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ARTICLE INFO ABSTRACT

Article history: Background: There is increasing evidence that motor imagery performance (MIP) is impaired

Recewed 21 June 2018 in conditions that have a component of movement dysfunction. However, MIP has not been
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Accepted 22 February 2019 investigated in people with chronic anterior cruciate ligament (ACL) deficiency who experience
limited disability and function at high levels.

Hypothesis: This study had three objectives: (1) to assess implicit MIP in individuals with a

chronic ACL deficient (ACLD) knee compared with healthy controls (i.e., intact anterior cruciate

Keyw grds:_ ligament); (2) to determine if the location of ACL deficiency affects MIP (dominant versus non-
Left/right judgement . .o . . ? . . .

Motor imagery dominant leg); and (3) to determine if impairment in MIP is specific to the side (injured versus
ACL non-injured) of ACL deficiency.

Accuracy Methods: Forty-five participants with chronic ACLD knee and 44 healthy controls completed a
Reaction time left/right judgement task of pictured knees using the “Recognise” app to evaluate implicit
Spatial representation MIP. Accuracy and reaction time of judgements were compared between groups. Additionally,
ACL deficient within the chronic ACLD knee group, we made comparisons between the dominant ACLD knee
Knee and non-dominant ACLD knee subgroups and between the injured knee and the non-injured

knee of the ACLD group.
Results: There were no differences in implicit MIP between the ACLD knee and the control
group, the non-injured knee versus injured knee of the ACLD knee group, or the dominant
ACLD knee versus non-dominant ACLD knee subgroups.
Conclusion: Implicit MIP is not disrupted in high functioning individuals with chronic ACLD
knee.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Anterior cruciate ligament (ACL) rupture is one of the most devastating knee injuries that frequently affects active and young
individuals [1,2]. Although motor impairment could be a result of mechanical instability after ACL injury [3], proprioceptive def-
icits in the knee joint have also been proposed to contribute to the motor impairment associated with ACL deficiency [4-6]. The
ACL contains mechanoreceptors which inform the central nervous system (CNS) about joint sense position and kinaesthesia [7,8].
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Proprioception of the knee is influenced by the integration of afferent signals from these receptors and other proprioceptive
receptors found in different knee structures [6,9,10]. Thus, rupturing the ACL will partially disrupt the ascending afferent pathway
towards CNS [7,11-13]. Indeed, there is now evidence demonstrating changes in the CNS occurring after ACL injury [12-14].
For example, individuals with ACL-deficient (ACLD) knee demonstrate decreased cortical activation when compared with healthy
participants during activation of fibres subserving the ACL [14]. Additionally, two neuroimaging studies that measured cortical
activation during knee flexion-extension task among individuals who had ACL injuries and in matched healthy controls found
that cortical activation is altered among the individuals with ACL injuries [12,13].

While previous work supports the conceptual framework of neuroplasticity changes after ACL injury, it is unknown whether
or how the decreased innervation to the primary sensorimotor area impacts the integrity of the body schema [15]. The internal
cortical maps which the brain uses for movement depend on sensory input from the primary sensorimotor area [16,17]. There-
fore, the proprioceptive abilities of that area may be affected by disruptions to sensory maps [16,17]. It has been suggested
that a disruption to the working body schema may result in motor and proprioceptive deficits [18]. The overlap in activation
between these brain structures in both mental manoeuvring and performing an action [19,20], suggest that motor imagery and
actions are mediated by the same brain circuit. Thus, factors that constrained actual, physical movement should also constrain
imagined movements [21]. Integrity of the body schema can be investigated by implicit motor imagery, namely using behavioural
tasks such as the left/right judgement task (LRJT) [16,22,23].

The LRJT evaluates the participants’ ability to identify a picture of a body part (i.e. knee), shown in various orientations, as
either being a picture of the left knee or the right knee. It requires making an initial decision regarding whether the image
shown is a left or right knee and then affirming that decision by mentally orientating one's own knee or leg to match the postur-
ing of the image shown [18,24]. An unimpaired working body schema is required for this task [25]. Therefore, reduced accuracy
(ACC) is considered an indication of a disruption in the body schema (i.e. of their cortical proprioceptive representation) [16,24].
Conversely, reaction time (RT) reflects the total time required to assess which side that body part belongs to, rotating it to achieve
a change of position mentally and making the final decision [25]. RT can also provide some insight to the brain's capacity to process
incoming information (i.e. which may be reduced when pain is present) as well as the brain's ability to give priority or attentional bias
towards a body part or an area of space [16,26].

Although Motor imagery performance (MIP) can be affected by multiple factors [16,18], no studies have investigated whether
ACL deficiency may potentially cause alterations in implicit MIP. Given the impaired proprioceptive input in those with unilateral
ACLD knees, it is possible that this disruption may be sufficient to cause impairments in the individual's cortical proprioceptive
representation, as indicated by poor performance on the implicit motor imagery task. Thus, the first aim of this study was to
determine whether LRJT performance differs between individuals with unilateral ACLD knee and those with a non-injured knee
(i.e. healthy controls). We hypothesised that individuals with unilateral ACLD knee would be slower and less accurate than
healthy controls in left/right judgements.

There is also evidence showing the existence of different patterns of brain activation during the dominant and non-dominant
joints of lower limb [22,27]. In a cross-sectional study where 18 individuals who are right lower limb dominant were assessed for
influence of limb dominance and joint specificity (proximal or distal) on the lateralisation of selected brain regions activity, it was
found that the activation of basal ganglia was more lateralised during movement of the dominant lower limb joints compared to
the non-dominant joints [28]. Based on the mean laterality index which facilitates the description of hemispheric dominance from
functional activation patterns [29], they reported that the mean laterality index during the movement of joints of the dominant
lower limb is approximately 3.5 times greater compared to the non-dominant ones in the basal ganglia. It has also been reported
that LRJT performance is better when one makes a judgement on an image that corresponds to their dominant side [27,30,31].
Therefore, the second aim of our study was to determine whether the dominance of the ACLD leg (dominant versus non-
dominant) influences MIP. We hypothesised that in a group of right dominant lower limb individuals, those with an injured
ACL in their left knee (left ACLD knee group) would demonstrate greater motor imagery deficits than those with an injured
ACL in their right knee (right ACLD injured group).

Previous work has also suggested that impairments in LR]T performance (i.e. implicit motor imagery ability) are often spe-
cific to the affected limb [26]. Specifically, individuals with unilateral complex regional pain syndrome of the upper limb (n =
18), have impaired LRJT performance on a hand laterality recognition task compared with healthy, matched control subjects, but
that impairments occurred only when the hand image matched their affected limb [28]. In those with unilateral ACL deficiency,
there are clearly differences between sides in afferent proprioceptive input to the brain [12,14]. However, it is unknown
whether ACL rupture is sufficient to influence motor imagery of the affected limb. Thus, the third aim of our study was to deter-
mine whether impairments in LRJT performance are specific to knee image matching the side of ACL deficiency. We
hypothesised that there will be greater motor imagery deficits when the image of the body part corresponds to the side of
the ACL deficiency.

2. Methods
2.1. Participants
Two groups of participants - individuals with chronic, unilateral ACLD knee and healthy controls - were recruited. Potential

participants with ACLD knee were identified from an orthopaedic clinic database. Those who met the inclusion criteria
(e.g., had a unilateral ACLD knee diagnosed either by arthroscopy, magnetic resonance imaging (MRI) or clinically by trained
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Eligibility and participant recruitment source or method.

Study information

ACLD knee

Healthy control

Eligibility criteria

Source of participants

» Had a unilateral ACLD knee diagnosed either by arthroscopy,
magnetic resonance imaging or clinically by trained clini-
cians and a healthy contralateral leg
Age between 16 and 50 years old
Duration of injury >6 months
Do not have: a history of fractures in the lower extremities;
presence of knee OA (as determined by the American
College of Rheumatology criteria: clinical examination only);
surgery or intra-articular injection in the lower extremities in
the past 6 months; history of meniscectomy of where more
than 50% of the menisci had been removed; ACL injury to the
contralateral knee; ligamentous injury to the contralateral
limb in the past 6 months; history of meniscal repair or
cartilage restoration procedure; and neurological pathologies
or any other musculoskeletal pathology of the lower limbs
(i.e. other ligament injuries or posterolateral corner injuries or
patellofemoral pain syndrome)
« Patient database of the North Sydney Orthopaedic and
Sports Medicine Centre. Those who met the inclusion criteria
were contacted via telephone or e-mail

« Age between 16 and 50 years

« Do not have: knee pain; previously diagnosed ligamentous
injury at the knee joint by a healthcare physician or physio-
therapist; previous surgery and an intra-articular injection in
the lower extremities in the past 6 months

« Staff/students recruited from the University or volunteers
from the community via the University research group's
weekly online newsletter and word of mouth

547

Staff/students recruited from the University or volunteers
from community via the University's research group's
weekly online newsletter and word of mouth

Method of recruitment Consecutive cases (based on date of injury) Convenience sample

ACL, anterior cruciate ligament; ACLD, anterior cruciate ligament deficient; OA, osteoarthritis.

clinicians and a healthy contralateral leg) were either contacted by telephone or e-mail. Potential participants for the control
group were recruited from the University or volunteers from the community via the University's research group's weekly online
newsletter and word of mouth (see Table 1 for eligibility criteria specific to each group as well as the source of participants and
methods of recruitment). The participants were recruited from November 2015 to July 2016. Written informed consent was
obtained from all participants, and the evaluation was conducted during a single session by at the University's laboratory.
All the participants were assessed by the same assessor. Informed consent was obtained from all participants. The study was
approved by the University's ethical review board (2014/547).

2.2. Procedure

Participants completed a questionnaire that collected demographic information (age, height, weight, dominant leg) and other
condition-specific information. For determining the dominant leg, participants were asked with which leg they would kick a ball
[32]. Since the presence of pain and level of activity have been reported to influence LR|T performance [16,33], the following ques-
tionnaires/scales were also completed: visual analogue scale with 0 = no pain and 10 = worst pain imaginable, Knee Injury and
Osteoarthritis Outcome Score (KOOS) (intraclass correlation coefficient (ICC) of >0.74 for each of its subsets) and Tegner Activity
Scale (TAS) (ICC: 0.8) [34,35].

2.3.LR]T

The commercial program Recognise Online™ (http://www.noigroup.com/recognise/; noigroup.com, Adelaide, Australia) was
used for the LRJT of the knee joint using a laptop. Participants were also shown two instructional images before each part of
testing of knee. Twenty images of the knee were shown while participants were asked to determine whether the knee image
was a left or right knee. Participants were instructed to make their judgments as quickly and accurately as possible. Images
were displayed on screen for a maximum of five seconds or until the subject pressed a key indicating their choice. If no key
was pressed, the image would automatically advance. Displayed images showed the knee in different planes, random angular ori-
entation, position (e.g., flexed or extended) and sides. Some images featured the knee only while others included the foot
(Figure 1). This is designated as the ‘Vanilla’ difficulty setting in Recognise Online™. Participants were seated comfortably with
elbows at 90° with palms facing downwards. The left index finger was used on key A or the left arrow to indicate whether the
picture was of a left knee and the right index finger was used on key D or the right arrow to indicate whether the picture was
of a right knee. Participants were familiarised with the test and the computer set up by performing a practice trial with 20 images
for which scores were not analysed. They then took a second trial of 20 images for which the data were analysed. The primary
outcome measures included ACC (percentage of correct answers) and RT in seconds. The online programme Recognise was dem-
onstrated to have good test-retest ICC values ranging from 0.80 to 0.92 (ACC) and 0.7 to 0.91 (RT) for within day trials [16,36].
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Figure 1. Example of images displayed during left/right judgement task.
Reproduced with permission from Noigroup Publications.

24. Statistical analysis

The statistical analysis was performed with a commercial software package (SPSS, version 21.0, SPSS Inc., Chicago, IL, USA).
Anindependent sample t-test was used to determine whether there were differences in age and Tegner Score between the ACLD
group and healthy controls. Based on visual inspection and the Shapiro-Wilk test, both ACC and the RT data in our study failed
the normality assumption. As both log transformation and square root transformation failed to normalise the data, non-
parametric statistics were used. We excluded four participants who were of left lower limb dominance (two in each group)
for all analysis except for differences between all ACLD individuals and all healthy control individuals so as to create a more ho-
mogenous group.

A Kruskal-Wallis H-test was used to evaluate whether there were differences in the LR]JT between groups. Specifically,
between-group comparisons included: (1) participants with ACLD knee versus healthy controls; (2) participants with left
ACLD knee versus controls; (3) participants with right ACLD knee versus healthy controls; (4) participants with left ACLD
knee versus participants with right ACLD knee (all right lower limb dominant). Given that previous research in amputees (i.e.
complete loss of proprioceptive input) suggests that L]JRT performance is affected by the side of limb loss [31], we also consid-
ered left and right ACL deficiency separately and compared both left- and right-sided images. There are data to suggest LR]T per-
formance may be affected by having an injury on the dominant limb compared to the non-dominant limb [27,30,31]. We,
therefore, used the Kruskal-Wallis H-test to compare participants with left ACLD knee with those who had right ACLD knee
participants.

145 patients with anterior cruciate
ligament injury were eligible for study

45 patients participated 100 patients declined

v

Reason for declined to participate:

Not interested

e Too busy with work
Felt that the university
campus was too far to
participate
Uncontactable.

Figure 2. Participant recruitment chart.
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Variables ACLD, mean (SD) Controls, mean (SD)
Number of participants 45 44
Age, years 37.2(8.3) 34.6 (5.5)
Female, % 42.2 43.2
Duration of injury, months 58 (31.6)
Leg dominance
Right leg dominance, n 43 42
Right ACLD 17
Left ACLD 26
Left leg dominance, n 2 2
Right ACLD 2
Left ACLD 0
Height, m 1.7 (0.1) 1.7 (0.1)
Weight, kg 77.2 (14.5) 69.6 (15.7)
Body mass index, kg/m? 26.4 (3.9) 24.3 (4.0)
KOOS
Pain 93.1 (6.4)
Symptoms 82.1(21.0)
Activity of daily living 98.6 (1.8)
Sports & recreation 91.3(10.2)
Quality of life 64.1(17.9)
Overall 82.9(12.0)
VAS score during test (0-10)
Affected leg VAS,n = 6 049 (1.3) Nil
Unaffected leg VAS Nil Nil
Tegner Scale score before injury 6.6 (1.7)
Tegner Scale score currently 49 (1.8) 44 (2.0)

Knee Injury and Osteoarthritis Outcome Score (KOOS) Grading: 100 indicates no symptoms and 0 indicates extreme symptoms. Tegner Scale score grading:
possible score range 0-10; higher scores represent participation in higher-level activities. ACLD, anterior cruciate ligament deficient; SD, standard deviation;
VAS, visual analogue scale.

Friedman's test was used for analysis that involved within-group comparisons. Friedman's test was used to determine whether
there were differences in the LR]T specific to the side of ACL deficiency and between the healthy controls. The data are expressed
as mean and standard deviation. P-values less than 0.05 were a priori defined as significant.

3. Results

One hundred and forty-five (n = 145) ACL-injured patients met our inclusion criteria during our search from the orthopaedic
clinic's database. Forty-five (26 males and 19 females) of them agreed to participate in this study (see Figure 2 and Table 2). All
patients had a complete ACL rupture, verified by MRI investigation. MRI investigation also demonstrated that among the individ-
uals with ACLD knee, 31% had meniscal injuries, four percent had articular cartilage injuries, 22% had medial collateral ligament
injuries, and two percent had lateral collateral ligament injuries. Forty-four healthy controls (25 males and 19 females) recruited
through posters, online advertisements and word of mouth participated in the study (Table 2). Age (P = 0.10,) and Tegner
activity level scale score (P = 0.16) were not statistically different between the groups.

3.1. Between-group comparisons

3.1.1. ACC of left/right judgements

No statistically significant differences were identified in all of the comparisons; all ACLD and all healthy control individuals
(left knee images: P = 0.98 and right knee images: P = 0.62) (Table 3, Figure 3), left ACLD and control (left knee images:
P = 0.39 and right knee images: P = 0.99) (Table 3), right ACLD and control (left knee images: P = 0.99 and right knee images:
P = 0.38) (Table 3) and individuals with left ACLD and right ACLD who are right lower limb dominant (left knee images: P =
0.48 and right knee images: P = 0.35) (Table 3, Figure 4).

3.1.2. RT of left/right judgement

Similarly, no statistically significant differences were identified in all of the comparisons; all ACLD and all healthy control (left
knee images: P = 0.53 and right knee images: P = 0.96) (Table 3, Figure 3), individuals with left ACLD and control (left knee images:
P = 0.53 and right knee images: P = 0.96) (Table 3), individuals with right ACLD and control (left knee images: P = 0.50 and right
knee images: P = 0.92) (Table 3) and individuals with left ACLD and right ACLD who are right lower limb dominant (left knee images:
P = 0.99 and right knee images: P = 0.63) (Table 3, Figure 4).
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Table 3
Between-group analysis results.
Group Outcome Image Median IQR x P
Q1 Q3
ACLD All (n = 45) vs Accuracy ACLD All — left image 78.8 70 90 0.001 0.98
Control (n = 44) Control All — left image 79.1 70 90
ACLD All — right image 80.0 70 90 0.241 0.62
Control All — right image 77.9 70 920
Reaction Time ACLD All — left image 2.1 1.8 25 0.402 0.53
Control All — left image 2.1 1.7 2.6
ACLD All — right image 2.1 1.8 2.6 0.002 0.96
Control All — right image 23 1.7 2.6
ACLD Left (n = 26) vs Accuracy ACLD Left — left image 76.9 70 90 0.727 0.39
Control (n = 42) Control All — left image 80.0 70 90
ACLD Left — right image 78.5 70 90 0.000 0.99
Control All — right image 783 70 90
Reaction Time ACLD Left — left image 2.1 1.8 25 0.404 0.53
Control All — left image 2.0 1.7 2.5
ACLD Left — right image 22 1.7 2.7 0.003 0.96
Control All — right image 22 1.7 2.6
ACLD Right (n = 17) vs Accuracy ACLD Right — left image 79.0 70 920 0.000 0.99
Control (n = 42)° Control All — left image 80.0 70 90
ACLD Right — right image 83.8 70 90 0.784 0.38
Control All — right image 783 70 90
Reaction Time ACLD Right — left image 2.1 1.9 24 0.449 0.50
Control All — left image 2.0 1.7 25
ACLD Right — right image 2.1 19 2.8 0.011 0.92
Control All — right image 2.2 1.7 2.6
ACLD Left (n = 26) vs Accuracy ACLD Left — left image 76.9 70 90 0.498 0.48
ACLD Right (n = 17)? ACLD Right — left image 79.0 70 90
ACLD Left — right image 78.5 70 90 0.885 0.35
ACLD Right — right image 83.8 70 90
Reaction Time ACLD Left — left image 2.1 1.8 25 0.000 0.99
ACLD Right — left image 2.1 1.9 24
ACLD Left — right image 2.2 1.7 2.7 0.231 0.63
ACLD Right — right image 2.1 1.9 2.8

IQR, interquartile range; Q1, 25th percentiles; Q3, 75th percentiles.
2 Left dominant lower limb participants excluded.

3.2. Within-group comparisons

3.2.1. ACC of left/right judgements

No statistically significant differences were identified in all of the comparisons; ACL injured knee and non-injured knee (P = 0.49)
(Table 4, Figure 5), individuals with an injured ACL in their left knee and non-injured right knee (P = 1.00) (Table 4), individuals
with an injured ACL in their right knee and non-injured left knee (P = 0.32) (Table 4). Additionally, there were no differences within
the healthy control group who were right lower limb dominant when comparing left knee image (non-dominant) and right knee
image (dominant) (P = 0.62) (Table 4).
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Figure 3. Distribution of accuracy and reaction time of left/right judgement values for anterior cruciate ligament deficient group and healthy controls. ACLD ALL-L
Image, anterior cruciate ligament deficient — left knee image; ACLD All-R Image, anterior cruciate ligament deficient — right knee image; CTL All-L Image, control
left knee image; CTL All-R Image, control right knee image.
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Figure 4. Distribution of accuracy and reaction time of left/right judgement values for individuals with left anterior cruciate ligament deficient knee and right
anterior cruciate ligament deficient knee. ACLD-L-LImg, left anterior cruciate ligament deficient - left knee image; ACLD-L-RImg, left anterior cruciate ligament
deficient — right knee image; ACLD-R-LImg, right anterior cruciate ligament deficient — left knee image; ACLD-R-RImg, right anterior cruciate ligament deficient —
right knee image.

Table 4
Within-group analysis results.
Group Outcome Image Median IQR Mean rank P
Q1 Q3
ACL-injured knee vs. Accuracy Injured 80.4 70 90 1.5 0.49
non-injured knee (n = 43)* Non-injured 79.6 70 90 1.5
Reaction time Injured 2.1 1.8 25 15 0.52
Non-injured 2.1 1.8 2.6 1.5
ACL injured knee L vs. Accuracy ACL-injured knee L 77.1 70 90 1.5 1.00
non-injured knee R (n = 26) Non-injured knee R 78.0 70 90 15
Reaction time ACL-injured knee L 2.1 1.8 25 1.6 0.53
Non-injured knee R 2.2 1.7 2.7 14
ACL injured knee R vs. Accuracy ACL-injured knee R 82.7 70 90 1.6 0.32
non-injured knee L (n = 17)? Non-injured knee L 80.8 70 90 14
Reaction time ACL-injured knee L 2.1 1.9 2.6 1.5 1.00
Non-injured knee L 2.1 1.9 2.6 1.5
Control L knee vs. Accuracy Control L knee 79.1 70 90 15 0.62
control R knee (n = 42)? Control R knee 779 70 90 1.5
Reaction time Control L knee 2.1 1.7 2.6 15 0.64
Control R knee 23 1.7 26 15

IQR, interquartile range; Q1, 25th percentiles; Q3, 75th percentiles.
¢ Left dominant lower limb participants excluded.

3.2.2. RT of left/right judgement

Similarly, no statistically significant differences were identified in all of the comparisons: ACL-injured knee and non-injured
knee (P = 0.52) (Table 4, Figure 5), individuals with an injured ACL in their left knee and non-injured right knee (P = 0.53)
(Table 4), individuals with an injured ACL in their right knee and non-injured left knee (P = 1.00) (Table 4). Additionally,
there were no differences within the healthy control group who were right lower limb dominant when comparing left knee
image and right knee image (P = 0.64) (Table 4).

AccuracyACLInjuredKnee AccuracyNoninjuredknee ReactionTimeACLInjuredKnee ReactionTimeNonInjuredKnee
3.0 3.0 3.0 3.0
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Figure 5. Distribution of accuracy and reaction time of left/right judgement values for anterior cruciate ligament (ACL) injured knee and non-injured
knee. AccurracyACLinjuredKnee, accuracy in identifying images corresponding to ACL injured knee; AccuracyNon-injuredKnee, accuracy in identifying images
corresponding to non-injured knee; ReactionTimeACLInjuredKnee, reaction time in identifying images corresponding to ACL injured knee; ReactionTimeNon-
injuredKnee, reaction time in identifying images corresponding to non-injured knee.
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4. Discussion

To our knowledge, this is the first study to investigate the integrity of the working body schema in individuals with chronic,
unilateral ACL deficiency. Contrary to our hypotheses, our findings indicate that the working body schema, when measured using
the LRJT, does not demonstrate deficits after a chronic disruption of the ACL in high-functioning individuals. This finding suggests
that the loss of the mechanoreceptors of the ACL may not cause a disruption to the cortical proprioceptive representation maps
(the working body schema) in high-functioning ACLD individuals.

The absence of ACC deficits in the LRJT in the participants evaluated in this study who had isolated ACLD knee indicated
that the overall proprioceptive representation maps of the working body schema may be intact [24]. This suggests that the loss
of proprioceptive information from the ruptured ACL may not play a major role in disrupting the integrity of the cortical propri-
oceptive representation of the body schema. Instead, the loss of proprioceptive information from the ruptured ACL may be com-
pensated for by the information generated by the mechanoreceptors in different structures, such as capsules, tendons, muscles,
and ligaments [37]. Good et al. [38], for example, did not observe any significant differences in joint position sense between
the ACLD knee and their non-injured knee (n = 18). Additionally, Barrack et al. [39] who in their study, anaesthetised their
participants’ (n = 10) knee joint capsules and ligaments, leaving only the muscle spindles unaffected, did not identify any pro-
prioceptive deficits, despite the absence of the information provided by the joint mechanoreceptors. Together these findings
reflect the multifaceted characteristic of proprioceptive information, namely that it is not dependent on the receptors of the
ACL alone. Conversely, these findings may either suggest that these proprioceptive tests may not be robust enough to detect
whether there are disruptions of afferent input from the ACL or whether the afferent signals from the ACL are not necessary
when performing these tests [40].

It is interesting to consider the role that the level of motor impairment may play in the proprioceptive acuity in the ACLD sam-
ple. The current sample of ACLD participants involved high-functioning individuals. Their activity levels, measured by the Tegner
scale, were similar to that of the healthy control participants. They had an average score of 4.9 on the Tegner scale with 56% of
them reporting that they had returned to their pre-injury activity level based on the Tegner scale. Additionally, they also reported
high scores on the KOOS, especially the KOOS ADL (98.6 (1.8)) and KOOS sports and recreation (91.3 (10.2)) (Table 2). The ACLD
participants also reported high scores on the KOOS activity of daily living and sports and recreation component scores (Table 2).
The comparable level of activity between the control groups and the high functional status of our ACLD participants could also
explain the absence of ACC deficits in the LRJT (i.e. indicating an intact cortical proprioceptive representation of the knee) [41].
This is in line with the studies which demonstrated that copers demonstrate different motor response strategies in comparison
to non-copers which enable them to resume all preinjury activities, including sports, without episodes of knee giving way, thus
not requiring surgery [41,42]. Considering that the ACLD participants in our study did not elect to have an ACL reconstruction
and that they maintain a high level of activity suggests that they have developed strategies that allowed them to cope well
with knee laxity. Thus, it is unclear whether the findings of the present study can be extrapolated to ACLD individuals who
have lower functional status.

Previous work has shown deficits in LR|T performance (using images of lower limbs) in individuals with knee OA. Stanton
et al. [18] demonstrated that individuals with knee OA have impaired ACC in the LRJT compared with healthy controls. Given
that we excluded participants with clinical signs of knee OA, it meant that any changes in LRJT performance might be unique
to ACLD and may not possibly be confounded by the presence of OA. Further, there is a growing body of evidence to suggest
that the presence of pain influences LR]JT performance [16,43]. Critically, the relative lack of pain in the present sample (only
six of 45 ACLD participants reported low levels of pain while the rest reported no pain) also allows for specific evaluation of
the influence of ACL deficiency alone on implicit motor imagery performance and strengthens our confidence that working
body schema is intact in ACLD patients.

The absence of RT deficits in the LRJT in the participants evaluated in this study suggest that the capacity to process incoming
information is intact in those with ACL deficiency and that there is no deficit in the brain's capacity to give priority or attention
bias towards a body part or area of space [24,26]. Similar to ACC, RT is normally disrupted in participants who have pain
[17,18,26]. However, RT deficits on the LRJT have also been shown in amputees without pain, suggesting that complete loss of
incoming proprioceptive input has effects on cortical proprioceptive representation and processing of incoming information
[44]. Thus, adding on to the suggestion that the absence of incoming proprioceptive input from a missing ACL may not be suffi-
cient to disrupt these processes in high-functioning individuals. In summary, the lack of motor imagery deficits in the ACLD group
may be due to the high level of function, absence of degenerative symptoms and low level of pain and, thus, should not be
extrapolated to all ACLD patients, namely those with higher levels of disability.

While implicit motor imagery performance is not disrupted in high-functioning individuals with ACLD knee who do not
have knee pain, it is possible that the participants did not solely use implicit motor imagery but instead may have also
used an alternative strategy such as visual object recognition [45]. Visual object recognition involves using features of the
image to determine laterality (e.g., toe of the foot), such that implicit motor imagery (i.e. mentally manoeuvring one's own
limb to match the posturing of the pictured image) is not used [45]. However, the likelihood of participants using visual object
recognition is low given that the images used in the present study included knees being displayed in different planes, random
angular orientation and position (e.g., flexed or extended), displaying the knee only or with adjacent joints, thus making the
task quite complex. Previous research has demonstrated that motor imagery strategy is used when tasks are complex and vi-
sual object recognition with tasks that are simpler [46]. Future studies, therefore, should have clear strategies to establish that
motor imagery has been used to complete the task. This can be performed, for example, by comparing RTs to images at
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different orientations (e.g., images at 180° take longer to identify than those at 0°) and by determining that the participants,
atagroup level, show evidence of the biomechanical constraints of movement during the LR]T task (e.g., images that show an
awkward posture take much longer to respond to) which are known to be present when implicit motor imagery is being used
[46].

5. Limitations

As we did not investigate whether cortical changes were present in our group of individuals with chronic ACLD knee, we are
unable to determine whether the cortical changes that were observed in previous studies of ACLD participants were present in
our sample. Therefore, future studies may consider investigating within the same group of individuals with chronic unilateral
ACLD knee, for the presence of cortical changes and LR]JT performance. Additionally, our study selection criteria may have led
to a natural selection of high-functioning ACLD knee participants. Therefore, the results of this study cannot be extrapolated to
ACLD individuals with higher levels of disability. The gathered data was not normally distributed. All the participants demon-
strated good ACC and fast RT. This in turn may cause a ceiling effect which can make differentiation of participants' performance
difficult. Therefore, caution should be exercised when interpreting the results of the data being presented. A priori sample size
calculation was not performed for this study; however, the small effect sizes make it unlikely that the lack of group differences
found here was due to low power. The present study also recruited participants over a broad age range and over a wide range
of injury durations. While increasing generalisability of results, it may be that subgroups of participants may exist. The present
study was not powered to formally investigate presence of such subgroups, but it would be relevant to consider both younger
vs older participants as well as short versus long injury duration. The present study did not assess proprioceptive acuity in
participants. Thus, further work is needed to ascertain whether or not proprioceptive impairment following an ACL injury may
result in differing LRJT performance results. It has been reported that the LR]T is a complicated mental task that includes cognitive,
sensory, motor and behavioural processes [47]. Differences between individuals with and without pain and improvement in LRJT
performance may be attributed to any of these factors. Therefore, LRJT may not be as valuable when used as a stand-alone
evaluation of mental imagery. It could be used with sensory testing [47].

6. Conclusion

Motor imagery performance is not disrupted in individuals with chronic ACLD knees who have high levels of function, no
degenerative symptoms and low levels of pain. In this select ACLD group, the disruption of afferent signals due to the loss of
the ACL may be compensated for by other mechanisms. Therefore, the loss of the mechanoreceptors of the ACL may not play a
major role in the integrity of the working body schema.
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