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Dynamic stability of the knee and weakness of the extensor muscles are considered to be the most important functional limitations after anterior cruciate ligament (ACL) injury, probably due to changes at the central (cortical and corticospinal) level of motor control rather than at the peripheral level. Despite general technological advances, fewer contraindicative surgical procedures, and extensive postoperative rehabilitation, up to 65% of patients fail to return to their preinjury level of sports, and only half were able to return to competitive sport. Later, it becomes clear that current rehabilitation after knee surgery is not sufficient to address the functional limitations after ACL reconstruction even years after surgery. Therefore, new therapeutic tools targeting the central neural system, i.e., the higher centers of motor control, should be investigated and integrated into current rehabilitation practice. To improve motor performance when overt movement cannot be fully performed (e.g., due to pain, impaired motor control, and/or joint immobilization), several techniques have been developed to increase physical and mental activation without the need to perform overt movements. Among the most popular cognitive techniques used to increase physical performance are motor imagery and action observation practices. This review, which examines the available evidence, presents the underlying mechanisms of the efficacy of cognitive interventions and provides guidelines for their use at home.
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BRIEF OVERVIEW OF NEUROSTRUCTURAL CONSEQUENCES OF ACL INJURY AND SUBSEQUENT RECONSTRUCTIVE SURGERY

The knee ligaments injuries are common in pivoting sports (Anderson et al., 2019; Tabben et al., 2020). The high axial and torsional forces applied to the knee joint during sports-specific actions such as sudden change of direction, rapid accelerations and decelerations, along with joint loading occurring following jumping activities represents the main sports-related risk factors for non-contact ligaments injuries (Laible and Sherman, 2014). Serious injuries, such as anterior cruciate ligament (ACL) injury require surgery to restore normal knee function. In elite athletes, this represents a great burden, since it is not uncommon that athletes must be out of the game for a whole season in which injury occurred (Erickson et al., 2013). Thus, return to play might last from 8 months to more than a year, depending on sport and level of play (Bauer et al., 2014; Lindanger et al., 2019; Ekstrand et al., 2020). Long-term effects from such knee injuries alter knee kinematics (Woo et al., 2006; Gardinier et al., 2013) and the joint loading that eventually could result in early-onset of posttraumatic osteoarthritis (Von Porat et al., 2004; Kessler et al., 2008; Friel and Chu, 2013). Despite technological advances in general, less contraindicative surgery procedures (Condello et al., 2019) and extensive postoperative rehabilitation practices (Cavanaugh and Powers, 2017; Andrade et al., 2020), up to 65% of patients fail to return to their pre-injury level of sports and only half were able to return to competitive sport (Ardern et al., 2014). The vast amount of studies were conducted to investigate patients’ functional outcomes after ACL reconstructive (ACLr) surgery (Keays et al., 2007; Eitzen et al., 2009; Abrams et al., 2014). Knowing that motor control/learning strategies rely on integration of afferent information, perceptive functions and efferent commands sent to the periphery, altered afferent input may further induce changes in motor programming and consequently in motor response (Valeriani et al., 1996; Kapreli and Athanasopoulos, 2006). Hence, knee dynamic stability and extensors weakness were reported to be main functional limitations following ACL injury, which is believed to be mostly driven by alterations on the central (cortical and cortico-spinal) level of motor control, rather than the peripheral one (i.e., muscular level) (Morita et al., 2013; Needle et al., 2017; Zarzycki et al., 2020). Besides, strength deficit was shown to be the strongest preoperative predictor of physical function following ACLr (Eitzen et al., 2009). In the first post-operative month, quadriceps muscle strength may reduce by 67% (Kobayashi et al., 2004), and may persist for several years (Keays et al., 2007). Current rehabilitation practice of major knee surgeries consists of a rather conventional approach to exercise that mechanically stresses the musculoskeletal system. Such exercise regimes have incorporated joint mobility exercises aimed in improving range of motion, gait re-education, weight-bearing exercise, training of neuromuscular function and proprioception, as well as strength and endurance exercises, whereas both voluntary and electrically elicited action are used (Kittelson et al., 2013; Andrade et al., 2020). However, given all the above, current post-knee surgery rehabilitation seems to be insufficient to address functional limitations following ACLr even years after surgery (Hunnicutt et al., 2020; Johnston et al., 2020). Therefore, new therapeutic tools targeting central neural system that is higher centers of motor control should be examined and implemented in current rehabilitation practice (Paravlic et al., 2019a).



NEUROSTRUCTURAL CORRELATES OF STRENGTH DECREASE IN HEALTHY AND DISEASED SUBJECTS WITH EMPHASIZES ON ACLr PATIENTS

It is well known that strength is governed by both neural and structural factors (Gabriel et al., 2006; Folland and Williams, 2007), and it holds through the whole life-span. To construct comprehensive rehabilitation practice and prescribe it with greater certainty, it is imperative to understand the clinical value of skeletal muscle strength and the underlying mechanism of strength weaknesses caused by surgery. For different population in question, it has been suggested that muscle strength deficiency, in particular, represents a significant predictor of future disease (Leong et al., 2015), increased risk of injury (Ribeiro-Alvares et al., 2018), worse rehabilitation outcomes (Mizner et al., 2005a; Brown et al., 2009), and increased all-cause mortality (Brown et al., 2016). Therefore, it represents a fundamental factor to successful and efficient performance execution of many activities of daily living (Ochi et al., 2015; Wang et al., 2020).

While an age-associated reduction in physical function might be partly explained by the aging process itself (Rogers and Evans, 1993), other life circumstances, such as prolonged periods of muscle disuse due to habitual inactivity, illness, immobilization, hospitalization, and/or surgery may underpin rapid deterioration of physical capacities. Research has shown that prolonged physical inactivity has marked a negative impact on both the skeletal muscle structure (Pišot et al., 2008) and function (Pišot et al., 2016). For example, Pišot et al., 2016 reported a decrease of 8.3, 13.2, and 12.3% in quadriceps muscle volume, strength and power, respectively, following 2 weeks of bed rest. These results are in agreement with those reported elsewhere (de Boer et al., 2008; Pišot et al., 2008), and are shown to aggravate with the time of exposure (Pišot et al., 2008).

In periods of hospitalization, following injury (Hortobagyi et al., 2000) or orthopedic surgery, such as ACLr (Palmieri-Smith et al., 2008) and total knee arthroplasty (Paravlic et al., 2019a), the cross-sectional area and strength of the quadriceps may decrease by 10 and 69%, respectively, in early postoperative days. Accordingly, several reasons such as knee pain, joint injury (caused by primary pathology and surgical trauma), use of a tourniquet during surgery and muscle atrophy due disuse may aggravate quadriceps weakness in this early period following a surgery (Brown et al., 2009). However, in last decade a vast amount of studies showing that centrally driven factors are the most prominent indicators of strength loss following a knee surgery (Mizner et al., 2005b; Morita et al., 2013; Needle et al., 2017). For example, Morita et al. (2013), reported the reduction of muscle force by 50 and 37.5% one, and 2 weeks after the unicompartmental knee arthroplasty (Morita et al., 2013). Besides, the active brain region of the sensorimotor leg area narrowed (Morita et al., 2013), whereas the pain severity in the assessed knee 2 weeks postoperatively remained unchanged, suggesting that early postoperative muscle weakness was mostly influenced by the supraspinal pathways (Morita et al., 2013; Needle et al., 2017). Moreover, failure of voluntary muscle activation (VMA) and muscle atrophy together can explain approximately 85% of the quadriceps strength loss, of which the relative contribution of VMA was nearly twice as great as the relative contribution of muscle atrophy to the observed strength decrease at 1-month post-surgery (Mizner et al., 2005b). Muscle inhibition in quadriceps persists for years, and it is often observed bilaterally (Palmieri-Smith et al., 2008; Paravlic et al., 2019a). Indeed, VMA is one of the most investigated proxies of central factors used to assess muscle inhibition related to strength loss following knee surgery (Paravlic et al., 2019a). It represents a major factor in the reduction of maximal force output of the muscle, given a patient’s inability to recruit all of the muscle’s motor units, or a failure to attain the maximal discharge rate from the recruited motor units (Mizner et al., 2005b; Morita et al., 2013). Nowadays, the new technology enables the scientific community to investigate central factors of motor control by more direct type of measurements such as functional magnetic resonance imaging, transcranial magnetic stimulation (TMS) and electroencephalography. The most recent findings (Zarzycki et al., 2021) support the theory that quadriceps dysfunction after ACLr is driven by central factors of motor control. By using TMS (Zarzycki et al., 2021), authors found that short-interval intracortical inhibition (SICI) and intracortical facilitation differ between ACLr patients and healthy controls, whereas SICI showed to be significantly related to quadriceps weakness (Zarzycki et al., 2021). Besides, in another study (Zarzycki et al., 2020) aimed to investigate corticospinal and spinal-reflex excitability in different postoperative time points following ACLr, Zarzycki and co-workers found that resting motor threshold was higher in ACLr group in the non-operated knee and that higher motor-related cortical potential (MRCP) was observed in the operated knee. In contrary, the healthy control group did not show any inter-limb differences in neither time points (for up to 6 months post-surgery) (Zarzycki et al., 2020). These data suggest that ACLr patients had altered corticospinal excitability that did not change for as long as 6 months post-surgery, i.e., a time point when they returned to running activities (Zarzycki et al., 2020). Despite quadriceps strengthening is the main focus of post ACLr rehabilitation programs (Cavanaugh and Powers, 2017; Andrade et al., 2020), strength deficits often continue to exceed pre-operative levels even years following a surgery (Palmieri-Smith et al., 2008). Later imply that current rehabilitation practice needs to be revisited, whereas new and innovative therapeutic tools targeting central neural system i.e., higher centers of motor control should be examined and implemented (Rush et al., 2021). Such strategies were recognized through cognitive practice that has been able to improve the physical function of both symptomatic (Marusic et al., 2018; Paravlic et al., 2020a) and asymptomatic population (Paravlic et al., 2018). Cognitive interventions are often employed by medical staff for restoring a physical function of neurological patients (Abbruzzese et al., 2015; García Carrasco and Aboitiz Cantalapiedra, 2016). Because the exercise requires no special prerequisites and has proven effective in both learning and relearning simple and complex tasks, it is becoming increasingly popular with other populations, from elite athletes to professionals, and is being used more frequently in rehabilitation practise for orthopedic patients.



MOTOR IMAGERY AND ACTION OBSERVATION—EVIDENCE-BASED STRATEGIES USED TO IMPROVE FUNCTIONAL PERFORMANCE IN ORTHOPEDIC PATIENTS

To improve motor performance when overt movement cannot be executed to full potential (e.g., due to presence of pain, impaired motor control and/or joint immobilization), several techniques have been designed to increase physical and mental activation without execution of overt movement (Paravlic et al., 2018; Zhang et al., 2018). These mental simulation practice (MSP) techniques have been proven as beneficial tools for strength improvement among different populations (Marusic et al., 2018; Paravlic et al., 2018, 2020a). Among the most popular MSP techniques used to enhance physical performance, the literature highlights MI and action observation (AO) practices (Mulder et al., 2005).


Motor Imagery

MI practice can be defined as the mental simulation of a specific muscle action without any corresponding motor output (Jeannerod, 1994). Hence, it does not require actual physical movement execution (PME) as a primary tool, making it suitable for various rehabilitation settings. In general, the effectiveness of MI practice relies on functional equivalence principle, which is based on the theory that imagery enhances performance due to the similar neurophysiological processes underlying both imagery and actual movement, and has found its support elsewhere (Jeannerod, 1995; Martin et al., 1999). More precisely, during both motor execution and MI tasks, acute differences have been found in the supplementary motor area, the premotor cortex and the primary motor cortex during imagined or executed movement compared to resting conditions (Guillot et al., 2012). This suggested that imagining the motor task and its actual execution do share similar neural patterns. MI has different modalities such as visual and kinesthetic. Visual MI can be experienced from two distinct perspectives, a first-person perspective (i.e., internal MI) and/or a third-person perspective (i.e., external MI), while kinesthetic MI incorporates including all the somatosensory information normally produced when performing PME (e.g., the sensation of muscle tension, increased blood flow to the working muscles, joint position sense etc.) (Ridderinkhof and Brass, 2015). Studies have shown that the effectiveness of MI depends on both the modality used and the perspective, which is directly related to subject’s ability to imagine the required task (Martin et al., 1999; Ridderinkhof and Brass, 2015). For example, Stinear et al. (2006) demonstrated that kinesthetic, but not visual imagery, modulates corticomotor excitability, primarily at the supraspinal level affecting motor-related structures, whereas visual imagery predominantly affects occipital regions and superior parietal lobes (Guillot et al., 2009). Later studies suggest that the different imagery perspectives are mediated through separate neural systems, which contribute differently during processes of motor learning and neurological rehabilitation (Mulder, 2007). Therefore, to enhance physical performance and achieve different types of outcomes, MI practitioners may use these modalities independently or in combination (Ridderinkhof and Brass, 2015; Paravlic et al., 2018, 2020b). In last decade, a growing number of AO or MI-based interventions studies have been adopted for the rehabilitation of patients with stroke (García Carrasco and Aboitiz Cantalapiedra, 2016), or Parkinson’s Disease (Buccino et al., 2011), and also in orthopedic patients following injury and/or surgery (Marusic et al., 2018; Paravlic et al., 2020a) of which some reported equivocal results (Paravlic et al., 2020b). One of the first studies conducted within ACLr patients population used a combination of relaxation and guided imagery practice constructed to affect patients knee strength, reinjury anxiety and pain (Cupal and Brewer, 2001). Authors found that 10 sessions over 6 months had a beneficial effect on all measures assessed when compared to the control group. Despite positive effects were found, the latter study did not investigate any possible mechanisms underlying MI effectiveness. Hence, two more recent, exploratory studies (Lebon et al., 2012; Maddison et al., 2012) showed promising results on underlying mechanisms of MI practice in this population. Maddison and co-workers (Maddison et al., 2012), found that neurobiological factors such as noradrenaline and dopamine levels were consistently lower in the MI compared to control group across all time-points (2, 6 and 12 weeks post-surgery). However, no differences were found in muscle strength between groups (Maddison et al., 2012). Thus, providing preliminary evidence that MI practice was associated with a reduction in stress levels, that might mediate a post-surgery healing. Non-significant results in strength, may be prescribed to different imagery modalities and tasks used, whereas MI of strength related task was not the primary focus of the prescribed treatment (Maddison et al., 2012). Finally, Lebon and co-workers found that 12 sessions of MI elicited greater electromyographic activity of the quadriceps muscle, while no differences in alleviation of pain were observed between groups. On the other hand, Paravlic et al., 2020a showed that MI training when added to routine physical therapy improved both objective and subjective measures of patients’ physical function at 1 month following total knee arthroplasty. Briefly, they found that MI task consisted of maximal voluntary isometric contraction (MViC) task: 15 min/day; five times/week for 4 weeks in duration, ameliorate strength, VMA, gait speed, along with functional performance task measures assessed by timed-up to go and sit/to stand tests, respectively. Thus, knowledge gained through latter study, might have a great potential to be effectively translated to rehabilitation of ACLr patient’s population.



Action Observation

Unlike MI, AO practice requires the subject to observe a video or direct actions performed by an operator (Marusic et al., 2018). On the other hand, AO, similarly to MI and PME, shares common neurological basis attributed to the mirror neuron system (Cattaneo and Rizzolatti, 2009; Van Gog et al., 2009). In humans, the areas active during MI, PME and AO are found in the frontal and parietal lobes, whereas the activation of the mirror neuron system is related to the experience the subject has with the observed and/or imagined action (Calvo-Merino et al., 2005; Olsson and Nyberg, 2010). A parieto-frontal network with a proportion of mirror neurons has been recognized as the neural substrate that transforms a visual information into cortical areas and enables motor execution (so-called visuomotor transformation) (Rizzolatti and Sinigaglia, 2010). Subsequently, various AO modalities have been developed in recent years, of which watching a real video-recorded action and PME with mirror visual feedback (MVF) are the most commonly used in rehabilitation practice (Sarasso et al., 2015; Marusic and Grosprêtre, 2018; Zhang et al., 2018), while virtual reality (VR) training is becoming increasingly popular. In general, AO has been shown to be an effective strategy for treatment of stroke (García Carrasco and Aboitiz Cantalapiedra, 2016), Parkinson’s disease (Buccino et al., 2011), cerebral palsy (Sarasso et al., 2015), and orthopedic patients following total knee arthroplasty (Villafañe et al., 2017). Villafañe et al. (2017) investigated whether self-administered AO therapy, compared to routine physical therapy, can enhance the effects of inpatient rehabilitation practice following primary total knee arthroplasty. The authors found greater improvements in the AO group in active knee range of motion, while finding no significant differences between groups in Short Form-36, Lequesne, Barthel Index, and Tinetti score. A recent study by Marusic et al. (2018) reported promising results using the combination of AO with MI as an adjunct therapy to routine rehabilitation practice after total hip arthroplasty (Marusic et al., 2018). Marusic et al. (2018) found that the experimental group performed significantly better on the timed-up-to-go test, four-step square test, and dual-task performance during fast walking compared to the control group. This suggests that the combination of AO and MI can be an effective adjunct tool to improve rehabilitation outcomes in the orthopedic population when considering objective measures of physical function.

On the other hand MVF therapy has been effectively used in neurorehabilitation of stroke patients and is thought to promote neuroplasticity in brain regions involved in sensory normalization and motor recovery (Reynolds et al., 2015; Zhang et al., 2018). MVF involves positioning a mirror in the midsagittal plane to replace the actual image of the affected (i.e., injured) limb with the mirror reflection of the unaffected side while performing PME of the required task. Mostly, it is used for therapeutic purposes for upper limb motor function. However, a recent systematic review and meta-analysis examined the efficacy of MVF for improving lower limb function in stroke survivors (Louie et al., 2019). The authors found significant results in favor of MVF therapy compared to control intervention for gait speed, mobility, and motor recovery (Louie et al., 2019). Although there is no study to date that has investigated the efficacy of MVF in orthopedic patients, later results suggest that MVF therapy may be a promising tool for improving physical function after lower limb immobilization and/or surgery. Therefore, experimental studies in this field are warranted.

With a rapid technological development, the technologies used in the gaming have become more affordable and thus, increasingly popular for both the entertainment and research purposes. In the last two decades, the virtual reality (VR) training was introduced as a type of MSP that is supposed to be a more engaging, motivating, and more stimulating AO concept for different user groups compared to the traditional type of training (Donath et al., 2016). From a technological point of view, VR training would compensate for the practical shortcomings of MI and AO training and contribute significantly to the improvement of motor performance and the quality of external stimuli, which are often not present in MI and traditional AO forms of training. Recent evidence suggests that VR-based rehabilitation has the potential to improve balance and gait outcomes in neurological patients (Parkinson’s disease, multiple sclerosis, acute and chronic stroke, etc.) (Leong et al., 2015; Andrade et al., 2020). The underlying mechanism of VR efficiency has been described mainly through motor learning mechanisms (Freeman et al., 2017). The nature of engagement on VR allows training and/or rehabilitation exercises to feel similar to physically performed actions (Proffitt and Lange, 2015). With the immersive nature of VR, which includes three-dimensional environments displayed to the viewer through head-mounted display, afferent sensory stimuli could be further augmented, potentially improving perception and motor reprogramming (You et al., 2005; Cho and Lee, 2013; Singh et al., 2013). Knowing that the benefits of cognitive intervention strategies could be augmented when the principal components of the functional equivalence model are met (Wright and Smith, 2009), we believe that VR strategies could improve the existing disadvantages of MI and AO based interventions, which remains to be explored.



Combination of Motor Imagery and Action Observation

Traditionally, AO and MI have been considered as independent intervention methods, however, researchers have begun to consider the possibility of combining those two techniques into a single intervention strategy to facilitate (re-)learning and rehabilitation of motor skills to a larger extent (Paravlic et al., 2020a). Previous work has revealed that both techniques when used independently, activate similar brain regions as actual motor execution and increases corticospinal excitability (Wright et al., 2014), while its combination might elicit greater activation of corticomotor regions than AO (Nedelko et al., 2012) or MI alone (Wright et al., 2014). Positive changes following combined MI and AO were explained throughout greater facilitation of corticospinal excitability, further contributing to greater neural impulse output to agonist’s muscles, and finally increasing muscular activity. Consequently, this might lead to better synchronization of the fibers and inhibition at the level of antagonist muscle activation, hence improving force output (Paravlic et al., 2018). Thus, a combination of AO and MI may have important implications for neurorehabilitation and motor performance enhancement (Marusic et al., 2018; Paravlic et al., 2020b).

Examination of studies investigating MSP effectiveness in patients physical function rehabilitation following major orthopedic surgeries reveals a high heterogeneity among types and duration of cognitive interventions, frequency of exposure, follow-up periods, and the variety of physical function assessment tools used. Our research group (Paravlic et al., 2020b) has conducted and published the most recent systematic review in the field aimed to investigate cognitive interventions effectiveness by rigor methodology implemented (Paravlic et al., 2020b). Results showed that cognitive intervention when added to routine physical therapy has multiple positive effects on measures of physical function recovery in patients after major hip and/or knee surgery, in comparison to routine physical therapy alone (Paravlic et al., 2020b). Besides, it was found that MI intervention has the most substantial effect when compared to AO or their combination (MI + AO), supporting recent experimental findings (Cuenca-Martínez et al., 2018). A later study (Cuenca-Martínez et al., 2018) concluded that AO of a simple motor task prior MI did not facilitate subsequent imagination to a greater extent than MI alone. However, the aforementioned results could not be fully generalized to the symptomatic population suffering from pain and living with some type of functional disability, as the authors only recruited healthy adults. Further investigation into the differences in neurophysiological responses and treatment efficacy between various combinations of MI and AO in the symptomatic population performing complex movements is warranted.




RECOMMENDATIONS FOR MI AND AO REHABILITATION PRACTICE AT HOME-BASED SETTING

There is a need to propose guidelines for the MSP intervention to facilitate its effectiveness in the home setting. Paravlic et al. (2018) showed that several motor imaging variables were associated with improved strength: a training duration of 4 weeks, a training frequency of three sessions per week, a training volume of two to three sets, 25 repetitions per set, and a single session duration of 15 min (Table 1). Since, the efficacy of MSP depends on the patient representation of a particular motor task, it is highly recommended to assess the patient’s ability to imagine the desired task at the beginning of the MSP intervention. This can be done with the Motor Imagery Questionnaire (MIQ-3) (Paravlić et al., 2018) when other, more comprehensive tools to assess the central and/or autonomic nervous system are not available. Although previous literature has shown MI + AO does not promote autonomic nervous response to a greater extent than MI alone (Cuenca-Martínez et al., 2018), there is evidence that both MI and AO can improve the mental representational structure and the accuracy of a golf putting task during the early learning phase in novice golfers (Kim et al., 2017). Moreover, the authors showed that perceptual-cognitive changes were associated with the change in skill performance only after AO (Kim et al., 2017). Therefore, patients who cannot imagine and/or perform the required movement well could start with the simple AO exercise by watching the videotape of the actual performance of the task, to facilitate motor learning and acquire a better representation of the motor task. To date, no study has examined the difference between different combinations of AO and MI sequence order. Therefore, no definite conclusion can be drawn on this issue. However, AO can be used in both the early and later stages of the rehabilitation protocol. The goal is to facilitate motor learning when more complex tasks are included in the rehabilitation programme. In addition, it would be advisable to give the patient instructions in the form of audio tapes to follow. This will make the entire MSP process easier to understand and follow (Paravlic et al., 2019b, 2020a).


TABLE 1. Training variables with largest mean effect on maximal muscle strength.

[image: Table 1]
An example: imagine you are at the gym, sitting at the leg curl machine (while actually sitting in the chair) (Figure 1). Relax, assume a normal posture, and imagine that you are performing a knee extension exercise by isometrically contracting your thigh muscles to your perceived maximum (i.e., maximum effort). One repetition should last 5 s, followed by a 5-s rest period between repetitions. In addition, take a 20-s rest after every fifth contraction. We repeat this process five times for a total of 25 contractions. After a countdown from three to one, get ready to begin the first set of the exercise. Three, two, one—START, five, four, three, two, one, RELAX—and repeat the instructions as directed.


[image: image]

FIGURE 1. Illustration of: (A) action observation; (B) motor imagery; and (C) virtual reality, training setup respectively.


If you are following the primary principle of exercise, which is progression, you should practice MSP more frequently and with greater intensity and volume, starting with one to three sets per session and progressing to more sets and more frequent practice. Example: To comply with the basic principles of strength training, i.e., gradual overload and progression, 10 additional attempts should be added in weeks three and four, respectively.



FUTURE PERSPECTIVES AND RECOMMENDATIONS FOR IMPROVEMENT OF COGNITIVE BASED REHABILITATION STRATEGIES

While MI or AO exercise thought to be effective when used either independently or combined, there is great variability in the magnitude of the effect of exercise between individuals in both the short-term and longitudinally designed experimental studies (Lebon et al., 2012; Paravlic et al., 2019b). Observed variability among responders and non-responders to MI training intervention could be attributed to imagery type and perspective used (Stinear et al., 2006) as well as individual differences in the ability to imagine and execute the movement task (Martin et al., 1999; Olsson and Nyberg, 2010). Thus, Stinear et al. (2006) demonstrated that kinesthetic, but not visual imagery, modulates corticomotor excitability, primarily at the supraspinal level affecting motor-related structures, while visual imagery predominantly affects the occipital regions and the superior parietal lobules (Guillot et al., 2009). These results suggest that different imagery perspectives are mediated through separate neural systems, which contribute differently during processes of motor learning and neurological rehabilitation (Mulder, 2007). Besides, previous experience or gaining experience by observing repetitive movements may facilitate motor learning of the specific task (Ito et al., 2020). However, the discrepancies between the different types and perspectives of cognitive practice, as well as the control of the subjects’ actual involvement in the practice, could be overcome by modifying and adapting old strategies such as PME with MVF to the rehabilitation practice of patients with orthopedic lower limb disorders, or by using a new tool such as the VR practice.

This article presents various MSP strategies such as MI and different AO modalities that can be efficiently integrated into rehabilitation practice for orthopedic patients. While MI has been shown to be more efficient in improving physical function in symptomatic populations with limited lower limb function compared to AO or MI + AO, there is a lack of evidence when considering MVF and VR. Therefore, future studies examining differences in neurophysiological responses and treatment efficacy between various combinations of MI and AO, and MVF and VR in orthopedic patients are warranted.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



FUNDING

This work was supported by the Slovenian Research Agency (ARRS) (Project No. P5-0147 entitled “The kinesiology of mono-structured, poly-structured and conventional sports,” project manager: Prof. Dr. Matej Supej).



ACKNOWLEDGMENTS

The author would like to express his sincere gratitude to his colleague Kristina Drole for the helpful and constructive discussion during the second revision phase of this manuscript.



REFERENCES

Abbruzzese, G., Avanzino, L., Marchese, R., and Pelosin, E. (2015). Action observation and motor imagery: innovative cognitive tools in the rehabilitation of Parkinson’s disease. Parkinsons Dis. 2015:124214. doi: 10.1155/2015/124214

Abrams, G. D., Harris, J. D., Gupta, A. K., McCormick, F. M., Bush-Joseph, C. A., Verma, N. N., et al. (2014). Functional performance testing after anterior cruciate ligament reconstruction: a systematic review. Orthop. J. Sports Med. 2:2325967113518305. doi: 10.1177/2325967113518305

Anderson, T., Wasserman, E. B., and Shultz, S. J. (2019). Anterior cruciate ligament injury risk by season period and competition segment: an analysis of national collegiate athletic association injury surveillance data. J. Athl. Train. 54, 787–795. doi: 10.4085/1062-6050-501-17

Andrade, R., Pereira, R., Van Cingel, R., Staal, J. B., and Espregueira-Mendes, J. (2021). How should clinicians rehabilitate patients after ACL reconstruction? A systematic review of clinical practice guidelines (CPGs) with a focus on quality appraisal (AGREE II). Br. J. Sports Med. 54, 512–519. doi: 10.1136/bjsports-2018-100310

Ardern, C. L., Taylor, N. F., Feller, J. A., and Webster, K. E. (2014). Fifty-five per cent return to competitive sport following anterior cruciate ligament reconstruction surgery: an updated systematic review and meta-analysis including aspects of physical functioning and contextual factors. Br. J. Sports Med. 48, 1543–1552. doi: 10.1136/bjsports-2013-093398

Bauer, M., Feeley, B. T., Wawrzyniak, J. R., Pinkowsky, G., and Gallo, R. A. (2014). Factors affecting return to play after anterior cruciate ligament reconstruction: a review of the current literature. Phys. Sportsmed. 42, 71–79. doi: 10.3810/psm.2014.11.2093

Brown, J. C., Harhay, M. O., and Harhay, M. N. (2016). Sarcopenia and mortality among a population-based sample of community-dwelling older adults. J. Cachexia Sarcopenia Muscle 2015, 290–298. doi: 10.1002/jcsm.12073

Brown, K., Kachelman, J., Topp, R., Quesada, P. M., Nyland, J., Malkani, A., et al. (2009). Predictors of functional task performance among patients schelduled for total knee arthroplasty. J. Strength Cond. Res. 23, 436–443.

Buccino, G., Gatti, R., Giusti, M., Anna, N., Rossi, A., Calzetti, S., et al. (2011). Action observation treatment improves autonomy in daily activities in Parkinson’s disease patients: results from a pilot study. Mov. Disord. 26, 1963–1964. doi: 10.1002/mds.23680

Calvo-Merino, B., Glaser, D. E., Grèzes, J., Passingham, R. E., and Haggard, P. (2005). Action observation and acquired motor skills: an fMRI study with expert dancers. Cereb. Cortex 15, 1243–1249. doi: 10.1093/cercor/bhi007

Cattaneo, L., and Rizzolatti, G. (2009). The mirror neuron system. Arch. Neurol. 66, 557–560. doi: 10.1001/archneurol.2009.41

Cavanaugh, J. T., and Powers, M. (2017). ACL rehabilitation progression: where are we now? Curr. Rev. Musculoskelet. Med. 10, 289–296. doi: 10.1007/s12178-017-9426-3

Cho, K. H., and Lee, W. H. (2013). Virtual walking training program using a real-world video recording for patients with chronic stroke: a pilot study. Am. J. Phys. Med. Rehabil. 92, 371–384. doi: 10.1097/PHM.0b013e31828cd5d3

Condello, V., Zdanowicz, U., Di Matteo, B., Spalding, T., Gelber, P. E., Adravanti, P., et al. (2019). Allograft tendons are a safe and effective option for revision ACL reconstruction: a clinical review. Knee Surg. Sports Traumatol. Arthrosc. 27, 1771–1781. doi: 10.1007/s00167-018-5147-4

Cuenca-Martínez, F., Suso-Martí, L., Grande-Alonso, M., Paris-Alemany, A., and Touche, R. L. (2018). Combining motor imagery with action observation training does not lead to a greater autonomic nervous system response than motor imagery alone during simple and functional movements: a randomized controlled trial. PeerJ 6:e5142. doi: 10.7717/peerj.5142

Cupal, D. D., and Brewer, B. W. (2001). Effects of relaxation and guided imagery on knee strength, reinjury anxiety, and pain following anterior cruciate ligament reconstruction. Rehabil. Psychol. 46, 28–43. doi: 10.1037//0090-5550.46.I.28

de Boer, M. D., Seynnes, O. R., di Prampero, P. E., Pišot, R., Mekjavić, I. B., Biolo, G., et al. (2008). Effect of 5 weeks horizontal bed rest on human muscle thickness and architecture of weight bearing and non-weight bearing muscles. Eur. J. Appl. Physiol. 104, 401–407. doi: 10.1007/s00421-008-0703-0

Donath, L., Rössler, R., and Faude, O. (2016). Effects of virtual reality training (exergaming) compared to alternative exercise training and passive control on standing balance and functional mobility in healthy community-dwelling seniors: a meta-analytical review. Sports Med. 46, 1293–1309. doi: 10.1007/s40279-016-0485-1

Eitzen, I., Holm, I., and Risberg, M. A. (2009). Preoperative quadriceps strength is a significant predictor of knee function two years after anterior cruciate ligament reconstruction. Br. J. Sports Med. 43, 371–376. doi: 10.1136/bjsm.2008.057059

Ekstrand, J., Krutsch, W., Spreco, A., Van Zoest, W., Roberts, C., Meyer, T., et al. (2020). Time before return to play for the most common injuries in professional football: a 16-year follow-up of the UEFA elite club injury study. Br. J. Sports Med. 54, 421–426. doi: 10.1136/bjsports-2019-100666

Erickson, B. J., Harris, J. D., Cvetanovich, G. L., Bach, B. R., Bush-Joseph, C. A., Abrams, G. D., et al. (2013). Performance and return to sport after anterior cruciate ligament reconstruction in male major league soccer players. Orthop. J. Sports Med. 1:2325967113497189. doi: 10.1177/2325967113497189

Folland, J. P., and Williams, A. G. (2007). The adaptations to strength training. Sports Med. 37, 145–168. doi: 10.2165/00007256-200737020-00004

Freeman, D., Reeve, S., Robinson, A., Ehlers, A., Clark, D., Spanlang, B., et al. (2017). Virtual reality in the assessment, understanding, and treatment of mental health disorders. Psychol. Med. 47, 2393–2400. doi: 10.1017/S003329171700040X

Friel, N., and Chu, C. (2013). The role of ACL injury in the development of posttraumatic knee osteoarthritis. Clin. Sports Med. 32, 1–12. doi: 10.1016/j.csm.2012.08.017.The

Gabriel, D., Kamen, G., and Frost, G. (2006). Neural adaptations to resistive exercise. Sports Med. 36, 133–149. doi: 10.2165/00007256-200636020-00004

García Carrasco, D., and Aboitiz Cantalapiedra, J. (2016). Effectiveness of motor imagery or mental practice in functional recovery after stroke: a systematic review. Neurología 31, 43–52. doi: 10.1016/j.nrleng.2013.02.008

Gardinier, E. S., Manal, K., Buchanan, T. S., and Snyder-Mackler, L. (2013). Altered loading in the injured knee after ACL rupture. J. Orthop. Res. 31, 458–464. doi: 10.1002/jor.22249

Guillot, A., Collet, C., Nguyen, V. A., Malouin, F., Richards, C., and Doyon, J. (2009). Brain activity during visual versus kinesthetic imagery: an fMRI study. Hum. Brain Mapp. 30, 2157–2172. doi: 10.1002/hbm.20658

Guillot, A., Di Rienzo, F., Macintyre, T., Moran, A., and Collet, C. (2012). Imagining is not doing but involves specific motor commands: a review of experimental data related to motor inhibition. Front. Hum. Neurosci. 6:247. doi: 10.3389/fnhum.2012.00247

Hortobagyi, T., Dempsey, L., Fraser, D., Zheng, D., Hamilton, G., Lambert, J., et al. (2000). Changes in muscle strength, muscle fiber size and myofibrillar gene expression after immobilzation and retraining in humans. J. Physiol. 524, 293–304.

Hunnicutt, J. L., McLeod, M. M., Slone, H. S., and Gregory, C. M. (2020). Quadriceps neuromuscular and physical function after anterior cruciate ligament reconstruction. J. Athl. Train. 55, 238–245. doi: 10.4085/1062-6050-516-18

Ito, T., Tsubahara, A., Shiraga, Y., Yoshimura, Y., Kimura, D., Suzuki, K., et al. (2020). Motor activation is modulated by visual experience during cyclic gait observation: a transcranial magnetic stimulation study. PLoS One 15:e0228389. doi: 10.1371/journal.pone.0228389

Jeannerod, M. (1994). The representing brain: neural correlates of motor intention and imagery. Behav. Brain Sci. 17, 187–245. doi: 10.1017/S0140525X00034026

Jeannerod, M. (1995). Mental imagery in the motor context. Neuropsychologia 33, 1419–1432. doi: 10.1016/0028-3932(95)00073-C

Johnston, P. T., McClelland, J. A., Feller, J. A., and Webster, K. E. (2020). Knee muscle strength after quadriceps tendon autograft anterior cruciate ligament reconstruction: systematic review and meta-analysis. Knee Surg. Sports Traumatol. Arthrosc. 29, 2918–2933. doi: 10.1007/s00167-020-06311-y

Kapreli, E., and Athanasopoulos, S. (2006). The anterior cruciate ligament deficiency as a model of brain plasticity. Med. Hypotheses 67, 645–650. doi: 10.1016/j.mehy.2006.01.063

Keays, S. L., Bullock-Saxton, J. E., Keays, A. C., Newcombe, P. A., and Bullock, M. I. (2007). A 6-year follow-up of the effect of graft site on strength, stability, range of motion, function, and joint degeneration after anterior cruciate ligament reconstruction: patellar tendon versus semitendinosus and gracilis tendon graft. Am. J. Sports Med. 35, 729–739. doi: 10.1177/0363546506298277

Kessler, M. A., Behrend, H., Henz, S., Stutz, G., Rukavina, A., and Kuster, M. S. (2008). Function, osteoarthritis and activity after ACL-rupture: 11 years follow-up results of conservative versus reconstructive treatment. Knee Surg. Sports Traumatol. Arthrosc. 16, 442–448. doi: 10.1007/s00167-008-0498-x

Kim, T., Frank, C., and Schack, T. (2017). A systematic investigation of the effect of action observation training and motor imagery training on the development of mental representation structure and skill performance. Front. Hum. Neurosci. 11:499. doi: 10.3389/fnhum.2017.00499

Kittelson, A. J., Stackhouse, S. K., and Stevens-lapsley, J. E. (2013). Neuromuscular electrical stimulation after total joint arthroplasty: a critical review of recent controlled studies. Eur. J. Phys. Rehabil. Med. 49, 909–920.

Kobayashi, A., Higuchi, H., Terauchi, M., Kobayashi, F., Kimura, M., and Takagishi, K. (2004). Muscle performance after anterior cruciate ligament reconstruction. Int. Orthop. 28, 48–51. doi: 10.1007/s00264-003-0502-5

Laible, C., and Sherman, O. H. (2014). Risk factors and prevention strategies of non-contact anterior cruciate ligament injuries. Bull. Hosp. Jt. Dis. 72, 70–75.

Lebon, F., Guillot, A., and Collet, C. (2012). Increased muscle activation following motor imagery during the rehabilitation of the anterior cruciate ligament. Appl. Psychophysiol. Biofeedback 37, 45–51. doi: 10.1007/s10484-011-9175-9

Leong, D. P., Teo, K. K., Rangarajan, S., Lopez-Jaramillo, P., Avezum, A., Orlandini, A., et al. (2015). Prognostic value of grip strength: findings from the prospective urban rural epidemiology (PURE) study. Lancet 386, 266–273. doi: 10.1016/S0140-6736(14)62000-6

Lindanger, L., Strand, T., Mølster, A. O., Solheim, E., and Inderhaug, E. (2019). Return to play and long-term participation in pivoting sports after anterior cruciate ligament reconstruction. Am. J. Sports Med. 47, 3339–3346. doi: 10.1177/0363546519878159

Louie, D. R., Lim, S. B., and Eng, J. J. (2019). The efficacy of lower extremity mirror therapy for improving balance, gait, and motor function poststroke: a systematic review and meta-analysis. J. Stroke Cerebrovasc. Dis. 28, 107–120. doi: 10.1016/j.jstrokecerebrovasdis.2018.09.017

Maddison, R., Prapavessis, H., Clatworthy, M., Hall, C., Foley, L., Harper, T., et al. (2012). Guided imagery to improve functional outcomes post-anterior cruciate ligament repair: randomized-controlled pilot trial. Scand. J. Med. Sci. Sports 22, 816–821. doi: 10.1111/j.1600-0838.2011.01325.x

Martin, K. A., Moritz, S. E., and Hall, C. R. (1999). Imagery use in sport: a literature review and applied model. Sport Psychol. 13, 245–268. doi: 10.1123/tsp.13.3.245

Marusic, U., and Grosprêtre, S. (2018). Non-physical approaches to counteract age-related functional deterioration: applications for rehabilitation and neural mechanisms. Eur. J. Sport Sci. 18, 639–649. doi: 10.1080/17461391.2018.1447018

Marusic, U., Grosprêtre, S., Paravlic, A., Kovač, S., Pišot, R., and Taube, W. (2018). Motor imagery during action observation of locomotor tasks improves rehabilitation outcome in older adults after total hip arthroplasty. Neural Plast. 2018:5651391. doi: 10.1155/2018/5651391

Mizner, R. L., Petterson, S. C., Stevens, J. E., Axe, M. J., and Snyder-Mackler, L. (2005a). Preoperative quadriceps strength predicts functional ability one year after total knee arthroplasty. J. Rheumatol. 32, 1533–1539. doi: 10.1519/00139143-200225030-00047

Mizner, R. L., Petterson, S. C., Stevens, J. E., Vandenborne, K., and Snyder-Mackler, L. (2005b). Early quadriceps strength loss after total knee arthroplasty. J. Bone Jt. Surg. 87, 1047–1054.

Morita, S., Kusaka, T., Tanaka, S., Yamada, E., Arima, N., Itoh, S., et al. (2013). The relationship between muscle weakness and activation of the cerebral cortex early after unicompartmental knee arthroplasty. J. Phys. Ther. Sci. 25, 301–307. doi: 10.1589/jpts.25.301

Mulder, T. (2007). Motor imagery and action observation: cognitive tools for rehabilitation. J. Neural Transm. 114, 1265–1278. doi: 10.1007/s00702-007-0763-z

Mulder, T., De Vries, S., and Zijlstra, S. (2005). Observation, imagination and execution of an effortful movement: more evidence for a central explanation of motor imagery. Exp. Brain Res. 163, 344–351. doi: 10.1007/s00221-004-2179-4

Nedelko, V., Hassa, T., Hamzei, F., Schoenfeld, M. A., and Dettmers, C. (2012). Action imagery combined with action observation activates more corticomotor regions than action observation alone. J. Neurol. Phys. Ther. 36, 182–188. doi: 10.1097/NPT.0b013e318272cad1

Needle, A. R., Lepley, A. S., and Grooms, D. R. (2017). Central nervous system adaptation after ligamentous injury: a summary of theories, evidence, and clinical interpretation. Sports Med. 47, 1271–1288. doi: 10.1007/s40279-016-0666-y

Ochi, E., Hamano, S., Tsuchiya, Y., Muramatsu, E., Suzukawa, K., and Igawa, S. (2015). Relationship between performance test and body composition/physical strength characteristic in sprint canoe and kayak paddlers. Open Access J. Sports Med. 6, 191–199. doi: 10.2147/oajsm.s82295

Olsson, C. J., and Nyberg, L. (2010). Motor imagery: if you can’t do it, you won’t think it. Scand. J. Med. Sci. Sports 20, 711–715. doi: 10.1111/j.1600-0838.2010.01101.x

Palmieri-Smith, R. M., Thomas, A. C., and Wojtys, E. M. (2008). Maximizing quadriceps strength after ACL reconstruction. Clin. Sports Med. 27, 405–424. doi: 10.1016/j.csm.2008.02.001

Paravlić, A., Pišot, S., and Mitić, P. (2018). Validation of the Slovenian version of motor imagery questionnaire 3 (MIQ-3): promising tool in modern comprehensive rehabilitation practice. Zdr. Varst. 57, 201–210. doi: 10.2478/sjph-2018-0025

Paravlic, A. H., Kovač, S., Pisot, R., and Marusic, U. (2019a). Neurostructural correlates of strength decrease following total knee arthroplasty: a systematic review of the literature with meta-analysis. Bosn. J. Basic Med. Sci. 20, 1–12. doi: 10.17305/bjbms.2019.3814

Paravlic, A. H., Maffulli, N., Kovaè, S., and Pisot, R. (2020a). Home-based motor imagery intervention improves functional performance following total knee arthroplasty in the short term: a randomized controlled trial. J. Orthop. Surg. Res. 15:451. doi: 10.1186/s13018-020-01964-4

Paravlic, A. H., Pisot, R., and Marusic, U. (2019b). Specific and general adaptations following motor imagery practice focused on muscle strength in total knee arthroplasty rehabilitation: a randomized controlled trial. PLoS One 14:e0221089. doi: 10.1371/journal.pone.0221089

Paravlic, A. H., Slimani, M., Tod, D., Marusic, U., Milanovic, Z., and Pisot, R. (2018). Effects and dose–response relationships of motor imagery practice on strength development in healthy adult populations: a systematic review and meta-analysis. Sports Med. 48, 1165–1187. doi: 10.1007/s40279-018-0874-8

Paravlic, A. H., Tod, D., and Milanovic, Z. (2020b). Mental simulation practice has beneficial effects on patients’ physical function following lower limb arthroplasty: a systematic review and meta-analysis. Arch. Phys. Med. Rehabil. 101, 1447–1461. doi: 10.1016/j.apmr.2020.04.004

Pišot, R., Marusic, U., Biolo, G., Mazzucco, S., Lazzer, S., Grassi, B., et al. (2016). Greater loss in muscle mass and function but smaller metabolic alterations in older compared with younger men following 2 wk of bed rest and recovery. J. Appl. Physiol. 120, 922–929. doi: 10.1152/japplphysiol.00858.2015

Pišot, R., Narici, M. V., Šimunič, B., De Boer, M., Seynnes, O., Jurdana, M., et al. (2008). Whole muscle contractile parameters and thickness loss during 35-day bed rest. Eur. J. Appl. Physiol. 104, 409–414. doi: 10.1007/s00421-008-0698-6

Proffitt, R., and Lange, B. (2015). The feasibility of a customized, in-home, game-based stroke exercise program using the microsoft kinect sensor. Int. J. Telerehabil. 7, 23–34. doi: 10.5195/ijt.2015.6177

Reynolds, J. E., Thornton, A. L., Elliott, C., Williams, J., Lay, B. S., and Licari, M. K. (2015). A systematic review of mirror neuron system function in developmental coordination disorder: imitation, motor imagery, and neuroimaging evidence. Res. Dev. Disabil. 47, 234–283. doi: 10.1016/j.ridd.2015.09.015

Ribeiro-Alvares, J. B., Marques, V. B., Vaz, M. A., and Baroni, B. M. (2018). Four weeks of nordic hamstring exercise reduce muscle injury risk factors in young adults. J. Strength Cond. Res. 32, 1254–1262. doi: 10.1519/JSC.0000000000001975

Ridderinkhof, K. R., and Brass, M. (2015). How kinesthetic motor imagery works: a predictive-processing theory of visualization in sports and motor expertise. J. Physiol. Paris 109, 53–63. doi: 10.1016/j.jphysparis.2015.02.003

Rizzolatti, G., and Sinigaglia, C. (2010). The functional role of the parieto-frontal mirror circuit: interpretations and misinterpretations. Nat. Rev. Neurosci. 11, 264–274. doi: 10.1038/nrn2805

Rogers, M., and Evans, W. J. (1993). Changes in skeletal muscle with aging: effects of exercise training. Exerc. Sport Sci. Rev. 21, 65–102.

Rush, J. L., Glaviano, N. R., and Norte, G. E. (2021). Assessment of quadriceps corticomotor and spinal-reflexive excitability in individuals with a history of anterior cruciate ligament reconstruction: a systematic review and meta-analysis. Sports Med. 51, 961–990. doi: 10.1007/s40279-020-01403-8

Sarasso, E., Gemma, M., Agosta, F., Filippi, M., and Gatti, R. (2015). Action observation training to improve motor function recovery: a systematic review. Arch. Physiother. 5:14. doi: 10.1186/s40945-015-0013-x

Singh, D. K. A., Mohd Nordin, N. A., Aziz, N. A. A., Lim, B. K., and Soh, L. C. (2013). Effects of substituting a portion of standard physiotherapy time with virtual reality games among community-dwelling stroke survivors. BMC Neurol. 13:199. doi: 10.1186/1471-2377-13-199

Stinear, C. M., Byblow, W. D., Steyvers, M., Levin, O., and Swinnen, S. P. (2006). Kinesthetic, but not visual, motor imagery modulates corticomotor excitability. Exp. Brain Res. 168, 157–164. doi: 10.1007/s00221-005-0078-y

Tabben, M., Eirale, C., Singh, G., Al-Kuwari, A., Ekstrand, J., Chalabi, H., et al. (2020). Injury and illness epidemiology in professional Asian football: lower general incidence and burden but higher ACL and hamstring injury burden compared with Europe. Br. J. Sports Med. 56, 18–23. doi: 10.1136/bjsports-2020-102945

Valeriani, M., Restuccia, D., Di Lazzaro, V., Franceschi, F., Fabbriciani, C., and Tonali, P. (1996). Central nervous system modifications in patients with lesion of the anterior cruciate ligament of the knee. Brain 119, 1751–1762. doi: 10.1093/brain/119.5.1751

Van Gog, T., Paas, F., Marcus, N., Ayres, P., and Sweller, J. (2009). The mirror neuron system and observational learning: implications for the effectiveness of dynamic visualizations. Educ. Psychol. Rev. 21, 21–30. doi: 10.1007/s10648-008-9094-3

Villafañe, J. H., Isgrò, M., Borsatti, M., Berjano, P., Pirali, C., and Negrini, S. (2017). Effects of action observation treatment in recovery after total knee replacement: a prospective clinical trial. Clin. Rehabil. 31, 361–368. doi: 10.1177/0269215516642605

Von Porat, A., Roos, E. M., and Roos, H. (2004). High prevalence of osteoarthritis 14 years after an anterior cruciate ligament tear in male soccer players: a study of radiographic and patient relevant outcomes. Ann. Rheum. Dis. 63, 269–273. doi: 10.1136/ard.2003.008136

Wang, D. X. M., Yao, J., Zirek, Y., Reijnierse, E. M., and Maier, A. B. (2020). Muscle mass, strength, and physical performance predicting activities of daily living: a meta-analysis. J. Cachexia Sarcopenia Muscle 11, 3–25. doi: 10.1002/jcsm.12502

Woo, S. L. Y., Abramowitch, S. D., Kilger, R., and Liang, R. (2006). Biomechanics of knee ligaments: injury, healing, and repair. J. Biomech. 39, 1–20. doi: 10.1016/j.jbiomech.2004.10.025

Wright, C. J., and Smith, D. (2009). The effect of PETTLEP imagery on strength performance. Int. J. Sport Exerc. Psychol. 7, 18–31. doi: 10.1080/1612197X.2009.9671890

Wright, D. J., Williams, J., and Holmes, P. S. (2014). Combined action observation and imagery facilitates corticospinal excitability. Front. Hum. Neurosci. 8:951. doi: 10.3389/fnhum.2014.00951

You, S. H., Jang, S. H., Kim, Y. H., Hallett, M., Ahn, S. H., Kwon, Y. H., et al. (2005). Virtual reality-induced cortical reorganization and associated locomotor recovery in chronic stroke: an experimenter-blind randomized study. Stroke 36, 1166–1171. doi: 10.1161/01.STR.0000162715.43417.91

Zarzycki, R., Morton, S., Charalambous, C. C., Pietrosimone, B., Williams, G. N., and Snyder-Mackler, L. (2021). Athletes after anterior cruciate ligament reconstruction demonstrate asymmetric intracortical facilitation early after surgery. J. Orthop. Res. 39, 147–153. doi: 10.1002/jor.24666

Zarzycki, R., Susanne, M., Charalambos, C., Brian, P., Glenn, W., and Lynn, S.-M. (2020). Examination of corticospinal and spinal reflexive excitability during the course of postoperative rehabilitation after anterior cruciate ligament reconstruction. J. Orthop. Sports Phys. Ther. 5, 1689–1699.

Zhang, J. J. Q., Fong, K. N. K., Welage, N., and Liu, K. P. Y. (2018). The activation of the mirror neuron system during action observation and action execution with mirror visual feedback in stroke: a systematic review. Neural Plast. 2018:2321045. doi: 10.1155/2018/2321045


Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Paravlic. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpsyg-13-826476-t001.jpg
Training variables Motor imagery vs
no-exercise controls

Highest value Effect size
Training period (weeks) 4 0.88
Training frequency (per week) 3 1.22
Number of sets (per training) 2-3 0.90
Number of repetitions (per set) 25 1.18
Number of repetitions (per one session) 50 1.18
Number of repetitions (per study) 1,000 1.18
Training intensity (% of 1RM or MVC) 100 0.92
Time under tension (s)? o 1.05
Rest in between sets (s) 20 1.20
Rest in between repetitions (s) 5 1.37
Total training duration per study (min) 300 1.07
Total training duration per week (min) 60-80 0.99
Duration of one training session (min) 15 1.04

The content of this table is based on individual training variables with no respect for
interaction between training variables.

1RM one-repetition maximum, MVC maximum voluntary contraction.

ATime under tension was calculated only for MViC contraction (100% intensity).
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