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ARTICLE INFO ABSTRACT

Article history: Background: While surgical reconstruction restores mechanical stability following anterior
EEE::XZQ 1]n7 lj:\l:/)irsllejof(l)fm 18 September 2018 cruciate ligament (ACL) rupture, many experience early-onset osteoarthritis despite surgery.
Accepted 27 October 2018 Neurophysiological changes are hypothesized to contribute to knee osteoarthritis progression.

Proprioceptive deficits have been reported following ACL injury/reconstruction; however, vi-
bration perception threshold (VPT) has been less studied. This study explored relationships be-

Keywords: ) tween pain, VPT, proprioception, function, and strength following ACL-reconstruction.

%ig:maﬂve sensory testing Methods: Twenty individuals (27 4 6 years; 10 males) (standard deviation) status-post ACL-re-
Surgery construction were compared with a control group. Measurements included VPT, proprioception
Neurophysiology (threshold to detect passive movement), pain, function (Knee Outcome Survey (KOS)) and iso-
Postural control metric quadriceps strength. Group differences were assessed using Mann-Whitney U tests,

side-to-side differences with Wilcoxon Signed Rank tests, and associations evaluated using
Spearman correlations.
Results: The ACL-reconstruction group had minor functional deficits (15 4+ 11%) and resting
pain (1.8 & 1.7). Impaired VPT and proprioception (hypoesthesia) were demonstrated on sur-
gical compared to contralateral and control limbs (p < 0.008). Proprioception was significantly
different between contralateral and control knees, but not VPT. Surgical knee proprioceptive
deficits and VPT deficits were positively correlated (p = 0.462, p = 0.047) but not in controls
(p = —0.042, p = 0.862). Strength was negatively correlated to pain (p = —0.589; p =
0.006), but not to KOS scores, proprioception or VPT (p > 0.099).
Conclusion: Proprioceptive deficits following ACL injury have been ascribed to loss of afferent
input from the torn ligament. Alternatively, multi-modality as well as contralateral sensory def-
icits suggest a spinal/supraspinal source of neurophysiological findings which may predispose
to early osteoarthritis.
Level of evidence: 1II.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Anterior cruciate ligament (ACL) rupture is a common athletic injury that occurs most frequently in the young and phys-
ically active. These injuries often result in functional deficits and complaints of knee instability [1]. Regardless of treatment,
post-traumatic osteoarthritis (OA) may develop over time [2]. The mechanisms behind this accelerated joint degeneration remain
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obscure; however, altered joint loading and/or neurophysiologic processing may be contributing factors [2]. Proprioceptive loss, or
hypoesthesia, may contribute to aberrant postural control, which can limit full functional return [3] and allow aberrant stresses
at the joint which promote degenerative changes [4,5]. Furthermore, bilateral changes in postural control have been reported in
individuals with unilateral ACL deficiency [6] and ACL reconstruction [7]. Both meniscal damage and quadriceps weakness have
been identified as factors related to development of OA [8]; however other researchers failed to find quadriceps muscle weakness
associated with knee OA at a 10-15 year follow-up [9].

Proprioception involves both the sense of location within space, and the ability to detect how far or how rapidly a joint
has moved [10]. Deficits in both modalities have been reported in ACL deficient [11,12] and ACL reconstructed [13] knees. In
contrast, other researchers found that proprioception normalized following ACL reconstructive surgery [14]. Proprioceptive
loss after ACL rupture has been attributed to sensory receptor loss [4,11], meaning that sensory fibers located in the ligament
are destroyed after ACL injury, leaving a void in normal afferent input from the knee to the central nervous system. This equates
to a peripheral neurologic lesion as the cause of proprioception deficits. However, proprioceptive loss has been found bilaterally
in individuals with unilateral ACL injury [15], suggesting that more complex neurophysiological changes may occur. Propriocep-
tion is mediated via input from the joint, muscle and skin; however the major contribution comes from the muscle spindle
[10,16]. This generates uncertainty about the role of afferent input from the ACL in proprioceptive acuity. Furthermore, sensory
impairments in proprioception, cutaneous mechanical detection threshold and vibration perception threshold (VPT) [17-20]
have been demonstrated in knee disorders without ligamentous damage, such as knee OA and patellofemoral dysfunction.
Considering this diverse sensory loss in an array of knee disorders, the underlying mechanisms of this phenomenon may be
debated.

Vibration perception, especially at threshold (VPT), is mediated via specialized cutaneous mechanosensory receptors [21].
Hence, deficits in this sensory modality would not typically be attributed to joint trauma such as ligamentous injury. If
hypoesthesia of multiple sensory modalities was present in this population, it is possible that a distinct central mechanism is re-
sponsible for this phenomenon. However, VPT has been less studied in the ACL deficient or ACL reconstructed population. There-
fore, the purpose of this study was to examine VPT and proprioception, measured via threshold to detection of passive motion
(TDPM), in individuals, status-post ACL reconstruction, and compare their sensory findings to an age and sex matched control
group. A secondary purpose was to determine if VPT, proprioception, function, isometric quadriceps strength and pain measures
were associated. We hypothesized that if hypoesthesia in individuals with ACL reconstruction is centrally mediated, a relationship
may exist between deficits in proprioception and deficits in VPT.

2. Methods
2.1. Patients

Twenty individuals (mean age 27 + 6 years; range 20-47 years; 10 males) with history of ACL reconstructive surgery and
20 age and sex-matched healthy controls were included in the study. Participants were recruited through use of recruitment
flyers on the university campus and outpatient clinics of the University of Illinois at Chicago. ACL reconstruction group partici-
pants were excluded if they were >50 years or had history of bilateral ACL reconstruction, sensory and motor impairments, or
previous lower extremity injury. Subjects were instructed to avoid anti-inflammatory/pain medications and exercise 24 h prior
to testing. Participants were blinded to the results during testing with no information provided on the postulated hypotheses of
the study.

The study was approved by the Institutional Review Board of the University of Illinois at Chicago. Each participant signed a
written informed consent and provided a brief medical history. The Activities of Daily Living Scale of the Knee Outcome Survey
(KOS) was completed prior to testing [22]. This survey is a 14-item scale assessing the effect of knee symptoms on function.
Scores are presented as percentages of maximal score where 100% represents full perceived knee function. Resting pain inten-
sity was determined using the self-reported Numeric Pain Rating Scale (NPRS). The NPRS is an 11-point scale where patients
rate pain from O (no pain) to 10 (worst pain imaginable). Passive range of motion (ROM) was tested in supine using a stan-
dard goniometer to ascertain full knee extension and functional knee flexion. Prior to testing, subjects were acclimated to a
room temperature of approximately 70 °F for 10-15 min [23]. Sensory testing was performed followed by isometric strength
testing.

2.2. Vibratory acuity

Prior to testing, all subjects were educated on VPT procedures at a proximal site until capable of responding reliably [24].
Assessment of VPT was assessed using a Bioesthesiometer (Bio-Medical, OH) at the medial femoral condyle, lateral femoral condyle
and tibial tuberosity. The medial and lateral malleoli at the ankle were also tested.

The 13 mm vibratory tip, oscillating 100 Hz, was placed at the site of application. The amplitude of vibration (expressed in
“bioesthesiometer units” [25]) was increased at one volt/second until the participant reported an initial sensation of vibration
[20]. Three measurements were taken at each location with mean of results used for data analysis. Previous researchers have
found assessment using the bioesthesiometer to be highly reproducible and reliable [20]. Shakoor et al. [20] demonstrated an
intraclass correlation coefficient of 0.96-0.99 between initial and repeat testing on separate days.
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2.3. Proprioceptive acuity

Proprioception was measured by examining TDPM. This method has been shown to be reliable [26,27] and has been used
in previous studies [11,12,27]. Subjects were tested in a standardized seated position (hip flexion 70°, knee flexion 45°, ankle
neutral). An air splint (20 mm Hg) was placed on the foot to minimize cutaneous input. Subjects were blindfolded and listened
to white noise to minimize visual and auditory input, respectively. Before each trial, subjects were asked to perform a 10% co-
contraction of the test-limb in the test position for three seconds [28]. After the contraction, subjects were instructed to relax
completely. A conditioning muscle co-contraction in the test position has been demonstrated to limit confounding thixotrophic
effects on TDPM measures by removing slack in intrafusal fibers and raising spindle resting activity [29]. The purpose was to stan-
dardize the starting point for all proprioceptive testing.

Following a random delay, passive, slow (0.5°/s) flexion or extension of the knee was achieved by a motor and pulley attached
to the air splint (Figure 1). Subjects indicated when they detected movement or change in position of the knee by pressing a
switch, and were required to note the direction of movement. The trial duration ranged from one to three minutes. A pretest
trial was followed by three actual trials on each limb, with order of testing randomly assigned. The mean of these trials was
used for data analysis. The amount of linear movement of the pulley (X) was recorded to calculate threshold to detection
(Y, in degrees) using the following formula:

_an' X
Y =tan R

where R = shank length (medial joint line of the knee to inferior aspect of the medial malleolus [30].
24. Isometric strength

Quadriceps strength was assessed in a standardized sitting position with both the hip and knee maintained in 90° flexion.
A MicroFet 2 dynamometer (Hoggan Health Industries Inc., West Jordan, UT, USA) was used to determine isometric muscle
strength. Each participant was instructed to extend the knee at maximal intensity against the stationary dynamometer. A mean of
three trials was calculated and recorded and a percent score was calculated by dividing the affected limb score by the unaffected
limb score in the ACL reconstruction group, and the dominant by the non-dominant in the control group.

2.5. Statistical analysis

Statistical analysis was conducted using SPSS software V.24 (IBM SPSS, IBM Statistical Package for the Social Sciences (SPSS) Statis-
tics for Windows, Version 24.0. Armonk, NY: IBM Corp). The data was visually inspected for normal distribution which revealed that
most variables were not normally distributed. Therefore, non-parametric statistical analysis was used. Independent samples Mann-
Whitney U tests were used to determine whether or not VPT and proprioception differed between the post-ACL group and the control
group. Next, Related-Samples Wilcoxon Signed Rank Tests were used to compare VPT and proprioception between the affected and un-
affected sides of the ACL reconstruction group. Spearman correlations were used to determine if associations among VPT, propriocep-
tion (TDPM), function, strength and pain existed. Finally, associations between TDPM and VPT were examined by group.

3. Results

Twenty subjects were recruited into each of the groups with demographic information provided in Table 1. In the experimen-
tal group, 40% (eight) had undergone ACL reconstruction using a semitendinosus tendon graft, 50% (10) received a patellar
tendon graft and 10% (two) received an allograft from a cadaver. Type of surgery was not found to be a factor in sensory findings.
The control group subjects denied any pain at the time of testing, while 12/20 subjects in the experimental group admitted to

r: length of leg S
x: distance moved ~¢*

x/r = tan®

Figure 1. Measurement of threshold to detection of passive motion.
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Table 1

Demographic information about participants.
Characteristics (standard deviation) ACL reconstruction Healthy controls
Age (years) 27 (5.9) 27 (5.5)
Months since surgery (months) 65 (47) -
Body Mass Index 23 (1.7) 24 (2.0)
Pain at rest® 1.8(1.7) -
Knee Outcome Survey 85.1 (11.3)% 98.6 (2.3)%
Incidence of knee giving way 14/20 -
Isometric quadriceps strength” 95.5 (14.3)% 98.6 (5.4)%
Incidence of meniscal injury 11/20 -

¢ Numeric pain rating scale.
b Ratio of ACL reconstructed/contralateral limb or non-dominant/dominant limb.

some level of discomfort at their surgical knee. Average resting pain, as measured by the NPRS, was 1.8 4+ 1.7 on a scale of 0-10
with 10 representing worst pain imaginable. Function, as measured by the KOS was significantly diminished in the ACL recon-
structed group (p < 0.001) with an average of 85.1 4+ 11.3% (15% deficit) as compared to the control group at 98.6 &+ 2.3%
(<2% deficit). Furthermore, 14/20 reported an incident of giving way during the post-operative period, however, a majority
reported this occurred in the first three months post-surgery and not beyond. Quadriceps strength was not significantly different
between groups (p = 0.09). In the ACL reconstruction group, 19 demonstrated at least 85% isometric quadriceps strength when
compared to the unaffected limb, 15 of which had >90% (Table 1), and one individual had 54%. Meniscal damage was reported in
11/20 subjects with ACL reconstruction, with one subject reporting a lateral meniscus tear and all others reporting medial menis-
cus damage. In all cases, meniscal damage was repaired or debrided, depending on the extent of the injury.

Proprioceptive deficits were demonstrated in the ACL reconstructed knees as compared to the non-surgical and control
group (dominant) knees (p < 0.001) (Table 2). TDPM was significantly higher on the affected (4.8 + 1.6°) than non-surgical
side (3.5 £ 1.3°), indicating that significantly greater knee ROM must occur on the ACL-reconstructed knee before the subject
could detect it. Both knees showed higher TDPM than control group knees (2.1 4+ 0.7°).

There were site-specific, and side-specific differences in vibration sense between the ACL reconstructed and control group sub-
jects. Larger values meant that more stimulus was required for the subject to perceive the vibration, indicative of a relative
hypoesthesia. Significant differences were found at all sites at the knee and ankle on the surgical knee compared to the same
site on the control limb (Table 2). Although less extensive, similar differences were found between sites on the surgical knee
and the mirror image sites on the contralateral limb (Table 2), but not at the ankle. VPT deficits at the lateral femoral condyle
of the surgical knee were greater if comorbidity of meniscal damage was present (25.8 + 4.3 vs. 20.9 + 6.3, p = 0.066, effect
size = 0.94).

A moderate correlation was found between proprioceptive and vibration perception deficits in the individuals with ACL recon-
struction. In the ACL reconstruction group, higher (worse) TDPM was associated with higher (worse) VPT at the lateral femoral
condyle (Spearman's p = 0.462, p = 0.040) and the lateral malleolus (Spearman's p = 0.449, p = 0.047) (Table 3). These associa-
tions were not seen in the control group (lateral femoral condyle p = —0.042, p = 0.862; lateral malleolus p = 0.067, p = 0.778).
There were no associations between proprioception and VPT at the other sites in either group (p > 0.153).

Isometric strength ratios were significantly correlated to pain (Spearman's p = —0.589; p = 0.006), but not to function
as measured by the KOS (Spearman's p = 0.395; p = 0.085), or with proprioception (Spearman's p = —0.380; p = 0.099)
(Table 3). History of meniscal injury did not influence isometric strength ratio (p = 0.245). However, when subjects with and

Table 2
Median data with interquartile range for vibration perception threshold® and proprioception.

ACL reconstructed knee Contralateral knee Control dominant knee p value
(Effect size)

Vs. Contralateral Vs. Control
Medial femoral condyle 21.8 (8.3) 19.0 (7.3)° 18.7 (3.5) p = 0.002 p = 0.007
(0.71) (1.0)
Lateral femoral condyle 21.8(9.1) 19.7 (8.2)° 17.9 (3.2)° p = 0.002 p <0.001
(0.69) (1.4)
Tibial tuberosity 18.8 (8.3) 14.4 (4.0)° 15.0 (4.0)° p <0.001 p = 0.001
(1.0) (1.1)
Medial malleolus 13.8 (6.6) 13.5 (4.3) 11.0 (2.0)° p = 0.589 p < 0.001
(0.05) (1.5)
Lateral malleolus 14.0 (4.3) 13.5(4.7) 11.0 (3.0)° p = 0.629 p = 0.004
(0) (1.0
Proprioception 438(0.7)° 34(12)® 2.0 (1.4)° p < 0.001 p < 0.001
(0.90) (2.4)

¢ Vibration perception threshold (VPT) measured in bioesthesiometer units [25].
b Significantly different from ACL reconstructed limb.
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Table 3
Correlations between sensory and isometric strength measures.
Spearman's p p value
Proprioception correlations
VPT lateral femoral condyle 0.462 0.040
VPT lateral malleolus 0.449 0.047
[sometric strength
Pain —0.589 0.006
Function® 0.395 0.085
Proprioception —0.380 0.099

2 Measured via Knee Outcome Survey (KOS).

without meniscal damage were analyzed separately, isometric strength ratio was only correlated with pain in the intact meniscus
group (Spearman's p = —0.826; p = 0.006). No other associations differed between the two groups.

4. Discussion

A main finding of this study was that individuals with ACL reconstruction demonstrated somatosensory deficits of two distinct
modalities, proprioception (TDPM) and vibratory perception at the surgical knee, when compared to both the opposite limb and
to knees of age and sex matched controls. This occurred even though time since surgery was greater than a year. Impairment in
these sensory modalities is indicative of hypoesthesia, defined as a decreased sensitivity to a specific stimulus [31]. These two sen-
sory modalities are neurophysiologically distinct, and deficits in both may indicate that neurological changes may extend beyond
damaged sensory receptors in the torn ligament. A moderate correlation was demonstrated between the two and is suggestive of
a singular influence, potentially centrally mediated, causing systematic change in both modalities. Hence, somatosensory changes
following ACL injury may, in part, occur due to altered central neural mechanisms. While the research literature regarding propri-
oceptive and vibration perception deficits in knee patient populations is extensive, the two sensory modalities have not been
investigated concurrently in individuals following ACL reconstruction. Furthermore, while strength was correlated to pain, it was
not correlated to hypoesthesia, indicating that muscle inhibition and hypoesthesia in this population may be separate processes
but both may potentially be related to altered nociceptive mechanisms.

Loss of proprioceptive acuity following ACL injury has been associated with altered joint loading [32], impaired postural con-
trol [33] and potentially may predispose an individual to further injury. While several studies have reported proprioceptive
deficits following ACL rupture [11,12], fewer studies have examined proprioceptive acuity after reconstructive surgery. Moreover,
the conclusions of these studies are conflicting. Bonfim et al. [13] reported proprioceptive deficits in both TDPM and joint repo-
sition sense, while Reider et al. [14] failed to find deficits in either proprioceptive modality, specifically at greater than six months
following surgery. Proprioceptive measures in the present study fell within a similar range to the findings of both of these studies,
yet support the results of Bonfim and colleagues. Proprioceptive loss following ACL rupture may occur due to a peripheral damage
of the neuraxis, i.e., loss of afferent input from sensory fibers embedded in the damaged ligament [4,11]. In fact, a recent study
suggested that maintaining the ligament remnant stump during ACL reconstruction may improve postoperative functional outcomes
[34], ostensibly through maintenance of neural input from the torn ligament. However, a systematic review found no significant
benefit to this method [35], likely due to the fact that proprioception, while mediated through joint, muscle and cutaneous sensory
input, is most contingent upon input from the muscle spindle [10]. Deficits in vibration perception, which are not typically attributed
to loss of ligament sensory afferents, may support the notion of centrally medicated hypoesthesia.

The present study demonstrated decreased VPT acuity at the affected limb of subjects in the ACL reconstruction group. This
means that significantly higher levels of vibration were required to perceive vibratory stimuli on their surgical knee. These vibra-
tory deficits were greater at the lateral femoral condyle when meniscal damage, medial or lateral, had been sustained. Other
studies have reported vibratory perceptual deficits in relation to various musculoskeletal conditions, including temporomandibular
disorder [36], patellofemoral disorders [19], and knee osteoarthritis [18,20]. Our findings are in contrast to a previous study which
examined VPT in a study sample of ACL deficient and reconstructed individuals [37]. No significant differences from control knees
were noted in VPT at the knee and ankle in these groups. Future studies which serially capture sensory function longitudinally
from time of injury and through the rehabilitative process and beyond are clearly indicated.

Various neurophysiological mechanisms may explain VPT impairments demonstrated in our study. Cutaneous sensory nerves
may have been damaged during surgery, however, secondary analysis of ACL reconstruction subjects when sub-grouped by sur-
gical procedure or stimulus site at the knee failed to reveal differences between groups. Alternatively, it is possible that articular
injury, via pain or inflammatory mechanisms, may alter somatosensation, particularly in the region of the injury or most pain.
Apkarian et al. [38], referred to this as a ‘reverse pain gate,’ or ‘touchgate,” suggesting that pain may inhibit non-nociceptive
sensation. Using an experimentally induced pain paradigm in healthy controls, these researchers found inhibition of vibrotactile sen-
sitivity at the site of induced pain [38]. They concluded that perceptual deficits associated with pain may be due to central neural
mechanisms rather than impairment at the receptor level. In contrast to the findings of Apkarian et al., we found hypoesthesia in
areas outside of the surgical knee, including the ankle and the opposite limb. It is impossible to know whether sensory impairments
found in the present study occurred as a result of knee joint damage, or were already present, prior to ACL rupture, and immutable.
However, vibratory acuity has been found to improve following a knee OA intervention [18], suggesting that this sensory modality
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is mutable. Surprisingly, vibratory deficits were greater at the lateral femoral condyle when meniscal damage, medial or lateral, had
been sustained. However in a previous study of individuals with knee OA, higher VPTs were also demonstrated [20]. The functional
ramifications of hypoesthesia after knee injury have not been investigated extensively [3], however it is clear that ACL-deficient
and ACL-reconstructed populations are prone to further injury [39] and early OA [40]. Future studies which examine hypoesthesia,
diminished function and the underlying mechanisms of these deficits would be beneficial.

Evidence to support central neurophysiological changes following ACL injury has expanded in recent years. Courtney et al. [41]
demonstrated hyperexcitability of the flexor withdrawal reflex, an established experimental measure of central sensitization, in
ACL deficient individuals. Altered somatosensory evoked potentials (SEPs) [12] and functional magnetic resonance imaging
(fMRI) in individuals with ACL rupture [42], and following ACL reconstruction [43] have been reported. In general, these studies
proposed that loss of afferent input from the damaged ACL causes a somatosensory reorganization, which ultimately, may result
in altered motor control. Alternatively, altered nociceptive processing associated with inflammation, may induce alterations in
somatosensation. Accordingly, associated meniscal injury may potentially further promote altered nociceptive processing. Our
findings of greater VPT deficits when meniscal damage was present would support this notion. Joint injury related hypoesthesia
may be associated with altered nociceptive mechanisms even when pain is not a salient factor in the patient presentation.
Measures of pain other than resting pain, which was used in the present study, may be more relevant in studies of somatosensation,
particularly in study populations, such as individuals with ACL reconstruction, where the potential for OA to develop is present.
Accordingly, Courtney et al. [41] demonstrated heightened flexor withdrawal reflex excitability, an indicator of central sensitization,
in ACL deficient individuals even though all individuals in the experimental group denied resting pain. Future studies, utilizing a
longitudinal design, which examine more specific measures of pain and nociceptive mechanisms may aid in elucidating these
mechanisms.

Isometric strength was negatively correlated to the experience of resting pain in the ACL reconstruction group, and interestingly, a
particularly strong negative correlation (p = —0.826) existed in those without history of meniscal damage, meaning that greater
quadriceps weakness was related to increased pain. While it is unknown whether knee pain resulted in muscle weakness or the
converse, it is likely that minor pain is often discounted in the ACL reconstruction population. Researchers have argued that indi-
viduals with ACL reconstruction are often discharged and allowed to return to sport without meeting rehabilitation goals [44].
Thus, prevention and management of pain and inflammation during rehabilitation following ACL reconstruction are likely critical.

4.1. Limitations

The study had several limitations. First, measurement of sensation is based upon subjective perception of what represents a
threshold input, thus this outcome can be variable. However, previous studies have demonstrated measures of TDPM and VPT to
be reliable [20,27]. A second limitation was that function was measured only via written outcome tool. Future studies using physical
measures would be beneficial in determining the functional consequences of altered somatosensory findings. It is unclear whether
the somatosensory deficits found in this study were a consequence of the injury, or contributed to the ACL injury. Serial quantitative
sensory testing may be beneficial as a component of pre-participation physical, and if injured, pre-surgery, post-surgery, and longitu-
dinally. In addition, it may be valuable to examine the relationship between amount of joint laxity, measured via an arthrometer, and
sensory findings. This study utilized a sample of convenience and it may be argued that the experimental group was heterogeneous in
terms of surgical intervention. While a limitation of the study, interestingly, sensory deficits were demonstrated regardless of graft
type. It is clear that these findings provide the basis for a larger more comprehensive future study.

5. Conclusion

The findings in this study of proprioceptive and vibratory hypoesthesia demonstrate that while structural stabilization may
have been achieved with ACL reconstruction, somatosensory deficits may be present. Altered proprioception and VPT may con-
tribute to undesirable outcomes that have been reported in this population including altered joint loading [5], re-rupture [45],
and potentially early osteoarthritic changes [2]. Greater appreciation of somatosensation during the rehabilitation process may
be beneficial. In addition, rehabilitative interventions that have been demonstrated to modulate central pain mechanisms may
also be effective in joint conditions where pain is not the main clinical feature.

We declare that we have no conflicts of interest in the authorship or publication of this contribution.
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