlm.nih.gov/pubmed/18839484
http://www.ncbi.nlm.nih.gov/pubmed/2929825
http://www.ncbi.nlm.nih.gov/pubmed/7955696
http://www.ncbi.nlm.nih.gov/pubmed/10348160
http://www.ncbi.nlm.nih.gov/pubmed/11052492
http://dx.doi.org/10.1302/0301-620x.95b2.30566
http://www.ncbi.nlm.nih.gov/pubmed/23365027
http://www.ncbi.nlm.nih.gov/pubmed/16009987
http://www.ncbi.nlm.nih.gov/pubmed/1221081
http://www.ncbi.nlm.nih.gov/pubmed/7381780
http://dx.doi.org/10.1136/bjsm.2010.082578
http://www.ncbi.nlm.nih.gov/pubmed/21511738
http://www.ncbi.nlm.nih.gov/pubmed/19080321
http://www.ncbi.nlm.nih.gov/pubmed/1254620

