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Abstract Improvement in motor function after anterior

cruciate ligament (ACL) injury is achieved by appropriate

rehabilitation. However, it has been questioned whether

training after injury can lead to sensory improvement. We

hypothesized that motor function can be restored after

unilateral non-reconstructed ACL injury, whereas the sen-

sory function cannot, i.e., there would be no difference in

functional performance or knee muscle strength between

subjects with ACL injury and uninjured controls, but the

subjects with ACL injury would have poorer kinesthesia

than the uninjured controls. This is a Cross-Sectional Study,

wherein 56 (20 women and 36 men) individuals with uni-

lateral non-reconstructed ACL injury were assessed at a

mean of 15 years (SD 1.4 years) after the initial injury. All

patients initially underwent rehabilitation and were advised

to modify their activity level, in order to cope with the ACL

insufficiency. At 15 years, they had good subjective func-

tion and acceptable activity level. Twenty-eight (14 women

and 14 men) uninjured subjects served as controls. Patients

and controls were assessed with the one-leg hop test for

distance, isometric and isokinetic knee muscle strength, and

kinesthesia (the threshold to detection of passive motion).

The individuals with ACL injury had the same or better

functional performance, measured by the one-leg hop test

for distance, and knee muscle strength compared with the

uninjured controls. Kinesthesia was poorer in the patient

group than in the control group. The results indicate that

motor function can be restored but that the sensory function

is persistently disturbed after ACL injury.

Keywords Anterior cruciate ligament � Rehabilitation �
Proprioception � Muscle strength � Task performance

Introduction

An anterior cruciate ligament (ACL) injury leads to

defective passive joint stability and defective neuromus-

cular function. The sensorimotor system covers the whole

process from a sensory stimulus to muscle activation.

Sensory information from mechanoreceptors in structures

in and around the injured joint plays an important role in

joint stability [14, 29]. Due to the loss of mechanoreceptors

after the injury, the sensory system is disturbed [9], with

possible effects on neuromuscular function.

Improvements in neuromuscular function are achieved

by appropriate rehabilitation, and observed at short-term

follow-up (less than 2 years after injury and treatment) [17,

22], with persistent effects at long-term follow-up (more

than 5 years after injury) [2, 18, 28]. Various methods of

assessing the motor aspect of neuromuscular function, e.g.,

muscle strength, functional performance, and movement

and muscle activation patterns, are frequently included in

studies on treatment after ACL injury, whereas methods of

assessing sensory function, e.g., proprioceptive acuity, are

rarely included [22]. Moreover, it has been questioned

whether training after injury can lead to proprioceptive

improvement, although improvement in motor function can

be obtained [5].

Two common measures of proprioception are kinesthe-

sia, e.g., the threshold to detection of a passive motion

(TDPM), and joint position sense (JPS), e.g., the active
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reproduction test. The TDPM is the most established test, is

more reliable, and more sensitive in detecting differences

between groups, such as between patients with ACL injury

and uninjured controls, than measures of JPS [9].

The uninjured leg is often used as the control in studies

on neuromuscular function after ACL injury. However,

various methods of assessing neuromuscular function have

shown that both legs are affected after a unilateral ACL

injury [4, 15, 24, 33, 35], possibly due to physical inac-

tivity, inherently poor function, disturbed sensory feedback

from the injured joint with an effect also in the uninjured

side [14], and/or modification of central motor programs

following the loss of knee mechanoreceptors after the

injury [7, 34]. It is, therefore, important to compare patients

with a control group of uninjured subjects to ensure

detection of impairment.

The purpose of the present study was to evaluate motor

function, measured by functional performance and knee

muscle strength, and sensory function, measured by kin-

esthesia, in individuals with unilateral non-reconstructed

ACL injury, in comparison with uninjured individuals. We

hypothesized that motor function can be restored after ACL

injury, whereas sensory function cannot, i.e., there would

be no difference in functional performance or knee muscle

strength between the groups, but the subjects with ACL

injury would have poorer kinesthesia than the uninjured

subjects.

Subjects and methods

Patients and controls

Sixty-seven patients with unilateral non-reconstructed ACL

injury, at a mean of 15 years (SD 1.4 years) after the initial

injury, were included in the study. They were all from a

cohort of 100 consecutive patients with ACL injury at a

non-professional, recreational or competitive, activity

level, who had been followed prospectively and regularly

for 3 years [4, 8, 36, 37], and finally at 15 years after the

initial injury [2, 16].

Inclusion criteria when the patients entered the study 15

years ago were: (1) age between 15 and 45 years; (2) acute

knee trauma to a previously normal knee, with complete

ACL rupture, with or without associated lesions; and (3) an

uninjured contralateral extremity. Patients on a profes-

sional athletic level (i.e., a Tegner score of 10) and not

willing to risk a decrease in activity level (n \ 5), those

who specifically requested a primary ligament reconstruc-

tion (n = 2–3), those with fracture seen on radiographs, or

those with psycho-social disorders were excluded. The

diagnosis was verified in all patients by stability testing and

arthroscopy, by the same orthopedic surgeon (TF), within

10 days of injury. Thirty-one patients had injured their

right knee (8 women) and 25 their left knee (12 women).

Five of the 56 subjects (1 woman and 4 men) had radio-

graphic osteoarthritis (OA) [2]. A detailed description of

patient recruitment, and the patients’ knee injuries (e.g.,

number of patients with isolated ACL injury, and associ-

ated lesions) has been given elsewhere [16, 36, 37].

All patients initially underwent rehabilitation and were

advised to modify their activity level in order to cope with

the ACL insufficiency. The aim of the initial treatment was

to achieve good knee function without discomfort or lack

of confidence in the knee, on a satisfactory activity level

from the patient’s perspective, and to reduce the risk of

new injuries and degenerative changes in the longer per-

spective. The intention was to treat the patients without

primary reconstructive surgery. Patients in doubt were

actively encouraged not to undergo primary ACL recon-

struction. All patients underwent rehabilitation, with the

overall aim of regaining joint mobility and restoring mus-

cle function [37]. The majority of the patients underwent

neuromuscular training, supervised by physical therapists

specializing in knee injury training [36]. Training started

within a week of arthroscopy and continued for 5–8

months. This training method, which has been described in

detail elsewhere [2, 37, 38], is based on biomechanical and

neuromuscular principles, with the aim of improving neu-

romuscular control and achieving compensatory functional

stability (leg, hip, and trunk muscles). Depending on the

perceived instability, the patients were advised to modify

their activities in order to cope with the ACL insufficiency.

All patients were advised to avoid contact sports, particu-

larly soccer, basketball and team handball. Patients with

more than one significant re-injury, who would not accept a

further prophylactic decrease in activity level, or those with

a symptomatic reparable meniscal tear, were advised to

undergo ACL reconstruction. Reconstructed patients were

subsequently excluded, since the treatment model without

reconstruction had not succeeded, i.e., these patients were

regarded as treatment failures [16, 36].

Six of the 100 patients were lost to the 15-year fol-

low-up (four had moved abroad and two did not reply).

Sixty-seven subjects (71%) still had a unilateral non-

reconstructed ACL injury, 22 (23%) subjects had under-

gone ACL reconstruction, and 6 (6%) had sustained an

ACL injury to the contralateral knee (one of these patients

had also undergone reconstructive surgery) [16]. Fifty-six

(20 women and 36 men) of the 67 subjects with unilateral

non-reconstructed ACL injury at the 15-year follow-up

attended the assessment of neuromuscular function [2].

These 56 subjects were considered to be a representative

sample of the 67 subjects with unilateral ACL injury; the

11 patients lost to follow-up have been described in detail

previously [2].
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Twenty-eight uninjured volunteers (14 men and 14

women) with no major orthopedic lesions, or neurological

pathology constituted the control group. The patients’ and

uninjured subjects’ age, height, weight, Tegner activity

level scale [31], Lysholm knee score [31], and KOOS [27]

are given in Table 1. No significant differences were found

between the subjects with ACL injury and the uninjured

controls in age, height, weight, or Tegner activity level

scale. The patients had significantly lower Lysholm score

(P \ 0.001) and KOOS scores (P B 0.001) than the

uninjured controls. The patients’ KOOS scores did not

differ from the reference values of an age- and gender-

matched population-based group [19].

The Research Ethics Committee of Lund University

approved the study. All subjects gave their written

informed consent to participate in the study.

Assessment

One-leg hop test for distance

The one-leg hop test with the arms free, aiming at a more

functional execution of the hop, was used [36]. The sub-

jects were told to hop as far as possible, taking off and

landing on the same foot, maintaining their balance for

about 2–3 s. The test was performed three times with each

leg, alternating the right and left leg, the hop distance being

measured from toe to toe. A trial one-leg hop preceded the

measurements. The subjects wore shoes, e.g., sneakers. The

best value of the three hops was used in the analysis. The

reliability of this test is high in uninjured subjects (ICC

0.96) [3], (ICC 0.92) [20] and in individuals with ACL

injury (ICC 0.89) [20].

Knee muscle strength

Measurements of isometric and concentric isokinetic

strength of the knee muscles, used and described in detail

previously in the patient group [2], were performed with a

Biodex Multi-Joint System II isokinetic dynamometer

(Biodex Medical Systems Inc., Shirley, New York, NY,

USA) with Biodex Advantage software, version 4.5. With

the knee in 60� flexion, three maximum isometric con-

tractions of the knee extensors and flexors were performed.

The contraction time and relaxation time were both 5 s.

Peak torque (Nm) was used in the analysis. The isokinetic

concentric knee muscle strength was measured by 40

consecutive maximal reciprocal contractions at an angular

velocity of 90� s-1. The range of motion of the knee joint

was set at 0–100�. Peak torque and total work (Nm) were

used in the analysis. The Biodex dynamometer has been

shown to be valid and reliable [30, 32]. T
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Kinesthesia test

Kinesthesia was measured in a specifically designed

apparatus, which has been used and described in detail in

previous studies, see for example [10, 11, 24, 25]. Mea-

surements of the threshold for detection of passive motion

(TDPM) were performed towards knee extension (TE)

and knee flexion (TF) in a lateral decubitus position from

the two starting positions, 20� and 40�, giving the vari-

ables TE20, TE40, TF20, and TF40. The median values

of three consecutive measurements of these four variables

were determined. The variables from the 20� starting

position (TE20 and TF20) were used in the present study

since these variables were found to be more reliable than

those from the 40� starting position [1]. For the TE20 and

TF20, ICC values were above 0.60. A difference in

TDPM of at least 10% would be needed to be confident

of detecting a real change between groups [1]. The sum

of TE20 and TF20, giving an index value, was used for

statistical analysis. Higher values indicate poorer propri-

oceptive acuity [25].

All tests were performed on both legs; the right leg

being tested first.

Statistical analysis

Since men are stronger and hop a longer distance than

women, and the sex distribution between the groups was

uneven (64% men in the patient group and 50% men in the

control group), men and women were analyzed separately

with regard to the one-leg hop test and knee muscle

strength. To avoid the subjectivity in choosing one of the

legs, the average of the right and left legs in the control

group, i.e., (right + left)/2 [21], was used for comparison

with the subjects with ACL injury.

Studies have shown that knee OA is associated with

defective motor and sensory function [9, 12]. However,

there were too few subjects with OA (n = 5) to permit

comparisons of values between those with and without OA.

Visual analysis of plots showed that the values of the

subjects with OA did not differ substantially from the

values of those without OA.

The primary outcome was the one-leg hop test for

distance. We have previously reported impaired functional

performance in the injured and uninjured legs in patients

compared with uninjured controls; the magnitude of the

difference being 15% [4]. A sample size calculation

estimated that at least 30 individuals (i.e., about 15

individuals per group) would be required to show a 15%

difference between patients and controls in the one-leg

hop test (SD 28 cm) with 80% power at the 5% signifi-

cance level.

The independent t test, or the Mann–Whitney U test

when appropriate, was used for the inter-group compari-

sons. A level of P B 0.05 was chosen to indicate statistical

significance.

Results

One-leg hop test for distance

No differences were found between the individuals with

ACL injury and the controls in the men, or between the

injured leg and the controls in the women (Table 2; Fig. 1).

The women with ACL injury hopped a longer distance with

their uninjured leg than the control group (P = 0.04;

Table 2).

Knee muscle strength

There were no differences between the individuals with

ACL injury and the controls in peak torque isometric

extension or flexion (Table 2; Fig. 2). Peak torque and total

work in isokinetic extension were significantly higher in

both legs among the men and the women with ACL injury

than in the controls (Table 2; P\0.006). Peak torque and

total work in isokinetic flexion were significantly higher

in the uninjured leg than in the controls among the women

(P = 0.05 and 0.02, respectively), but not in the injured leg

or in the men (Table 2).

Kinesthesia

The mean difference (95% CI) between the injured leg

and the control group was 1.2� (0.2–2.3�; P = 0.03) and

between the uninjured leg and control group 0.8� (0.1–

1.5�; P = 0.02), with higher values in the patient group.

When analyzing men and women separately, differences

were observed between the injured leg and control group

(mean difference 1.8, 95% CI 0.2–3.4; P = 0.03) and the

uninjured leg and control group (mean difference 1.2,

95% CI 0.2–2.1; P = 0.01) among the men, but not in the

women (injured leg vs. control: mean difference 0.4; 95%

CI -0.5 to 1.3; P = 0.4, and uninjured leg vs. control:

mean difference 0.5, 95% CI -0.6 to 1.5, P = 0.4;

Fig. 3).

In summary, there were no differences in the one-leg

hop test or in knee muscle strength between the groups (in

some variables the patients had better values than the

controls), but the subjects with ACL injury had poorer

kinesthesia than the uninjured controls. These results are

illustrated in the men in Figs. 1–3.
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Discussion

Our pre-defined hypothesis, that there were no differences

between the patients with ACL injury and the controls in

hop distance or knee muscle strength was confirmed. In

some variables, the patients even had better values than the

controls. However, the patients had poorer kinesthetic

acuity than the uninjured controls. We have previously

reported small differences between the injured and

uninjured legs in the one-leg hop test and in knee muscle

strength in this patient group, indicating good neuromus-

cular function [2]. The results in the present study showing

no differences, or even better values, in the one-leg hop test

and knee muscle strength in the patients compared to the

controls, further support our postulation of good neuro-

muscular function at the long-term follow-up in these

patients.

It has been reported that quadriceps weakness and poor

functional performance are related to an increased risk of

future joint problems after knee injury [26]. In our 15-year

follow-up study, the patients had higher values of knee

extensor strength than the uninjured controls. Possible

explanations of this may be our treatment regime, includ-

ing non-operative treatment, neuromuscular training,

thorough information on the role of the muscles in knee

joint stabilization, and advice regarding activities. It cannot

be excluded that familiarity during the test could have been

higher in the patients (e.g., they were familiar with the test

from previous follow-ups, and they may have been highly

motivated to perform their best) than in the controls (i.e.,

the controls were not followed prospectively). However,

despite high familiarity, quadriceps activation failure may

be present. Studies have shown quadriceps weakness in

patients with ACL injury compared with uninjured controls

[6, 33]. In these studies, superimposed electrical stimula-

tion on maximal voluntary quadriceps activation, a

sensitive method of detecting muscle strength deficiency,

was quantified [6, 33]. However, other reasons for the
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Fig. 1 One-leg hop test (cm) in the injured and uninjured legs and in

the control group in the men. The box includes the first to third

quartiles with median values shown as a line through the box. The

whiskers show values below 1.5 box lengths from the upper or lower

edge of the box. The circle denotes an outlier (i.e., the value was

between 1.5 and 3 box lengths from the upper edge of the box)
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Fig. 2 Peak torque, isometric extension (Nm) in the injured and

uninjured legs and in the control group in the men. The box includes

the first to third quartiles with median values shown as a line through

the box. The whiskers show values below 1.5 box lengths from the

upper or lower edge of the box. The circles denotes outliers (i.e., the

value was between 1.5 and 3 box lengths from the upper edge of the

box)
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Fig. 3 Kinesthesia, measured as the threshold for detection of

passive motion (degrees), in the injured and uninjured legs and in

the control group in the men. The box includes the first to third

quartiles with median values shown as a line through the box. The

whiskers show values below 1.5 box lengths from the upper or lower

edge of the box. The circle denotes an outlier (i.e., the value was

between 1.5 and 3 box lengths from the upper edge of the box), and

the asterisks denote extreme values (i.e., cases with values more than

3 box lengths from the upper edge of the box)
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observed findings in these studies may be that patients who

were dissatisfied with their knee function (i.e., complaining

of instability at the least in sports activity) were included

[33], and that measurements were taken at a mean of 8

weeks (range 1–19 weeks) after the injury [6], while

improvements in muscle strength have been observed up to

18 months or more after injury [15, 23, 35].

We found that the patients had significantly poorer

kinesthesia in both legs than the controls. This has also

been reported by others [13, 24]. The magnitude of the

mean difference between the groups was over 30%, which

is in line with a previous study where the same device was

used [24]. When men and women were analyzed sepa-

rately, the difference remained only among the men. This is

possibly due to too small sample size, leading to effects on

the statistical power. However, since no differences have

been found between men and women in proprioceptive

acuity [1, 11], they can be analyzed as one group. Several

studies have shown a decrease in proprioceptive acuity

after ACL injury, which has been reported in a review [9],

although improvements have been observed during neu-

romuscular training in a prospective longitudinal study

[10]. The present study had a cross-sectional design. Thus,

it cannot be excluded that the patients had poor proprio-

ceptive acuity in both legs before they suffered their injury.

If so, this may be one reason for sustaining the injury.

Several studies have reported the effects of an ACL

injury on motor function [22] or sensory function [9].

However, to our knowledge, our study is the first to com-

pare measures of both sensory and motor function in a

group of patients with ACL injury to uninjured controls.

The results, showing the same or higher values for the one-

leg hop test and knee muscle strength in the patients

compared to the controls, indicate that motor function had

normalized at long-term follow-up in these patients. The

poorer kinesthesia noted in the patients compared to the

controls, indicates that the sensory function is persistently

disturbed. The patients in the present study had good

subjective function and acceptable activity level [16], and

good neuromuscular function [2]. Thus, they can be con-

sidered well-functioning. The results of our study indicate

that proprioceptive deficiency may occur without the

presence of knee muscle weakness or impaired functional

performance. This has also been observed by others [7].

Thus, muscle function can compensate not only for the

defective passive joint stability, but also for the proprio-

ceptive deficiency. Possible explanations of this may be

central somatosensory changes with altered muscle pat-

terns [7], i.e., more efficient muscle activation. The impact

of these findings on the risk of sustaining re-injuries

requires further studies, and there may be a breakpoint at

which the discrepancy between motor and sensory function

becomes a risk factor during more strenuous activity.

Conclusions

The patients had the same, or better, functional perfor-

mance and knee muscle strength but poorer kinesthesia

than a control group of uninjured subjects. This indicates

that although motor function can be restored after ACL

injury, the sensory function is persistently disrupted.
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