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Objective: Proprioceptive training is any intervention aiming to improve proprioceptive function with the ultimate goal to enhance motor function and performance. It has been promoted as an approach to enhance athletic performance and as a tool for sensorimotor rehabilitation. Numerous studies sought to provide evidence on the effectiveness of the approach. However, many different training regimes claiming to train proprioception report a variety of sensorimotor measures that are not directly comparable. This, in turn, makes it difficult to assess effectiveness across approaches. It is the objective of this study to systematically review recent empirical evidence to gain an understanding of which outcome measures are most sensitive, which populations may benefit most from proprioceptive training, and what are the effects on proprioceptive and motor systems.

Methods: Four major databases were searched. The following inclusion criteria were applied: (1) A quantified pre- and post-treatment measure of proprioceptive function. (2) An intervention or training program believed to influence or enhance proprioceptive function. (3) Contained at least one form of treatment or outcome measure that is indicative of somatosensory function and not confounded by information from other sensory modalities. 4) The study reported of at least one quantified measure of motor performance.

Results: Of the 3,297 articles identified by the database search, 70 studies met the inclusion criteria and were included for further review. Across studies, proprioceptive training led to comparable gains in both proprioceptive (+46%) and motor performance (+45%). The majority of studies (50/70) applied active movement interventions. Interventions applying somatosensory stimulation were most successful in clinical populations. Joint position sense error (JPSE) was the most commonly used proprioceptive measure and presents a reliable and feasible measure for clinical use.

Conclusion: Proprioceptive training can lead to significant improvements in proprioceptive and motor function across a range healthy and clinical populations. Regimens requiring active movement of the trainee tended to be most successful in improving sensorimotor performance. Conclusive evidence on how long training gains are retained is still lacking. There is no solid evidence about the underlying long-term neuroplastic changes associated proprioceptive training.
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INTRODUCTION

In 2015, our group published a systematic review that summarized the state of knowledge on proprioceptive training at that time (1). Since then, there has been increasing interest into this approach, especially how it affects motor performance in clinical populations and athletes, and what type of interventions may be most suitable and effective for a given population. Here we present a follow-up review that presents a comprehensive overview of the research in this area since 2013.

Broadly defined, proprioception refers to the sense of body position and motion. In addition to position and motion senses, it includes sense of effort, force and heaviness. Proprioceptive training is an intervention that aims to improve proprioceptive function with the ultimate goal of improving or restoring sensorimotor function (1). There is increasing empirical evidence documenting that a training focusing on improving specific aspects of proprioception (e.g., position sense) improves the trained motor function and may also transfer to motor tasks that were not trained (2–5). Conversely, it is now established that motor learning enhances not only a trained motor skill but also proprioceptive function and that it affects neural processing in motor as well as in somatosensory cortical areas (6). It is this close association between motor and proprioceptive learning that is behind the motivation to examine if and what forms of proprioceptive training yield meaningful gains in proprioceptive and motor function, and to identify populations most responsive to such interventions.

Because proprioception and movement are closely linked, and because the motor system uses input from multiple sensory modalities to control movement, it is typically difficult to isolate the contribution of a specific sensory system to observable gains in motor function. Thus, in order to elucidate the extent to which proprioceptive training enhances sensorimotor function, it is important to obtain measures of proprioceptive as well as motor function. Moreover, proprioception can only be accurately quantified during motor tasks that do not rely on other sensory input. For example, postural control requires the integration of visual, vestibular, and proprioceptive information (7). Consequently, when assessing balance, it is difficult to determine the contribution of proprioceptive information during static or dynamic balance without blocking non-proprioceptive signals. For the purpose of this review, we did not include studies that stated to have conducted a proprioceptive training, but only reported biomechanical measures of motor performance to infer indirectly on proprioceptive status. Direct measures of proprioceptive performance included specific somatosensory or somatosensory-motor measures, such as passive or active joint position sense.

This systematic review focused on research produced in the last 7 years (2013–2020) that was published after the previous review by Aman et al. (1). Specifically, we aimed (a) to document interventions that are used to improve proprioception and motor performance, (b) to highlight the measures to quantify the effects on proprioceptive and motor performance due to proprioceptive training, and (c) to examine the usefulness of proprioceptive training as a rehabilitation tool to improve motor function and performance in clinical and non-clinical populations.



METHODS

The methods applied for this review follow the Preferred Reporting Items for Systematic Reviews and Meta-Analysis Literature Search Extension (PRISMA-S) checklist (8).


Literature Search Strategy

A systematic search of the literature was performed using the databases of Medline (Ovid), CINAHL, PsycInfo (Ovid), and Scopus. The specific search terms were propriocept*, kinesthesis, train*, rehabilitat*, along with other search words including intervention, therapy, treatment, exercise, learning, human. An additional search term “proprioception.mp” was used in Medline to limit the search to publications that included the term proprioception in the title or keywords section. Without this limitation, Medline identified a large number of papers that had no focus on proprioception or proprioceptive training. A full list of the exact combination of search terms used in each database can be found in Appendix A, Supplementary Material.

Each search was limited to languages in English, German, and Chinese because our research team had fluency in these three languages. The search was limited to publication dates from January 2013 to October 20, 2020. The Medline search was further constrained by including the terms all clinical trials, comparative study, evaluation study, multicenter study, observational study, or validation study. The search in CINAHL was limited to research article or peer reviewed. Only human studies were evaluated. The year 2013 was chosen, because 2012 was the last year evaluated in the systematic search by Aman et al. (1).



Inclusion/Exclusion Criteria

The following four inclusion criteria were employed to identify relevant studies: (1) An intervention or training program of any variable length or duration believed to influence proprioception was implemented. (2) A quantified pre- and post-treatment measure of proprioceptive function was reported. (3) Contained at least one form of outcome measure that relies on or is indicative of somatosensory function and is not influenced by information from other sensory modalities (e.g., visual or vestibular). (4) A quantified pre- and post-treatment measurement of motor performance was reported. The first three inclusion criteria duplicate those from Aman et al. (1) and the fourth was subsequently applied to identify studies incorporating motor performance.



Data Extraction and Reporting

Search results were imported into Endnote (9) for deduplication and into Rayyan (10) for further screening. Authors LW, QH, and JS equally and independently reviewed titles, abstracts, and full texts for inclusion or exclusion. All titles and abstracts were reviewed by two authors. Pending disagreement between reviewers, the third author was employed to make the final decision of inclusion or exclusion. Full texts were reviewed by only one author. Articles in question were discussed by the full team and decisions were made with the full consensus of the team. Titles and abstracts were evaluated based on inclusion criteria #1 and #2 and full texts were evaluated based on all four inclusion criteria (see Figure 1).


[image: Figure 1]
FIGURE 1. A flow chart of the article screening and selection process.


Following Aman et al. (1), three quantitative evaluation measures were obtained for each study in the current review: First, within-group pre- to post-treatment scores were converted to a percentage of change for both proprioceptive and motor measures. These scores were most consistently reported data among all studies and allow comparison across a range of training protocols, outcome measures, and disease entities. The following formula was used to calculate percent change:

[image: image]

Second, the physiotherapy evidence database (PEDro) scale was applied to measure the external and internal validity and the study interpretability (11). Only studies with a comparable control group were scored (see Table 1). Third, Cohen's d was calculated to quantify effect size (i.e., the standardized difference between two means). For those articles where sufficient data were provided, Cohen's d effect size was calculated for both between-group (e.g., control vs. intervention) (see Table 2) and within-group (pre-post treatment effect of a single group) comparisons (see Table 3). To calculate Cohen's d for between groups (ds) the following formula was used:

[image: image]


Table 1. Summary of all reviewed studies, categorized by intervention type.
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Table 2. Effect sizes for between-group comparisons.
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Table 3. Effect sizes for within-group comparisons.
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where ds refers to the standardized mean difference between two independent groups of observations, [image: image] and [image: image] are the means of group one and two, respectively, n1 and n2 are the sample sizes of group one and two, respectively, and SD1 and SD2 are the standard deviations of group one and two, respectively. The numerator is mean difference of the two groups of observations and the denominator is the pooled standard deviation (81). To calculate the within-group Cohen's d (dz), the following formula was used following Rosenthal (82):
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where dz refers to the within-subject standardized mean difference, t is the t-value of the group measures and n is the sample size. If a study had multiple proprioceptive or motor measures, respectively, effect sizes were only calculated for the largest difference between post-intervention measures between groups, or the largest percentage improvement between pre-and post-intervention measures for within-group effect sizes, respectively.




RESULTS


Initial Search Results and Final Included Studies

The initial search yielded 3,700 articles. Of those, 403 articles were duplicates, resulting in a final total of 3,297 identified studies. Subsequently, three authors reviewed all titles and abstracts independently and applied three specific inclusion criteria (see Figure 1). A total of 264 articles met those criteria. In a next step, a fourth criterion was applied requiring that the reported research included at least one motor outcome measure that isolated sensory from motor improvements due to the intervention. This resulted in 161 articles that met all four criteria based on the review of title and abstract. Finally, all four selection criteria were applied again on the full-text articles, yielding 70 articles that were included in this systematic review. The main reason for exclusion of articles in this final step was wording in the title and abstract that indicated that all inclusion criteria were met, while review of the full text showed that this was not the case. For example, in the abstract, many studies indicated the use of a proprioceptive outcome measure but did not specify it. The full text subsequently revealed that the measure did not meet our criteria, which led to the exclusion in the final step. The cumulative sum of participants in the included studies is 4,068, with study sample sizes ranging from 7 to 616 participants.



Classification by Outcome Measures

We first categorized the reported proprioceptive and motor outcome measures. In general, measures indicative of proprioceptive function can be broadly classified into somatosensory measures that were based on passive movements of the limb or body, and somatosensory-motor measures during active movement. This distinction is important as somatosensory-motor measures reflect the contribution of somatosensory as well as voluntary motor control processes, while somatosensory measures reflect solely the processing of somatosensory signals.



Classification by Proprioceptive Outcome Measures

We separated proprioceptive outcome measures into four categories according to what aspect of proprioceptive function it sought to measure: force reproduction error, joint position sense error (JPSE), joint position sense detection threshold, and joint position sense discrimination threshold. Studies that required participants to match a target force typically reported a force reproduction error as a measure of proprioceptive function. Testing paradigms that required the matching of a previously experienced joint position or the concurrent matching across two homologous joints often derived a joint position sense error (JPSE). Such joint matching was either performed actively by the participant, or the joint(s) were passively moved by an apparatus. Few studies applied psychophysical methods to obtain joint position sense detection or joint position sense discrimination thresholds. These methods require participants to make verbal judgments on joint position(s), which are then used to fit a stimulus-response function. A joint position sense detection threshold is an estimate of the minimum perceivable change in position and serves as a measure of proprioceptive sensitivity. A joint position sense discrimination threshold, or the just noticeable difference (JND) between two perceived joint positions represents a measure of proprioceptive acuity. Active movement-based JPSE and force reproduction error are considered somatosensory-motor measures. Passive movement-based JPSE, joint position sense detection and discrimination thresholds represent somatosensory measures (Figure 2).


[image: Figure 2]
FIGURE 2. Overview over position and motion related proprioceptive outcome measures.


An example of an ipsilateral, active joint position matching task (20) is illustrated in Figure 3A. Using a Biodex system, a participant's foot was passively moved to a target position (e.g., 15° eversion) and then returned to the starting position. Subsequently, the participant actively matched the target. After three trials, the active JPSE was calculated as the average difference between the target and matched positions. An example of a psychophysical assessment of proprioceptive function is depicted in see Figure 3B. This study used a robotic device to obtain a wrist joint position sense discrimination threshold (4). The blindfolded participant's wrist was moved by the robot successively to two distinct wrist joint positions (a fixed standard and a variable comparison position) and then verbally indicated, which position was farther from the starting position (first or second). Based on the participant's response, the comparison position was adjusted (e.g., increased or decreased). After 30 trials, a wrist position sense discrimination threshold was estimated as the angular difference at which the participant achieved 75% correct response rate (see Figure 3C).


[image: Figure 3]
FIGURE 3. Two examples of an experimental setup to obtain proprioceptive outcome measures and position sense discrimination threshold estimation based on participant responses. Visual and acoustic stimuli are typically blocked during these assessments. (A) An ipsilateral ankle joint matching task uses modified isokinetic device. The ankle is passively rotated by the device to a target position. In a second displacement participants stop the passive motion when they perceive to have reached the previous position (20). (B) A robotic device that passively displaces the wrist joint during a joint position discrimination task. The robot rotates the wrist in two consecutive trials from a neutral to a standard or a comparison position. The participant verbally responds to which position is further away from the neutral position. (C) Using verbal responses and experienced proprioceptive stimuli as inputs, a proprioceptive acuity function is fitted. The corresponding joint position sense discrimination threshold reflects the 75% correct response rate. The uncertainty area between the 60-90 percentiles is a measure of precision, reflecting a person's reliability in making consistent perceptual judgments.


Several studies attempted to determine joint motion sense sensitivity (36, 41, 44, 46, 55, 74, 79), reporting the angular displacement or time duration to perceive a passive movement at a single slow velocity (velocity range: 0.3–1.5 deg/s). Because these studies only applied a single low velocity, their approach is identical to those studies that determined joint position sense. Thus, for the purpose of this review, we categorized them as belonging to the group of position sense studies. JPSE was the most commonly used proprioceptive outcome measure (65 out of 70 studies); most of those studies (48 out of 65) used active JPSE. Compared to measures such as force reproduction error or joint position sense detection threshold, JPSE measures do not require additional equipment or automated movement of a limb. It is therefore unsurprising that measurement of JPSE has become widely used in clinical and research settings in order to quantify proprioceptive function (83, 84).



Classification by Motor Outcome Measures

The reported motor outcome measures can be grouped into three broad categories: (1) clinical rating scales, (2) joint-specific measures, or (3) whole-body postural stability measures. Clinical rating scales included clinical measures such as the reaching distance obtained in the Functional Reach Test to quantify balance. Joint-specific measures comprised joint kinematic variables such as movement time or range of motion (ROM), or kinetic variables such as peak force or torque. Whole-body postural control measures were typically based on center of pressure (CoP) data (e.g., sway area, sway path). Twenty studies utilized a variety of clinical scales as motor outcome measures. Another 25 studies reported joint-specific measures, and 25 different studies reported whole-body stability measures of motor performance (for details on used scales and specific assessments see Table 1). In addition, several studies obtained latencies and amplitudes of EMG signals (16, 30, 49).



Effectiveness of Proprioceptive Training by Type of Intervention

We grouped each included study into one of five categories according to the applied intervention: Active Movement/Balance Training, Passive Movement Training, Somatosensory Stimulation Training, Somatosensory Discrimination Training, Combined/Multiple System Training, and Meditation (85). Table 1 lists all studies by intervention category and summarizes relevant information on disease entity, type of intervention, trained limb or body system, proprioceptive and motor outcome measures, and PEDro score. Figure 4 displays treatment effects of proprioceptive and motor measures.


[image: Figure 4]
FIGURE 4. Treatment effects by intervention type. Studies not reporting exact data are not pictured and were not included in calculating the mean. For studies that applied multiple proprioceptive or motor measures, respectively, only the proprioceptive and motor measure with the largest pre-post intervention improvement is shown.


To gain an understanding of the potential training effectiveness, we calculated the effect sizes for between-group comparisons for studies that provided sufficient information (reported as Cohen's d unless otherwise specified; see Table 2. For Hedge's g, see Appendix B). Between-group effect sizes were calculated for those studies that showed no group differences at baseline. Table 3 shows effect sizes for within-group comparisons. Effect sizes (Cohen's d) for between-group comparisons ranged from 0.28 to 5.74 (see Table 2) and from 0.37 to 2.94 (see Table 3) for within-group comparisons. Four between-group and two within-group comparisons yielded small effect sizes (dz ≥ 0.2, η2 ≥ 0.01) for proprioceptive and motor performance measures. Medium effect sizes (dz ≥ 0.5, η2 ≥ 0.06) were seen in five and seven studies, respectively. The majority of studies revealed large effect sizes (dz ≥ 0.8, η2 ≥ 0.14; 26 between-group and 30 within-group comparisons), indicating that the majority of interventions could induce changes in the reported outcome measures. There was no clear relationship between effect size and intervention type or outcome measure.



Active Movement/Balance Training

The vast majority of reports (50/70 studies) investigated the effects of active movement and/or balance training. The following interventions were used: balance training (7 studies), active multi-joint movement (27 studies), active single-joint movement (13 studies), and balance training in combination with active multi-joint movement (3 studies). Balance interventions included single and double leg standing balance exercises on wobble boards, balance pads and cushions (17, 23, 26, 32, 34, 36, 37, 40, 59), seated balance exercises (23, 37), walking or jogging balance exercises (23, 40), and balance exercises using the Biodex balance system (19). Studies assessed predominantly healthy individuals, including younger (23, 26, 32, 36) and older adults (34, 37, 40). Clinical investigations focused on orthopedic populations such as individuals with ankle sprains (17) and after total knee or hip replacement (59), as well as children with cerebral palsy (19). The mean relative treatment effects for balance training were 58% (range 40–83%) for proprioceptive performance, and 48% (range 12–72%) for motor performance. It is noteworthy that balance training led to improvements in at least one proprioceptive or motor measure in all ten studies that assessed the impact of balance training on proprioception and motor performance. Eight studies showed improvements in both proprioceptive and motor performance. With respect to training duration, the two studies that led to improvement in only one measure used balance training for only 3 weeks (32, 59), compared to 6–12 weeks in the other eight studies.

Active multi-joint movements included whole-body training such as Tai Chi (12, 24), Yoga (41), whole-body strength and stabilization exercise, as well as lower limb rehabilitation (13, 15, 47), lower extremity strength and flexibility exercise, and upper limb strength, stability and flexibility exercise (49, 51, 52, 54) (see Table 1). Thirty studies fell into this subcategory. Training duration varied greatly between 3 weeks and 12 months but there was no apparent relationship between the total time spent training and the amount of improvement between pre-and post-intervention measures. The magnitude of the mean relative treatment effects was 48% (range 17–72%) for proprioceptive and 47% (range 7–107%) for motor performance outcome measures. Active multi-joint movements were used in orthopedic, neurological and non-clinical populations. The three studies that used a combination of balance and active multi-joint movement (34, 36, 37) showed large improvements in both proprioceptive (range 50–83%) and motor measures (range 50–72%) compared to studies that applied interventions of balance training or active multi-joint movements alone. These studies applied a combination of balance training and whole-body strength training (37) or lower limb strength training (34, 36) in healthy adults and adolescents.

In 13 studies, proprioceptive training focused on active single-joint movement. Eight of these studies reported improvements in at least one proprioceptive or motor measure, and six interventions led to improvements in both proprioceptive and motor performance. Effective single-joint interventions resulting in proprioceptive or motor function gains included active stretching of the hip (30), strength exercises for the shoulder (29, 44), active movement and proprioceptive exercises for the shoulder (55), strength exercises for the wrist (27), knee (16) and ankle (22), as well as robotic exercises for the wrist (4). Overall, mean relative treatment effects across all studies for proprioceptive performance were 53% (range 28–100%) and 148% (range 19–725%) for motor performance. Treatment duration tended to be shorter than for balance training and active multi-joint movement interventions, ranging from a single, 36 second bout of activity to 8 weeks, with no apparent relationship between intervention length and treatment effect. There is no clear evidence that specific joints are more sensitive to proprioceptive training interventions than others. It is noteworthy that of the five studies assessing isolated training of the shoulder (29, 42, 44, 55, 56), all but one report motor improvements (56), but only two report proprioceptive improvements at the end of the intervention (44, 55).

Overall, 43 of the 50 studies that used active movement and/or balance training showed improvement in at least one proprioceptive or motor measure post-treatment. In three studies, there was proprioceptive improvement but no change in motor performance (32, 49, 51); in eight studies, participants improved motor performance but not proprioception (15, 29, 30, 39, 41, 42, 48, 59), and in the remaining 32 studies, participants improved at least one proprioceptive and one motor measure (Figure 4). Treatment effects ranged from 17% (38) to 100% (55) for proprioceptive performance and from 6% (21) to 300% (55) for motor measures.



Passive Movement Training

Only one study used passive movement training as the primary intervention. Qaiser et al. (60) investigated the effects of passive leg movements on proprioception and a spatial precision stepping task in 15 individuals with spinal cord injury and ten healthy controls. There was a 23% reduction in passive JPSE post-training (5.22° to 4.03°) across participants and a 20% reduction of precision error in the stepping task in the eight participants with spinal cord injury who were able to perform the task. In two studies, passive movement training was used as the control condition (30, 57). Eymir et al. (57) compared the effects of active heel slide exercises to continuous passive knee movement after total knee replacement surgery in 113 individuals. Active exercise led to higher proprioceptive acuity (p < 0.05), earlier ability to perform the straight leg raise test (p = 0.001), and improved performance in the Timed Up and Go Test (TUG) (p = 0.028), sit-to-stand (p = 0.05) and stair climbing (p = 0.038). However, only proprioceptive acuity remained significantly higher in the active group at 3-month follow-up. Lastly, Minshull et al. (30) found that passive stretching was equally effective as proprioceptive neuromuscular facilitation (PNF) in 18 healthy volunteers. Both interventions improved passive hip flexibility by 19.3% (p < 0.01) but had no effects on proprioceptive performance as measured by force reproduction error and active JPSE.



Somatosensory Stimulation Training

Somatosensory stimulation was used as an intervention to improve proprioceptive and motor performance in ten studies. Somatosensory stimulation training that led to significant improvements in proprioceptive performance included Kinesio taping (62, 69), whole-body vibration (63), foam rolling of the lower extremity (65), and electrical stimulation of the hand (70). Five of the ten studies in this category reported significant improvements in proprioceptive performance, measured by JPSE, and seven studies reported significant improvements in motor performance (Figure 4). Mean treatment effects were 40% (range 5–78%) for proprioceptive performance and 25% (range 3–39%) for motor performance. Of the ten studies using somatosensory stimulation, Cho et al. (69) found the largest improvement in proprioceptive function. In this study in individuals with knee osteoarthritis, a single application of Kinesio Tape led to a 78% decrease in ankle JPSE at 45° plantarflexion (Pre-intervention M: 14.50° SD: 3.50°, Post-intervention M: 3.2° SD: 1.37°), while there was no change in JPSE in the control group which received a placebo tape application.

In all three studies that applied whole-body vibration, motor performance improvements were shown after the intervention in adults after anterior cruciate ligament (ACL) reconstruction (61), healthy elderly adults (64), and children with cerebral palsy (63). However, only Ko et al. (63) also showed improvements in proprioceptive performance. The authors assessed the effects of whole-body vibration in combination with standard physical therapy (N = 12) compared to physical therapy alone (N = 12). Participants received 9 min of whole-body vibration in addition to their 30-min therapy session, twice a week for 3 weeks. Children in the experimental group improved mean ankle proprioception by 54% and mean gait-related measures such as speed (23%), step length (25%), and step width (29%). Whole-body vibration led to significantly improved gait speed and step width when compared to the control group. The six studies that used Kinesio taping, massage, or foam rolling showed mixed results. In three studies, the interventions led to improved proprioceptive and motor performance measures (62, 65, 69), while three other studies showed no changes in either of the outcome measures (66–68).

There is initial evidence that somatosensory stimulation training is more effective in clinical than in non-clinical populations. The two studies assessing the effect of somatosensory stimulation in neurological populations (cerebral palsy, stroke) (63, 70) and two of three studies in orthopedic populations showed positive effects of somatosensory stimulation on proprioceptive function, measured by JPSE. On the other hand, only one of the five studies in healthy populations using somatosensory stimulation reported positive effects on proprioception.

Intervention duration ranged from a single application to 8 weeks. Interestingly, the two longest interventions of 8 weeks with two weekly sessions of whole-body vibration in people after ACL reconstruction (61) and in healthy adults (64) did not lead to significant improvements in proprioceptive acuity as measured by JPSE.



Combined/Multiple System Training

Six studies applied combined or multiple systems interventions to improve proprioceptive and motor performance, all in the lower extremity. Five of those six studies used a combination of somatosensory stimulation and active movement training (72, 73, 75–77) and one study used a combination of passive stretching and active robot-assisted movement of the lower limb (74). The study populations included people with orthopedic lower limb injuries and neurological populations with stroke or multiple sclerosis. Five of the studies reported significant improvements in proprioceptive and motor outcomes (Figure 4). Relative mean treatment effects were 47% (range 17–92%) for proprioceptive performance and 86% (25–152%) for motor performance. Proprioceptive measures included JPSE and joint position sense detection threshold, while motor measures included clinical rating scales such the American Orthopaedic Foot and Ankle Society Ankle-Hindfoot Score (75), postural stability measures including CoP displacement and sway area (76, 77), and joint-specific measures such as knee-to-wall distance (73) and ankle passive ROM in dorsiflexion (74).

The combination of transcutaneous electrical nerve stimulation of calf muscles and active movement training implemented by Alahmari et al. (73) led to the largest improvement in proprioceptive function in individuals after an ankle sprain. The researchers assessed the effects of 3 weeks of combined somatosensory stimulation and active movement (N = 20), compared to active movement alone (N = 20) and no intervention (N = 20). Combined systems training led to an improvement in mean ankle JPSE of 92% (Pre-intervention: 2.5° SD 1.7°, Post-intervention M: 0.2° SD: 0.5°), while the other two groups showed no improvement. Smaller ankle JPSE indicates superior ankle proprioceptive function, which is essential for postural control and balance during standing and walking (86–88). The combined systems group was also superior to both the active movement training and control groups in post-intervention motor outcomes.



Mind-Body Exercises

Mind-body awareness exercises such as meditation, Yoga, Tai Chi and Qigong have received increasing scientific attention in recent years and have shown to have positive effects on motor performance, depression and quality of life (89), as well as cognitive function (90). Considering the positive influence of such interventions on motor performance, researchers have also addressed the question whether mind-body exercises may positively affect proprioceptive performance. Five studies were included in this review assessed the effects of mind-body exercises using Tai Chi (12, 24), Yoga (41), walking meditation (78), and Yoga meditation (79). Study populations included individuals with ACL injury (12), Parkinson's disease (79), Type II Diabetes (24), and older adults (41, 78). All studies showed improvements in motor outcomes, and three studies (12, 24, 78) reported gains in proprioceptive acuity as measured by JPSE. Mind-body exercises were shown to be effective in improving proprioceptive and motor performance in a variety of populations, with improvements in JPSE ranging from 43 to 58%. Intervention duration ranged from 6 to 24 weeks, and dosage between 12 and 72 h. Empirical evidence on optimal dosage is inconclusive. Previous work suggested that a longer mind-body exercise intervention duration may be crucial in improving cognitive function and motor performance (89, 90). However, two mind-body intervention studies examining older adults (41) and people with Parkinson's disease (79) did not find gains in proprioceptive performance (dosage: 13.5 and 18 h over 6 and 12 weeks, respectively). Another study by Chatutain et al. (78) using a shorter intervention of 8 weeks with a total of 12 h of training did show improvements in both proprioceptive and motor outcomes. Their study trained 29 older adults in mindfulness using a walking meditation practice and compared proprioceptive and motor performance to a control group. Post-intervention, the intervention group showed significant improvements in active JPSE (43% mean reduction in angular error) and motor performance (34.1% increase in Functional Reach Test distance). For the control group, changes in proprioceptive and motor performance were not significantly different from baseline.



Summary

Using relative improvement as a metric shows that across a wide range of training studies that reported statistically significant gains, proprioceptive performance improved on average by 46% and motor performance by 45%. Balance training and/or active movement interventions were used by a majority of studies (50 out of 70). Approximately 86% (43/50) of the studies showed improvement in at least one proprioceptive or motor measure, with 64% (32/50) of studies reporting gains in both proprioceptive and motor function.

The effects of passive movement training on proprioceptive performance are mixed and may depend on the population. Individuals who are able to perform active movements appear to benefit more from active training when one considers markers of proprioceptive and motor function. Nevertheless, passive movement interventions were shown to be equally effective in improving specific motor functions, such as passive joint flexibility. Similarly, results of somatosensory stimulation training to improve proprioception were mixed. Data from this review suggest that effects depend on the study population, such that neurological populations may benefit most consistently from such interventions. Accordingly, combined systems training, such as somatosensory stimulation in combination with active movement, appears to effectively improve proprioception, measured by JPSE and joint position detection threshold, and motor function in orthopedic and neurological populations. No studies using multiple systems training in non-clinical populations were included in this review. Mind-body exercises such as meditation, Tai Chi and Yoga were used to improve proprioceptive and motor performance in a variety of populations. While all studies showed improvements in motor performance, the study results indicate that longer intervention duration and dosage may be required lead to changes in proprioceptive performance.



Classification of Proprioceptive Training by Study Population

Interventions to improve proprioception and motor function have been used in a wide variety of populations. We categorized studies into three subgroups, according to the study population assessed. These subgroups were orthopedic, neurological and non-clinical populations. Figure 5 displays treatment effects of proprioceptive and motor measures. In addition, a small number of studies assessed the effect of training on proprioceptive and motor performance in populations affected by hypermobility, head and neck injuries, Diabetes mellitus, as well as deaf individuals.
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FIGURE 5. Treatment effects by population type. Studies not reporting exact data are not pictured and were not included in calculating the mean. For studies that applied multiple proprioceptive or motor measures, only the proprioceptive and motor measure with the largest percentage improvement between pre- and post-intervention measures is shown.




Orthopedic Populations

Because muscles, tendons, and ligaments contain proprioceptors, orthopedic injuries affecting these tissues are known to disrupt or alter proprioceptive signals, which has negative effects on motor function (91–94). Orthopedic injuries in studies in the present review included lower extremity injuries, such as ACL injuries, hip and knee joint arthroplasty, knee joint osteoarthritis, foot and ankle injuries, as well as joint hypermobility, neck and head, and upper extremity injuries. A total of 29 total studies measured proprioception and motor performance in people with orthopedic injuries. Twenty-three of these studies demonstrated post-intervention improvements in proprioceptive (range: 17–92%, M: 50%) or motor performance (range: 7–300%, M: 56%) (Figure 5). Effect sizes ranged from small to large for proprioceptive and motor measures (Tables 2, 3).



Lower Extremity Injuries

Sixteen studies assessed the effect of proprioceptive training in individuals with hip and knee injuries, including ACL injury and knee joint osteoarthritis (45–47, 69), as well as hip (59) or knee arthroplasty (57–59, 77). Only three of these studies did not show post-intervention improvement in proprioceptive performance (15, 59, 61) and one study did not report post-intervention motor improvement (61). Interventions that led to significant post-test improvements included active multi-joint movements such as additional knee rehabilitation programs (13, 14), Tai Chi (12), neuromuscular knee joint facilitation (16), active heel-slide exercises (57), active training interventions targeting balance, agility, stability and/or strength (45–47, 58), as well as somatosensory stimulation in the form of Kinesio taping (62, 69, 77) and the application of radiofrequency shrinkage treatment on the ACL (72). Notably, all three studies that used Kinesio Tape (62, 69, 77) demonstrated proprioceptive benefits (relative change between 33 and 78%), and motor performance improvements (range 21–53%).

Six studies assessed the effects of proprioceptive training in individuals with ankle sprain (17, 73), ankle instability (20–22), or plantar fasciitis (75). Their mean improvement in ankle JPSE was 48% (range 17–92%) at post intervention. Mean motor scores were improved by 57% (range 7–148%). Interventions were predominantly active, including PNF (17) combined with transcutaneous electrical nerve stimulation of the calf (73), short foot exercises (20), strength training (22), and balance training combined with the use of ankle orthotics (21), but also included somatosensory stimulation (75). The largest proprioceptive performance improvement was shown by Alahmari et al. (73), who assessed the effects of a 5-week intervention that combined PNF and transcutaneous electrical nerve stimulation in 20 individuals with ankle sprain, compared to PNF alone (N = 20) and a control group (N = 20). Ankle JPSE in the experimental group improved by 92% (Pre-intervention: M: 2.5° SD: 1.7°, Post-intervention: M: 0.2° SD: 0.5°). The largest motor performance improvement was shown by Akinoglu et al. (75), who assessed the effects of radial extracorporeal shock wave therapy (N = 18) compared to ultrasound (N = 18) and a control condition (N = 18) in individuals with plantar fasciitis. The experimental group improved their American Orthopedic Foot and Ankle Association score by 148% (Pre-intervention: M: 30.11 SD: 12.49, Post-intervention: M: 74.72 SD: 13.55).



Upper Extremity Injury

Four studies assessed the effect of proprioceptive training in individuals with upper extremity injuries including impingement syndrome or tennis elbow (54), infraspinatus muscle atrophy (44), subacromial impingement syndrome (55), and subacromial pain syndrome (56). Three of these studies demonstrated post-intervention improvements in proprioceptive and motor function. All studies used interventions involving active movement exercises at the shoulder or wrist. The one study that did not show post-intervention improvements (56) implemented a single session (total practice time: 36 s) of flexible bar exercises in individuals with subacromial pain (N = 50), compared to unaffected controls (N = 50). In contrast, the interventions in the three other studies lasted for 6–8 weeks. It is likely that the bout of exercise applied by Boarati et al. (56) was too short to elicit post-intervention differences.



Neurological Populations

Sixteen studies assessed the effects of interventions on proprioception and motor performance in individuals affected by neurological disorders, such as cerebral palsy (CP), Parkinson's disease (PD), stroke and spinal cord injury, multiple sclerosis (MS), and diabetes mellitus. Effect sizes ranged from medium to large for both proprioceptive and motor measures (Tables 2, 3). Across studies, mean post-intervention proprioceptive outcome measures improved by 40% (range 5–58%). Mean post-intervention motor performance improved by 32% (range 9–107%), measured by various balance, gait, strength, and ROM tests. Measurements of lower extremity proprioception demonstrated the largest improvements in proprioception (35–58%, M: 46%). Of the nine studies assessing lower extremity proprioception, seven utilized whole-body training interventions [(12, 14, 37, 42, 50, 73, 95); Table 1] whereas the other two trained only the lower limb or ankle. Mean upper extremity proprioceptive measurements improved by 25% (range 5–33%).



Cerebral Palsy

Cerebral Palsy (CP) is a congenital, neurological disorder caused by abnormal brain development that negatively affects sensorimotor function (96). Four studies assessed the effects of proprioceptive training in individuals with CP (18, 26, 63, 71). All four studies demonstrated post-intervention improvements in proprioceptive and motor function. Intervention types included somatosensory discrimination training, somatosensory stimulation and active/balance training. One study assessed somatosensory discrimination training of the hand (71), while the other three studies applied whole body training in addition to standard care. Whole-body interventions included somatosensory stimulation in the form of vibration (63), as well as Biodex balance training (19), and walking on a treadmill with eyes open or closed (18). In the three studies that applied whole-body training, proprioceptive performance was assessing JPSE in the lower extremities. These three studies exhibited some of the greatest improvements in proprioceptive performance within the neurological populations assessed in this review. Relative reduction in JPSE ranged from 54 to 55% at the knee (18, 19) and ankle (63). Relative improvements in gait and balance improved by 12 to 29% as measured by decreased step width (Pre-intervention: M: 15.83 cm SD: 5.89 cm, Post-intervention: M: 11.27 SD: 5.42 cm) (26), decreased modified TUG duration (Pre-intervention: M: 21.46 s, Post-intervention: M: 13.80 s) (18), and improved pediatric Berg Balance Scale score (Pre-intervention: M: 35.91 points SD: 1.74 points, Post-intervention: M: 40.04 points SD: 2.17 points) (63) (Figure 5).



Parkinson's Disease

Parkinson's disease (PD) is a neurodegenerative disease leading to impaired motor function (e.g., bradykinesia, rigidity, tremor) and is associated with proprioceptive dysfunction (97). Four studies aimed to improve proprioceptive and motor performance in PD (4, 50, 51, 79). Two of the studies showed post-intervention improvement in both proprioceptive and motor measures (4, 50), and one study each found post-intervention improvement in either proprioceptive (51) or motor outcomes (79). Mean proprioceptive performance improved by 35% (range 28–44%), while mean motor performance improved by 21% (range 9–30%).

In three of four studies, active movement interventions were applied, including whole-body training (50, 51) and robot-aided training of the wrist joint (4). Whole-body exercise interventions included training on a trampoline or treadmill (50) and maximal amplitude movements and stretching (51). The wrist training incorporated playing a virtual reality game in which participants moved a ball to a target position on the screen (4). One study applied yoga meditation (79). Study duration varied from a single application to 12 weeks. Notably, the longest training intervention of 12 weeks of yoga meditation did not lead to proprioceptive performance improvements (79), while the single session of robot-aided wrist exercise (mean duration: 33 min) significantly improved both proprioceptive and motor performance (28% mean reduction in wrist joint position sense discrimination thresholds and 59% mean decrease in cumulative spatial motor error) (4).



Stroke and Spinal Cord Injury

Stroke leads to brain tissue damage after reduced blood supply to the brain. Insults affecting sensorimotor cortex and/or its efferent projections impair proprioceptive and motor function. Partial or complete severing of the spinal cord also induces somatosensory motor impairment to varying degrees. Four studies measured the influence of training in people with subacute (70, 76) and chronic stroke (52, 53), all of which demonstrated improvements in proprioceptive and motor performance. Interventions included active movement such as matching tasks of the arm (52) and a robot-aided gamified finger exercise (53), as well as somatosensory stimulation which included repetitive sensory stimulation of the hand (70) and the combination of balance training and transcutaneous electrical nerve stimulation (76). One study measured the influence of proprioceptive training on proprioceptive and motor performance in 15 individuals with a spinal cord injury (60). During the intervention, participants' heels were passively moved to various positions, upon which the participant identified where the heel was in relation to the reference position. Knowledge of results via visual feedback was provided after each trial. The training was conducted over 12 h on multiple days. As a result, mean knee JPSE improved by 23% (Pre-intervention: M: 5.22° SD: 4.63°, Post-intervention: M: 4.03° SD: 3.05°) and precision stepping error improved by 20% (Pre-intervention: M: 18.69 mm SD: 8.76 mm, Post-intervention: M: 14.91 mm, SD: 7.80 mm).

Overall, mean proprioceptive performance improvement was 30% (range 5–43%). Training duration ranged from 2 days to 8 weeks, but four of the five studies implemented interventions of 3 weeks or less. It is noteworthy two of the studies implemented electrical stimulation as the intervention (70, 76), whereas no other neurological population applied this treatment type. Further, more general training interventions were longer in duration than more specific interventions. That is, more time was spent during exercise movements of the leg (40 h) than during electrical stimulation of the hand (7.5 h) or force-feedback matching movements of the arm (3 h).



Multiple Sclerosis

Multiple Sclerosis (MS) is a progressive autoimmune disease of the CNS that leads to sensory and somatosensory impairments, including mobility restriction (98). Two studies utilized an intervention to influence proprioceptive and motor performance in individuals with MS (48, 74). Both studies demonstrated post-intervention improvement in lower extremity proprioceptive and motor measures and both studies used active movement interventions. The two studies demonstrated similar proprioceptive improvements in the lower extremity and implemented an intervention of similar duration (6–8 weeks with 12–13.5 total practice hours). Lee et al. (74) showed improvements in mean ankle joint position sense detection threshold of 35% (Pre-intervention: M: 3.82° SD: 2.52°, Post-intervention: M: 2.49° SD: 0.50°), while Moghadasi et al. (48) found a 36% improvement in knee JPSE (Pre-intervention: M: 5.15° SD: 2.26°, Post-intervention: M: 3.31° SD: 1.33°).



Non-clinical Populations

Non-clinical populations were subcategorized into Athletes and younger adult non-athletes and elderly adults/fall prevention. Twenty-four studies assessed non-clinical populations, of which only 11 demonstrated post-intervention improvements in proprioceptive performance. Motor improvements were shown in 16 studies. The study by Hiroshige et al. (64) measured both young and elderly healthy individuals. This study is evaluated in both the non-athlete and elderly/fall prevention sections. Overall, participants improved proprioception by 47% (range 20–83%) and motor performance by 36% (range 4–72%). Effect sizes ranged from small to large for proprioceptive and motor measures (Tables 2, 3).



Athletes and Young Adults

Only three out of the 16 studies targeting young adults or young athletes demonstrated improvements in proprioceptive and motor performance while the other three studies found no difference in either proprioceptive or motor measures (33, 68, 80). The interventions leading to performance improvements included active multi-joint movements such as plyometric training for badminton players (25), a core strengthening program for dancers (28) as well as an ankle strength, position sense and balance training program for speed skaters (36). All of those studies aimed to improve proprioceptive performance in the lower extremity with interventions ranging from 6 to 12 weeks.

Ten studies assessed the effects of proprioceptive training on proprioceptive and motor performance in young healthy non-athletes (Table 1). Five of these studies demonstrated proprioceptive improvements, while six studies reported motor improvements. Proprioceptive performance improved on average by 41% (range 21–74%) in 5 studies and mean motor performance improved by 25% (range 4–53%). Active and balance interventions were used predominately; somatosensory stimulation was used in one study. Active interventions included neuromuscular wrist joint facilitation (27), balance training (26, 32) and proprioceptive exercises using augmented reality (31), while somatosensory stimulation was applied in the form of non-vibration foam rolling (31). The total training time and training duration were short in comparison to interventions in other populations. Total training time ranged from 6 min to 4 h, while training duration ranged from a single application to 8 weeks with three studies implementing single-application interventions and two studies implementing interventions on three separate days. It is possible that training was under-dosed in the populations of healthy non-athletes, as three of the five studies that did not lead to proprioceptive improvements were among the studies of shortest intervention duration.



Elderly/Fall Prevention

Of the seven studies targeting elderly individuals, three studies demonstrated improvements in post-intervention proprioceptive performance (range 43–83%) and five in motor measures (range 34–72%). The interventions that led to proprioceptive improvement included active movement such as whole-body exercise in the form of strength, reaction time, and balance training. Intervention lengths ranged from 6 weeks to 12 months. Notably, participants in the study with the longest training duration (39) showed only minimal improvements in gait speed but declined balance and proprioceptive performance at post-intervention.



Summary

Proprioceptive interventions were effective in improving proprioceptive and motor performance in orthopedic, neurological, and in non-clinical populations (Figure 5). In orthopedic populations, 23 out of 29 studies (79%) yielded statistically significant gains in both proprioceptive and motor performance measures. In a large majority of studies, active exercise such as Tai Chi or strength training was applied. Of the studies that implemented an exercise intervention, just over half targeted a single body part (i.e., knee, ankle). Somatosensory stimulation was also shown to be effective, particularly Kinesio taping. Intervention duration varied greatly between a single bout of exercise or somatosensory stimulation to exercise regimen lasting up to 36 weeks. There was no clear pattern that might indicate an optimal training dosage.

In individuals with neurological disorders, proprioceptive training interventions generally improved both proprioceptive and motor performance. Fourteen of the 16 studies (88%) demonstrated improvements in proprioceptive performance and 15 of 16 studies (94%) showed improved motor function. Interventions targeting the lower extremity were associated with larger post-intervention improvements than those targeting the upper extremity.

Interventions in non-clinical populations were the least effective in this review. Of a total of 24 studies in athletes and non-athletes, less than half (11/24) led to improvements in proprioceptive performance. The three studies demonstrating the greatest improvements in proprioception were studies in elderly/fall prevention and young non-athlete populations. In the young individuals, exercise was the intervention used in all but one study that demonstrated an improvement in proprioceptive performance. All but one study (27) measured proprioception in the lower extremities. That is, of the 11 studies documenting improvements in proprioceptive function, 10 measured knee or ankle joint proprioception. The largest improvements in motor function were the result of strength training and balance exercises.




DISCUSSION

This review aimed to provide the current state of research on the effects of a proprioception-focused sensorimotor training on proprioceptive and motor function. Specifically, we (a) documented the types of interventions that have been applied to improve proprioception and motor performance, (b) highlighted what outcome measures were used to quantify the effects on proprioceptive and motor performance, and (c) examined the usefulness of proprioceptive training approaches as a rehabilitation tool to improve motor function and performance in clinical populations.


Which Interventions Are Most Effective?

A fundamental question to answer is what type of interventions are most successful in improving proprioceptive and motor function. In addition, it would be important to know whether an intervention that specifically targets proprioceptive-motor function is superior to traditional forms of multimodal sensorimotor training. This knowledge could guide future training approaches in such diverse fields as athletic performance or physical rehabilitation. Our review of the recent empirical evidence allows for some general observations: First, when considering active movement/balance interventions, the reported gains in proprioceptive function were generally comparable to improvements in motor function. That is, those studies showing large proprioceptive improvements also showed large improvements in motor performance. Second, for those interventions that targeted somatosensory function (e.g., passive movement, somatosensory discrimination training and somatosensory stimulation training) the post-intervention effects on proprioceptive function tended to be slightly higher than changes in motor performance. Such training predominantly targets proprioceptive function while indirectly improving motor function. Third, our analysis revealed that a large variety of training types positively influenced proprioceptive and motor performance. There is no single intervention that stands out as being most successful. Proprioceptive training was effective in improving proprioceptive performance in 71% of the studies (50/70) and improved motor performance in 81% of those reports (57/70). In general, the magnitude of gain for proprioceptive outcome measures was 20% or more in 43 out of 50 studies and motor outcome measures improved by 20% or more in 41 out of 57 studies. A vast majority of studies (55 out of 70) used active movement alone or a combination of active movement and somatosensory stimulation to improve proprioceptive and motor performance.

The effectiveness of training on proprioceptive and motor performance is further substantiated by the analysis of the effect sizes of within- or between-group differences of the 40 studies that provided sufficient information for calculation. Effect sizes for proprioceptive outcomes were medium or large (d ≥ 0.5, η2 ≥ 0.06) (Tables 2, 3) in 32 out of 36 studies. Similarly, the effect sizes for the corresponding motor outcome measures were medium or large in 38 out of 40 studies. Although there was no apparent pattern of effect sizes regarding intervention types, it is noteworthy that interventions in neurological populations all led to medium or large effect sizes. However, effect sizes for within-group comparisons in studies applying somatosensory stimulation or discrimination training were small or medium (d ≤ 0.5, η2 ≤ 0.06), indicating that somatosensory training alone may be less effective in improving proprioceptive and motor performance than sensorimotor training.

With respect to the optimal training dosage or intensity, no consistent overall pattern emerged that could guide future research, clinical trials, and practice. However, for balance interventions, longer durations of 6 weeks or more appeared to be more successful than shorter interventions of only 3 weeks (32, 59). In contrast, somatosensory stimulation led to rapid changes in proprioceptive and motor performance even within a single session. Moreover, there is initial evidence that interventions targeting a single joint or body segment required shorter intervention duration and dosage and led to more frequent and larger improvements when compared to whole-body interventions of similar dosage.

Finally, it would be desirable to know how training dosage influences the time that any proprioceptive-motor gains are retained. Unfortunately, a majority of studies did not perform follow-up assessments to test for retention of training gains. Those studies that did perform follow-up assessments varied greatly in their retention interval, with intervals ranging between 1 day (62) and 26 weeks (46). Thus, at present there is no clear evidence from which to draw firm conclusions on how long gains after proprioceptive and motor learning persist. Yet, this information is vitally important to inform future training protocols for rehabilitation interventions in clinical populations.



Which Proprioceptive Outcome Measures Are Most Sensitive to Detect Gains?

The studies reviewed here used a variety of heterogeneous outcome measures, which makes it difficult to directly compare results across studies. The majority of the studies reported some form of joint position sense error as an objective measure of proprioceptive acuity (the ability to discriminate between different stimuli) (99). However, one needs to recognize that a JPSE can be computed under a range of different experimental paradigms. Typical joint position matching tasks either use ipsilateral or contralateral matching. During ipsilateral matching the same limb is moved consecutively to two distinct positions and JPSE marks the difference between the two assumed positions. In contralateral matching task, one limb is moved (e.g., the right forearm) and the assumed joint position is matched by the contralateral, homologous limb (e.g., the left forearm). All studies reporting JPSE in this review used an ipsilateral joint position matching paradigm. Ipsilateral matching tasks rely on working memory as the previous position needs to be remembered in order to be able to match. In contrast, contralateral testing eliminates the memory issue as both joint positions are experienced simultaneously, but it introduces potential bias from limb preference (e.g., handedness or footedness) and it relies on intact neural processing across the two brain hemispheres (83, 84). Work by Goble et al. (83) and Elangovan et al. (100) have shown that in healthy adults, ipsilateral joint position matching tends to lead to a smaller JPSE than contralateral matching. In addition, it is important to consider, whether a JPSE was obtained by passively displacing limbs or whether the examinee actively moved the limb to match a joint position. One needs to recognize that an active movement-based JPSE is a composite measure of both proprioceptive and motor function. This active movement-based approach becomes problematic in clinical populations with known impairments of motor function, as it becomes difficult to discern to what extent a JPSE is a measure of motor dysfunction or the result of impaired proprioception. When testing proprioceptive function in people with compromised motor control, it is therefore advisable to employ passive movement-based forms of testing. Furthermore, joint position matching task performance is influenced by several factors, including how long a limb position is presented, limb preference and participant age (83).

As an alternative to JPSE, psychophysical threshold hunting techniques can be employed. These methods represent an established gold standard for assessing proprioceptive senses and yield detection or discrimination thresholds that are comparable across studies (Figure 2). However, they typically require specialized equipment, and the devices are restricted to assess single-joint function. Importantly, proprioceptive thresholds derived under conditions where a joint is passively rotated represent the closest estimation of “pure” proprioception as influences input from other sensory modalities and higher order neural processes of sensory and sensorimotor integration can be controlled.



Which Populations Benefitted Most From Proprioceptive Interventions?

Our analysis showed that a wide variety of populations may benefit from a proprioceptive-focused intervention. Such training regimens applied to clinical populations led to marked positive changes in proprioceptive and motor function more frequently than those in non-clinical populations. It is noteworthy that the largest improvements in non-clinical populations were not in athletes but in elderly adult/fall prevention populations. Reasons for this may include larger potential for improvement in untrained healthy elderly adults compared to athletes, as well as the fact that interventions were generally shorter in the athlete populations and may have been insufficient to lead to significant changes. It has previously been stated that somatosensory rehabilitation is crucial in neurorehabilitation as somatosensory loss is associated with poorer motor recovery (101) and impaired motor learning (102). Results from this review demonstrate that both orthopedic and neurological populations improve proprioceptive and motor performance following interventions targeting proprioception, underlining the importance of targeting somatosensation in addition to motor performance in rehabilitation programs.



Challenges in Evaluating Existing Literature

While some general conclusions can be drawn, open questions and challenges remain. First and foremost, the terminology to describe the tested sensory modalities is inconsistent. For example, some studies claimed to examine joint motion sense detection thresholds (36, 41, 44, 46, 55, 74, 79). All of those studies, passive joint angular displacement was performed at a single, constant, slow speed (range from 0.3 to 1.5 deg/s) and participants were instructed to indicate once they became aware of their limb segment being moved. Subsequently, the time or angular displacement were measured. For the purpose of this review, this proprioceptive measure was categorized as joint position sense detection threshold instead of motion sense detection threshold, as stated in the studies. The following reasoning underlies this decision: Measuring the time or angular displacement at a constant velocity provides a measure of joint position sense detection threshold, whereas velocity is a measure of motion sense detection threshold. In order to detect joint motion sense detection thresholds, the joint needs to be moved at a variety of angular velocities to identify the velocity threshold at which motion can be detected in the respective joint (103). Second, the current body of literature presents with a lack of consensus on what constitutes proprioceptive training. In a strict sense, an intervention that allows for multimodal sensory input during a motor training and then measures gains in proprioceptive function, is not proprioceptive training. As we previously put forward “proprioceptive training is an intervention that targets the improvement of proprioceptive function, focusing on the use of somatosensory signals such as proprioceptive or tactile afferents in the absence of information from other modalities such as vision. Its ultimate goal is to improve or restore sensory and/or sensorimotor function” (1). Considering this operational definition, most interventions included in this review would not be considered pure forms of proprioceptive training because they did not restrict information from other sensory modalities such as vision. While such multimodal sensorimotor training may be desired, it makes it difficult to discern if reported gains in motor function were driven by enhanced proprioceptive processing or by optimizing other neural processes such as multimodal sensory integration, sensory-motor integration, or improved motor execution.

Studies included in this review did not address fundamental questions regarding central mechanisms for the rehabilitation of proprioceptive and motor deficits, such as after ACL injury, despite known associations between central processing and changes in performance post-injury (104, 105). Better understanding of the relationship between neurophysiological changes, proprioceptive impairment and improvement is necessary to adequately address these issues. Despite the lack of evidence for changes associated with the central nervous system in the present study, a body of empirical research has shown that changes in sensorimotor function are associated with central reorganization (6, 104, 106–108). Further, sensorimotor intervention has been shown to improve and restore neuro-cognitive functions in recent neuroimaging research. In particular, sensorimotor intervention has been used to re-establish sensorimotor strategies in body representation (109). These neuro-cognitive functions are associated with activation of specific neural networks (110), as well as cortico-spinal pathways (111). The present systematic review substantiates the understanding of behavioral aspects of the effects of training aimed at improving proprioceptive and motor function. This underlines and extends current knowledge of the relationship between behavioral and neuroscientific evidence on the effects of proprioceptive training.



Resume and Recommendations for Future Studies

The last decade has seen an increased effort in gaining a more complete understanding of the close link between proprioceptive and motor function, and a vast number of studies that apply forms of proprioceptive-focused interventions to improve motor outcomes. It is noteworthy that the body of literature using distinct proprioceptive measures has increased substantially since our previous systematic review which summarized work up to 2013 (1). There is now convincing empirical evidence that approaches such as active movement and balance interventions can induce large gains in both proprioceptive and motor function. Further, there is evidence that interventions aimed at improving somatosensory function do not only improve proprioception but also motor function, supporting the notion that somatosensory training induces cortical reorganization (1). Behavioral changes induced by proprioceptive training fit with current knowledge of neurophysiological changes associated with sensorimotor interventions (109), providing new insights on possible benefits of proprioceptive training and underlining how multifaceted the effects of proprioceptive training are.

A major, consistent problem is the plethora of reported outcome measures that are not directly comparable, which then does not allow for a comparison between studies. This use of outcome measures severely impacts our understanding of “what works” and the limits the scientific impact of the studies. In order to address this issue, it is paramount that future studies apply a consistent terminology and use established objective motor and proprioceptive outcome measures that are sensitive and reliable. Researchers need to be aware that the type of employed assessment technique using either active or passive motion, focusing on a single joint or representing a multi-joint composite measure, will constrain the interpretation of their results and will affect their conclusions.

Finally, our current knowledge on how well the reported proprioceptive and motor gains are retained after practice is rather incomplete. Many studies failed to examine retention at all. Yet, solid empirical evidence on observable short- and long-term retention after proprioceptive training is imperative to understand the underlying mechanisms of neural plasticity, and to delineate the neuroanatomical regions as well as the neurophysiological processes of proprioceptive-motor learning. There is a need within the scientific community to harmonize outcome measures and to apply proven outcome measures that are part of an accepted toolbox. This would allow future studies to select appropriate motor and proprioceptive measures for the clinical or non-clinical population under study that will be comparable to other research-specific combinations of in order to increase comparability of results.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

LW, QH, and JS conducted the literature search and subsequent analyses, and wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This research was supported by funds from the University of Minnesota Marty and Jack Rossmann Award to JK.



ACKNOWLEDGMENTS

We thank Scott Marsalis, Social Science Librarian, University of Minnesota Libraries, for his methodological advice and assistance in formulating the database search strategies.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fresc.2022.830166/full#supplementary-material



REFERENCES

 1. Aman JE, Elangovan N, Yeh IL, Konczak J. The effectiveness of proprioceptive training for improving motor function: a systematic review. Front Hum Neurosci. (2015) 8:1075. doi: 10.3389/fnhum.2014.01075

 2. Yeh IL, Holst-Wolf J, Elangovan N, Cuppone AV, Lakshminarayan K, Capello L, et al. Effects of a robot-aided somatosensory training on proprioception and motor function in stroke survivors. J Neuroeng Rehabil. (2021) 18:1–11. doi: 10.1186/s12984-021-00871-x

 3. Elangovan N, Cappello L, Masia L, Aman J, Konczak J. A robot-aided visuo-motor training that improves proprioception and spatial accuracy of untrained movement. Sci Rep. (2017) 7:17054. doi: 10.1038/s41598-017-16704-8

 4. Elangovan N, Tuite PJ, Konczak J. Somatosensory training improves proprioception and untrained motor function in Parkinson's disease. Front Neurol. (2018) 9:1053. doi: 10.3389/fneur.2018.01053

 5. Wang Y, Zhu H, Elangovan N, Cappello L, Sandini G, Masia L, et al. A robot-aided visuomotor wrist training induces gains in proprioceptive and movement accuracy in the contralateral wrist. Sci Reports. (2021) 11:1–13. doi: 10.1038/s41598-021-84767-9

 6. Ostry DJ, Darainy M, Mattar AAG, Wong J, Gribble PL. Somatosensory plasticity and motor learning. J Neurosci. (2010) 30:5384–93. doi: 10.1523/JNEUROSCI.4571-09.2010

 7. Horak FB. Postural orientation and equilibrium: what do we need to know about neural control of balance to prevent falls? Age Ageing. (2006) 35 (suppl_2):ii7–11. doi: 10.1093/ageing/afl077

 8. Rethlefsen ML, Kirtley S, Waffenschmidt S, Ayala AP, Moher D, Page MJ, et al. PRISMA-S: an extension to the PRISMA statement for reporting literature searches in systematic reviews. Syst Rev. (2021) 10:39. doi: 10.1186/s13643-020-01542-z

 9. The EndNote Team. EndNote. Philadelphia, PA: Clarivate (2013). 

 10. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan-a web and mobile app for systematic reviews. Syst Rev. (2016) 5:210. doi: 10.1186/s13643-016-0384-4

 11. Verhagen AP, De Vet HCW, De Bie RA, Kessels AGH, Boers M, Bouter LM, et al. The Delphi list: a criteria list for quality assessment of randomized clinical trials for conducting systematic reviews developed by Delphi consensus. J Clin Epidemiol. (1998) 51:1235–41. doi: 10.1016/S0895-4356(98)00131-0

 12. Büyükturan Ö, Büyükturan B, Kurt EE, Yetis M. Effects of Tai Chi on partial anterior cruciate ligament injury: a single-blind, randomized-controlled trial. Turkish J Phys Med Rehabil. (2019) 65:160–8. doi: 10.5606/tftrd.2019.2798

 13. Ordahan B, Küçükşen S, Tuncay I, Salli A, Uǧurlu H. The effect of proprioception exercises on functional status in patients with anterior cruciate ligament reconstruction. J Back Musculoskelet Rehabil. (2015) 28:531–7. doi: 10.3233/BMR-140553

 14. Peultier-Celli L, Mainard D, Wein F, Paris N, Boisseau P, Ferry A, et al. Comparison of an innovative rehabilitation, combining reduced conventional rehabilitation with balneotherapy, and a conventional rehabilitation after anterior cruciate ligament reconstruction in athletes. Front Surg. (2017) 4:1–10. doi: 10.3389/fsurg.2017.00061

 15. Zult T, Gokeler A, van Raay JJAM, Brouwer RW, Zijdewind I, Farthing JP, et al. Cross-education does not accelerate the rehabilitation of neuromuscular functions after ACL reconstruction: a randomized controlled clinical trial. Eur J Appl Physiol. (2018) 118:1609–23. doi: 10.1007/s00421-018-3892-1

 16. Wang L. Immediate effects of neuromuscular joint facilitation intervention after anterior cruciate ligament reconstruction. J Phys Ther Sci. (2016) 28:2084–7. doi: 10.1589/jpts.28.2084

 17. Lazarou L, Kofotolis N, Malliou P, Kellis E. Effects of two proprioceptive training programs on joint position sense, strength, activation and recurrent injuries after ankle sprains. Isokinet Exerc Sci. (2017) 25:289–300. doi: 10.3233/IES-171146 

 18. El Shemy SA. Effect of treadmill training with eyes open and closed on knee proprioception, functional balance and mobility in children with spastic diplegia. Ann Rehabil Med. (2018) 42:854–62. doi: 10.5535/arm.2018.42.6.854

 19. El-Gohary TM, Emara HA, Al-Shenqiti A, Hegazy FA. Biodex balance training versus conventional balance training for children with spastic diplegia. J Taibah Univ Med Sci. (2017) 12:534–40. doi: 10.1016/j.jtumed.2017.07.002

 20. Lee E, Cho J, Lee S. Short-foot exercise promotes quantitative somatosensory function in ankle instability: a randomized controlled trial. Med Sci Monit. (2019) 25:618–26. doi: 10.12659/MSM.912785

 21. Lee H-J, Lim K-B, Jung T-H, Kim D-Y, Park K-R. Changes in balancing ability of athletes with chronic ankle instability after foot orthotics application and rehabilitation exercises. Ann Rehabil Med. (2013) 37:523. doi: 10.5535/arm.2013.37.4.523

 22. Hanci E, Sekir U, Gur H, Akova B. Eccentric training improves ankle evertor and dorsiflexor strength and proprioception in functionally unstable ankles. Am J Phys Med Rehabil. (2016) 95:448–58. doi: 10.1097/PHM.0000000000000421

 23. Zarei H, Norasteh AA. The effect of 8 weeks proprioception training without visual input on single-limb standing balance time in deaf students: a randomized controlled trial. J Bodyw Mov Ther. (2020) 24:63–8. doi: 10.1016/j.jbmt.2019.09.002

 24. Cavegn EI, Riskowski JL. The effects of Tai Chi on peripheral somatosensation, balance, and fitness in hispanic older adults with type 2 diabetes: a pilot and feasibility study. Evid Based Complement Altern Med. (2015) 2015:767213. doi: 10.1155/2015/767213

 25. Alikhani R, Shahrjerdi S, Golpaigany M, Kazemi M. The effect of a six-week plyometric training on dynamic balance and knee proprioception in female badminton players. J Can Chiropr Assoc. (2019) 63:144–53.

 26. El-Gohary TM, Khaled OA, Ibrahim SR, Alshenqiti AM, Ibrahim MI. Effect of proprioception cross training on repositioning accuracy and balance among healthy individuals. J Phys Ther Sci. (2016) 28:3178–82. doi: 10.1589/jpts.28.3178

 27. Hu C, Huang Q, Yu L, Hu Y, Rongming X, Li Z, et al. Evaluation of effects of different treatments for the wrist joints of subdominant hands using joint proprioception and writing time. J Phys Ther Sci. (2016) 28:1599–601. doi: 10.1589/jpts.28.1599

 28. Kalaycioglu T, Apostolopoulos NC, Goldere S, Duger T, Baltaci G. Effect of a core stabilization training program on performance of ballet and modern dancers. J strength Cond Res. (2018) 34:1166–75. doi: 10.1519/JSC.0000000000002916

 29. Lin Y, Karduna A. Improve shoulder joint position sense in healthy subjects. Hum Mov Sci. (2016) 49:248–57. doi: 10.1016/j.humov.2016.06.016

 30. Minshull C, Eston R, Bailey A, Rees D, Gleeson N. The differential effects of PNF versus passive stretch conditioning on neuromuscular performance. Eur J Sport Sci. (2014) 14:233–41. doi: 10.1080/17461391.2013.799716

 31. Park Y-J, Yoo H, Im J-H, Hong J-H, Kim J, Lee D-Y, et al. Comparison of proprioception, lower limb stability, blood pressure and rOM after proprioceptive exercise by Ar exercise and therapist instruction. Medico Legal Updat. (2019) 19:500. doi: 10.5958/0974-1283.2019.00226.3 

 32. Peer MA, Gleeson N. Effects of a short-termconditioning intervention on knee flexor sensorimotor and neuromuscular performance in men. J Sport Rehabil. (2018) 27:37–46. doi: 10.1123/jsr.2016-0012

 33. Pérez-Silvestre Á, Albert-Lucena D, Gómez-Chiguano GF, Plaza-Manzano G, Pecos-Martín D, Gallego-Izquierdo T, et al. Six weeks of multistation program on the knee proprioception and performance of futsal players. J Sports Med Phys Fitness. (2019) 59:218–25. doi: 10.23736/S0022-4707.18.08141-0

 34. Sohn J, Kim S. Falls study: proprioception, postural stability, and slips. Biomed Mater Eng. (2015) 26:S693–703. doi: 10.3233/BME-151361

 35. Walsh GS. Effect of static and dynamic muscle stretching as part of warm up procedures on knee joint proprioception and strength. Hum Mov Sci. (2017) 55:189–95. doi: 10.1016/j.humov.2017.08.014

 36. Winter T, Beck H, Walther A, Zwipp H, Rein S. Influence of a proprioceptive training on functional ankle stability in young speed skaters – a prospective randomised study. J Sports Sci. (2015) 33:831–40. doi: 10.1080/02640414.2014.964751

 37. Chittrakul J, Siviroj P, Sungkarat S, Sapbamrer R. Multi-system physical exercise intervention for fall prevention and quality of life in pre-frail older adults: a randomized controlled trial. Int J Environ Res Public Health. (2020) 17:1–13. doi: 10.3390/ijerph17093102

 38. Lee HC, Chang KC, Tsauo JY, Hung JW, Huang YC, Lin SI. Effects of a multifactorial fall prevention program on fall incidence and physical function in community-dwelling older adults with risk of falls. Arch Phys Med Rehabil. (2013) 94:606–15.e1. doi: 10.1016/j.apmr.2012.11.037

 39. Merom D, Mathieu E, Cerin E, Morton RL, Simpson JM, Rissel C, et al. Social dancing and incidence of falls in older adults: a cluster randomised controlled trial. PLoS Med. (2016) 13:e1002112. doi: 10.1371/journal.pmed.1002112

 40. Zheng J, Pan Y, Hua Y, Shen H, Wang X, Zhang Y, et al. Strategic targeted exercise for preventing falls in elderly people. J Int Med Res. (2013) 41:418–26. doi: 10.1177/0300060513477297

 41. Wooten SV, Signorile JF, Desai SS, Paine AK, Mooney K. Yoga meditation (YoMed) and its effect on proprioception and balance function in elders who have fallen: a randomized control study. Complement Ther Med. (2018) 36:129–36. doi: 10.1016/j.ctim.2017.12.010

 42. Liaghat B, Skou ST, Jørgensen U, Sondergaard J, Søgaard K, Juul-Kristensen B. Heavy shoulder strengthening exercise in people with hypermobility spectrum disorder (HSD) and long-lasting shoulder symptoms: a feasibility study. Pilot Feasibility Stud. (2020) 6:1–13. doi: 10.1186/s40814-020-00632-y

 43. Daman M, Shiravani F, Hemmati L, Taghizadeh S. The effect of combined exercise therapy on knee proprioception, pain intensity and quality of life in patients with hypermobility syndrome: A randomized clinical trial. J Bodyw Mov Ther. (2019) 23:202–5. doi: 10.1016/j.jbmt.2017.12.012

 44. Salles JI, Guimarães JM, Filho GM, Morrissey D. Effect of a specific exercise strategy on strength and proprioception in volleyball players with infraspinatus muscle atrophy. Scand J Med Sci Sports. (2018) 28:2093–9. doi: 10.1111/sms.13216

 45. Gezginaslan Ö, Öztürk EA, Cengiz M, Mirzaoglu T, Çakci FA. Effects of isokinetic muscle strengthening on balance, proprioception, and physical function in bilateral knee osteoarthritis patients with moderate fall risk. Turkish J Phys Med Rehabil. (2018) 64:353–61. doi: 10.5606/tftrd.2018.2422

 46. Knoop J, Dekker J, van der Leeden M, van der Esch M, Thorstensson CA, Gerritsen M, et al. Knee joint stabilization therapy in patients with osteoarthritis of the knee: a randomized, controlled trial. Osteoarthr Cartil. (2013) 21:1025–34. doi: 10.1016/j.joca.2013.05.012

 47. Kumar S, Kumar A, Kumar R. Proprioceptive training as an adjunct in osteoarthritis of knee. J Musculoskelet Res. (2013) 16:10. doi: 10.1142/S0218957713500024

 48. Moghadasi A, Ghasemi G, Sadeghi-Demneh E, Etemadifar M. The effect of total body resistance exercise on mobility, proprioception, and muscle strength of the knee in people with multiple sclerosis. J Sport Rehabil. (2020) 29:192–9. doi: 10.1123/jsr.2018-0303

 49. Shiravi S, Letafatkar A, Bertozzi L, Pillastrini P, Khaleghi Tazji M. Efficacy of abdominal control feedback and scapula stabilization exercises in participants with forward head, round shoulder postures and neck movement impairment. Sports Health. (2019) 11:272–9. doi: 10.1177/1941738119835223

 50. Daneshvar P, Ghasemi G, Zolaktaf V, Karimi MT. Original article comparison of the effect of 8-week rebound therapy-based exercise program and weight-supported exercises on the range of motion, proprioception, and the quality of life in patients with Parkinson's disease. Int J Prev Med. (2019) 10:1–8. doi: 10.4103/ijpvm.IJPVM_527_18

 51. Peterka M, Odorfer T, Schwab M, Volkmann J, Zeller D. LSVT-BIG therapy in Parkinson's disease: physiological evidence for proprioceptive recalibration. BMC Neurol. (2020) 20:1–8. doi: 10.1186/s12883-020-01858-2

 52. Herrnstadt G, Alavi N, Randhawa BK, Boyd LA, Menon C. Bimanual elbow robotic orthoses: preliminary investigations on an impairment force-feedback rehabilitation method. Front Hum Neurosci. (2015) 9:169. doi: 10.3389/fnhum.2015.00169

 53. Ingemanson ML, Rowe JR, Chan V, Wolbrecht ET, Reinkensmeyer DJ, Cramer SC. Somatosensory system integrity explains differences in treatment response after stroke. Neurology. (2019) 92:E1098–108. doi: 10.1212/WNL.0000000000007041

 54. Babaei-Mobarakeh M, Letafatkar A, Barati AH, Khosrokiani Z. Effects of eight-week “gyroscopic device” mediated resistance training exercise on participants with impingement syndrome or tennis elbow. J Bodyw Mov Ther. (2018) 22:1013–21. doi: 10.1016/j.jbmt.2017.12.002

 55. Dilek B, Gulbahar S, Gundogdu M, Ergin B, Manisali M, Ozkan M, et al. Efficacy of proprioceptive exercises in patients with subacromial impingement syndrome a single-blinded randomized controlled study. Am J Phys Med Rehabil. (2016) 95:169–82. doi: 10.1097/PHM.0000000000000327

 56. Boarati E de L, Hotta GH, McQuade KJ, de Oliveira AS. Acute effect of flexible bar exercise on scapulothoracic muscles activation, on isometric shoulder abduction force and proprioception of the shoulder of individuals with and without subacromial pain syndrome. Clin Biomech. (2020) 72:77–83. doi: 10.1016/j.clinbiomech.2019.12.001

 57. Eymir M, Erduran M, Ünver B. Active heel-slide exercise therapy facilitates the functional and proprioceptive enhancement following total knee arthroplasty compared to continuous passive motion. Knee Surg Sport Traumatol Arthrosc. (2020) 29:3352–60. doi: 10.1007/s00167-020-06181-4

 58. Moutzouri M, Gleeson N, Coutts F, Tsepis E, Gliatis J. Early self-managed focal sensorimotor rehabilitative training enhances functional mobility and sensorimotor function in patients following total knee replacement: a controlled clinical trial. Clin Rehabil. (2018) 32:888–98. doi: 10.1177/0269215518757291

 59. Pohl T, Brauner T, Wearing S, Stamer K, Horstmann T. Effects of sensorimotor training volume on recovery of sensorimotor function in patients following lower limb arthroplasty. BMC Musculoskelet Disord. (2015) 16:1–9. doi: 10.1186/s12891-015-0644-9

 60. Qaiser T, Eginyan G, Chan F, Lam T. The sensorimotor effects of a lower limb proprioception training intervention in individuals with a spinal cord injury. J Neurophysiol. (2019) 122:2364–71. doi: 10.1152/jn.00842.2018

 61. Fu CLA, Yung SHP, Law KYB, Leung KHH, Lui PYP, Siu HK, et al. The effect of early whole-body vibration therapy on neuromuscular control after anterior cruciate ligament reconstruction: a randomized controlled trial. Am J Sports Med. (2013) 41:804–14. doi: 10.1177/0363546513476473

 62. Liu K, Qian J, Gao Q, Ruan B. Effects of Kinesio taping of the knee on proprioception, balance, and functional performance in patients with anterior cruciate ligament rupture: a retrospective case series. Medicine. (2019) 98:1–5. doi: 10.1097/MD.0000000000017956

 63. Ko M-S, Sim YJ, Kim DH, Jeon HS. Effects of three weeks of whole-body vibration training on joint-position sense, balance, and gait in children with cerebral palsy: a randomized controlled study. Physiother Canada. (2016) 68:99–105. doi: 10.3138/ptc.2014-77

 64. Hiroshige K, Mahbub MH, Harada N. Effects of whole-body vibration on postural balance and proprioception in healthy young and elderly subjects: a randomized cross-over study. J Sports Med Phys Fitness. (2014) 54:216–24.

 65. Lee CL, Chu IH, Lyu BJ, Chang WD, Chang NJ. Comparison of vibration rolling, nonvibration rolling, and static stretching as a warm-up exercise on flexibility, joint proprioception, muscle strength, and balance in young adults. J Sports Sci. (2018) 36:2575–82. doi: 10.1080/02640414.2018.1469848

 66. Mustafa K, Furmanek MP, Knapik A, Bacik B, Juras G. The impact of the swedish massage on the kinesthetic differentiation in healthy individuals. Int J Ther Massage Bodyw Res Educ Pract. (2015) 8:2–11. doi: 10.3822/ijtmb.v8i1.252

 67. Naderi A, Rezvani MH, Degens H. Foam rolling and muscle and joint proprioception after exercise-induced muscle damage. J Athl Train. (2020) 55:58–64. doi: 10.4085/1062-6050-459-18

 68. Weerakkody N, Allen T. The effects of fast bowling fatigue and adhesive taping on shoulder joint position sense in amateur cricket players in Victoria, Australia. J Sports Sci. (2017) 35:1954–62. doi: 10.1080/02640414.2016.1243796

 69. Cho HY, Kim EH, Kim J, Yoon YW. Kinesio taping improves pain, range of motion, and proprioception in older patients with knee osteoarthritis: a randomized controlled trial. Am J Phys Med Rehabil. (2015) 94:192–200. doi: 10.1097/PHM.0000000000000148

 70. Kattenstroth JC, Kalisch T, Sczesny-Kaiser M, Greulich W, Tegenthoff M, Dinse HR. Daily repetitive sensory stimulation of the paretic hand for the treatment of sensorimotor deficits in patients with subacute stroke: RESET, a randomized, sham-controlled trial. BMC Neurol. (2018) 18:1–13. doi: 10.1186/s12883-017-1006-z

 71. McLean B, Taylor S, Blair E, Valentine J, Carey L, Elliott C. Somatosensory discrimination intervention improves body position sense and motor performance in children with hemiplegic cerebral palsy. Am J Occup Ther. (2017) 71:7103190060p1–9. doi: 10.5014/ajot.2016.024968

 72. Wei M, Liu Y, Li Z, Wang Z. Short-term effects of radiofrequency shrinkage treatment for anterior cruciate ligament relaxation on proprioception. J Int Med Res. (2013) 41:1586–93. doi: 10.1177/0300060513487644

 73. Alahmari KA, Silvian P, Ahmad I, Reddy RS, Tedla JS, Kakaraparthi VN, et al. Effectiveness of low-frequency stimulation in proprioceptive neuromuscular facilitation techniques for post ankle sprain balance and proprioception in adults: a randomized controlled trial. Biomed Res Int. (2020) 2020:9012930. doi: 10.1155/2020/9012930

 74. Lee Y, Chen K, Ren Y, Son J, Cohen BA, Sliwa JA, et al. Robot-guided ankle sensorimotor rehabilitation of patients with multiple sclerosis. Mult Scler Relat Disord. (2017) 11:65–70. doi: 10.1016/j.msard.2016.12.006

 75. Akinoglu B, Köse N, Kirdi N, Yakut Y. Comparison of the acute effect of radial shock wave therapy and ultrasound therapy in the treatment of plantar fasciitis: a randomized controlled study. Pain Med. (2017) 18:2443–52. doi: 10.1093/pm/pnx113

 76. Lim C. Multi-sensorimotor training improves proprioception and balance in subacute stroke patients: a randomized controlled pilot trial. Front Neurol. (2019) 10:1–9. doi: 10.3389/fneur.2019.00157

 77. Wozniak-Czekierda W, Wozniak K, Hadamus A, Białoszewski D. Zastosowanie metody kinesiology taping w rehabilitacji pacjentów po aloplastyce stawu kolanowego - Randomizowane badanie kliniczne. Ortop Traumatol Rehabil. (2017) 19:461–8. doi: 10.5604/01.3001.0010.5828

 78. Chatutain A, Pattana J, Parinsarum T, Lapanantasin S. Walking meditation promotes ankle proprioception and balance performance among elderly women. J Bodyw Mov Ther. (2019) 23:652–7. doi: 10.1016/j.jbmt.2018.09.152

 79. Cherup NP, Strand KL, Lucchi L, Wooten SV, Luca C, Signorile JF. Yoga meditation enhances proprioception and balance in individuals diagnosed with Parkinson's disease. Percept Mot Skills. (2020) 128:304–23. doi: 10.1177/0031512520945085

 80. Lopes M, Lopes S, Patinha T, Araújo F, Rodrigues M, Costa R, et al. Balance and proprioception responses to FIFA 11+ in amateur futsal players: short and long-term effects. J Sports Sci. (2019) 37:2300–8. doi: 10.1080/02640414.2019.1628626

 81. Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t-tests and ANOVAs. Front Psychol. (2013) 4:863. doi: 10.3389/fpsyg.2013.00863

 82. Rosenthal R. Meta-Analytic Procedures for Social Research. Thousand Oaks, CA: SAGE Publications (1991). 

 83. Goble DJ. Proprioceptive acuity assessment via joint position matching: from basic science to general practice. Phys Ther. (2010) 90:1176–84. doi: 10.2522/ptj.20090399

 84. Goble DJ, Noble BC, Brown SH. Where was my arm again? Memory-based matching of proprioceptive targets is enhanced by increased target presentation time. Neurosci Lett. (2010) 481:54–8. doi: 10.1016/j.neulet.2010.06.053

 85. Dahms C, Brodoehl S, Witte OW, Klingner CM. The importance of different learning stages for motor sequence learning after stroke. Hum Brain Mapp. (2020) 41:270–86. doi: 10.1002/hbm.24793

 86. Leanderson J, Eriksson E, Nilsson C, Wykman A. Proprioception in classical ballet dancers: a prospective study of the influence of an ankle sprain on proprioception in the ankle joint. Am J Sports Med. (1996) 24:370–4. doi: 10.1177/036354659602400320

 87. Giulio I Di, Maganaris CN, Baltzopoulos V, Loram ID. The proprioceptive and agonist roles of gastrocnemius, soleus and tibialis anterior muscles in maintaining human upright posture. J Physiol. (2009) 587:2399–416. doi: 10.1113/jphysiol.2009.168690

 88. Robbins S, Waked E. Factors associated with ankle injuries. Sport Med. (2012) 25:63–72. doi: 10.2165/00007256-199825010-00005

 89. Jin X, Wang L, Liu S, Zhu L, Loprinzi PD, Fan X. The impact of mind-body exercises on motor function, depressive symptoms, and quality of life in Parkinson's disease: a systematic review and meta-analysis. Int J Environ Res Public Health. (2019) 17:31. doi: 10.3390/ijerph17010031

 90. Chan JSY, Deng K, Wu J, Yan JH. Effects of meditation and mind–body exercises on older adults' cognitive performance: a meta-analysis. Heyn PC, editor. Gerontologist. (2019) 59:e782–90. doi: 10.1093/geront/gnz022

 91. Allum JHJ, Bloem BR, Carpenter MG, Hulliger M, Hadders-Algra M. Proprioceptive control of posture: a review of new concepts. Gait Posture. (1998) 8:214–42. doi: 10.1016/S0966-6362(98)00027-7

 92. Dietz V. Proprioception and locomotor disorders. Nat Rev Neurosci. (2002) 3:781–90. doi: 10.1038/nrn939

 93. Rossignol S, Dubuc R, Gossard J-P. Dynamic sensorimotor interactions in locomotion. Physiol Rev. (2006) 86:89–154. doi: 10.1152/physrev.00028.2005

 94. Gordon J, Ghilardi MF, Ghez C. Impairments of reaching movements in patients without proprioception. I. Spatial errors. J Neurophysiol. (1995) 73:347–60. doi: 10.1152/jn.1995.73.1.347

 95. Lee H, Kim H, Ahn M, You Y. Effects of proprioception training with exercise imagery on balance ability of stroke patients. J Phys Ther Sci. (2015) 27:1–4. doi: 10.1589/jpts.27.1

 96. Bleyenheuft Y, Gordon AM. Precision grip control, sensory impairments and their interactions in children with hemiplegic cerebral palsy: a systematic review. Res Dev Disabil. (2013) 34:3014–28. doi: 10.1016/j.ridd.2013.05.047

 97. Konczak J, Corcos DM, Horak F, Poizner H, Shapiro M, Tuite P, et al. Proprioception and motor control in Parkinson's disease. J Mot Behav. (2009) 41:543–52. doi: 10.3200/35-09-002

 98. Jamali A, Sadeghi-Demneh E, Fereshtenajad N, Hillier S. Somatosensory impairment and its association with balance limitation in people with multiple sclerosis. Gait Posture. (2017) 57:224–9. doi: 10.1016/j.gaitpost.2017.06.020

 99. Holst-Wolf JM, Yeh I-L, Konczak J. Development of proprioceptive acuity in typically developing children: normative data on forearm position sense. Front Hum Neurosci. (2016) 10:436. doi: 10.3389/fnhum.2016.00436

 100. Elangovan N, Herrmann A, Konczak J. Assessing proprioceptive function: evaluating joint position matching methods against psychophysical thresholds. Phys Ther. (2014) 94:553–61. doi: 10.2522/ptj.20130103

 101. Carey L, Matyas T. Frequency of discriminative sensory loss in the hand after stroke in a rehabilitation setting. J Rehabil Med. (2011) 43:257–63. doi: 10.2340/16501977-0662

 102. Vidoni ED, Boyd LA. Preserved motor learning after stroke is related to the degree of proprioceptive deficit. Behav Brain Funct. (2009) 5:36. doi: 10.1186/1744-9081-5-36

 103. Picket K, Konczak J. Measuring kinaesthetic sensitivity in typically developing children. Dev Med Child Neurol. (2009) 51:711–6. doi: 10.1111/j.1469-8749.2008.03229.x

 104. Ward SH, Perraton L, Bennell K, Pietrosimone B, Bryant AL. Deficits in quadriceps force control after anterior cruciate ligament injury: potential central mechanisms. J Athl Train. (2019) 54:505–12. doi: 10.4085/1062-6050-414-17

 105. Criss CR, Melton MS, Ulloa SA, Simon JE, Clark BC, France CR, et al. Rupture, reconstruction, and rehabilitation: a multi-disciplinary review of mechanisms for central nervous system adaptations following anterior cruciate ligament injury. Knee. (2021) 30:78–89. doi: 10.1016/j.knee.2021.03.009

 106. Sefton JEM, Hicks-Little CA, Hubbard TJ, Clemens MG, Yengo CM, Koceja DM, et al. Sensorimotor function as a predictor of chronic ankle instability. Clin Biomech. (2009) 24:451–8. doi: 10.1016/j.clinbiomech.2009.03.003

 107. Ward S, Pearce AJ, Pietrosimone B, Bennell K, Clark R, Bryant AL. Neuromuscular deficits after peripheral joint injury: a neurophysiological hypothesis. Muscle and Nerve. (2015) 51:327–32. doi: 10.1002/mus.24463

 108. Baumeister J, Reinecke K, Weiss M. Changed cortical activity after anterior cruciate ligament reconstruction in a joint position paradigm: an EEG study. Scand J Med Sci Sport. (2008) 18:473–84. doi: 10.1111/j.1600-0838.2007.00702.x

 109. Scandola M, Dodoni L, Lazzeri G, Arcangeli CA, Avesani R, Moro V, et al. Neurocognitive benefits of physiotherapy for spinal cord injury. J Neurotrauma. (2019) 36:2028–35. doi: 10.1089/neu.2018.6123

 110. Perruchoud D, Michels L, Piccirelli M, Gassert R, Ionta S. Differential neural encoding of sensorimotor and visual body representations. Sci Rep. (2016) 6:37259. doi: 10.1038/srep37259

 111. Perruchoud D, Fiorio M, Cesari P, Ionta S. Beyond variability: subjective timing and the neurophysiology of motor cognition. Brain Stimul. (2018) 11:175–80. doi: 10.1016/j.brs.2017.09.014

Conflict of Interest: The authors declare 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 Winter, Huang, Sertic and Konczak. 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/math_3.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Effectiveness of Proprioceptive Training for Improving Motor Performance and Motor Dysfunction: A Systematic Review



		Introduction



		Methods



		Literature Search Strategy



		Inclusion/Exclusion Criteria



		Data Extraction and Reporting







		Results



		Initial Search Results and Final Included Studies



		Classification by Outcome Measures



		Classification by Proprioceptive Outcome Measures



		Classification by Motor Outcome Measures



		Effectiveness of Proprioceptive Training by Type of Intervention



		Active Movement/Balance Training



		Passive Movement Training



		Somatosensory Stimulation Training



		Combined/Multiple System Training



		Mind-Body Exercises



		Summary



		Classification of Proprioceptive Training by Study Population



		Orthopedic Populations



		Lower Extremity Injuries



		Upper Extremity Injury



		Neurological Populations



		Cerebral Palsy



		Parkinson's Disease



		Stroke and Spinal Cord Injury



		Multiple Sclerosis



		Non-clinical Populations



		Athletes and Young Adults



		Elderly/Fall Prevention



		Summary







		Discussion



		Which Interventions Are Most Effective?



		Which Proprioceptive Outcome Measures Are Most Sensitive to Detect Gains?



		Which Populations Benefitted Most From Proprioceptive Interventions?



		Challenges in Evaluating Existing Literature



		Resume and Recommendations for Future Studies







		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/math_2.gif
d.

XX






OPS/images/math_1.gif
postiest score — pretest score

% change = 2" x 100

pretest score





OPS/images/inline_2.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
P frontiers | Frontiers in Rehabili






OPS/images/fresc-03-830166-g005.gif





OPS/images/fresc-03-830166-t001.jpg
Disease entity References Sample size Intervention Anatomical Proprioceptive Motor measures PEDro

location measures
Active movement/balance training
ACLinjury Blyiikturan et al. (12) Mutti-joint Whole body Active JPSE International Knee Documentation 6
movement Committee Questionnaire, Isokinetic knee
ext/flex strength, Lysholm Knee Score
Ordahan et al. (19) Multi-joint Whole body Passive JPSE Lysholm Knee Score, Tegener Activity Score 4
movement
Peulter-Cell et al. (14) Multi-joint Knee Active JPSE 6 Minute Walk Test, CoP displacement, 7
movement International Knee Documentation Committee
Questionnaire, Knee Injury and Osteoarthritis
Outcomee Score, Lysholm Knee Score,
muscle strength, Tegener Activity Score
Zult etal. (15) Multi-joint Whole body JPSE Knee ext muscle strength, single leg 5
movement balance time
Wang (16) Single-joint Lower extremity Active JPSE Knee ext muscle strength 3
movement
Ankle sprain Lazarou et al. (17) ny =10 Balance training Whole body Active JPSE Ankle inversion/eversion and 7
dorsiflexion/plantarflexion strength
Cerebral Palsy £l Shemy (18) Mutti-joint Whole body Active JPSE Modified TUG, Pediatric Balance Scale 7
movement
El-Gohary et al. (19) ny =24 Balance training Whole body Passive JPSE Gross Motor Function Measure-88, 4
Pediatric Balance Scale
Chronic ankle instability  Lee et al. (20) Multi-joint Lower extremity Active JPSE Cumberland ankle instabilty tool, S1 7
movement
Leeetal. (21) Multi-joint Whole body Active JPSE Functional Limitation Assessment Motor -4
movement Functions, Motor Limitation Assessment of
Dynamic Balancing Abilty, Sensory Limitation
Assessment of Static Balancing Abilty
Hanci et al. (22) n=13 Single-joint Lower leg Active/Passive Ankle eversion/dorsiflexion strength N/A
movement JPSE, Joint position
sense detection
threshold
Deaf Zarei and Norasteh (23) ny =10 Balance training Whole body Active JPSE Single leg stance 6
=10
Diabetes Il Cavegn and Riskowski n=8 Multi-joint Whole body Active JPSE CoP displacement and sway area, Senior N/A
(24) movement Fitness Test
Healthy aclults Alikhani et al. (25) Whole body Active JPSE Lower Quadrant YBT 6
movement
El-Gohary et al. (26) Balance training Lower extremity Active JPSE s 6
Hu et al. (27) Single-joint Forearm Active JPSE Writing time evaluation 4
movement
Kalaycioglu et al. (28) n=24 Whole body Active JPSE Hip flex/ext muscle strength, Tracking N/A
movement Trajectory Test, Sit-and-reach Test, Vertical
Jump Test
Lin and Karduna (29) Single-joint Shouider Active JPSE Shoulder girdle muscle strength 5
movement
Lopes et al. (28) Multi-joint Whole body Active JPSE CoP displacement, YBT 4
movement
Minshull et al. (30) Single-joint Lower extremity Active JPSE, Force  Knee flex muscle strength, passive ROM hip 4
movement reproduction eror
Parket al. (31) Mutti-joint Knee JPSE ROM and stability knee 5
movement
Peer and Gleeson (32) Balance training Whole body JPSE, Force Knee flex muscle strength 4
reproduction error
Pérez-Silestre et al. (33)  ny =17 Multi-joint Whole body Active JPSE Counter-movement jump 8
movement
Sohn and Kim (34) n=18 Balance training Lower extremity Passive JPSE Center of gravity velocity, CoP displacement 5
and multi-joint and sway area, ground reaction forces, Knee
movement and ankle flex/ext muscle strength, sliding heel
velocity, slip distance
Walsh (35) n=10 Single-joint Lower extremity Active JPSE Knee flex/ext muscle strength 6
movement
Winter et al. (36) m=14 Balance training Lower leg Joint position sense  CoP displacement, SI 3
=14 and multijoint detection threshold
movement
Healthy elderly aclts Chittrakul et al. (37) m=36 Balance training Whole body JPSE CoP displacement, knee ext muscle strength 8
=36 and mutti-joint
movement
Lee etal. (38) Mutti-joint Whole body Active JPSE CoP displacement, knee flex/ext muscle 6
movement strength, reaction time, TUG
Merom et al. (39) Multi-joint Whole body Active JPSE Physical Performance Assessment, Trail 4
movement Making Tests
Zheng et al. (40) Balance training Whole body Passive JPSE BBS, CoP displacement and sway area 8
Wooten et al. (41) ny=15 Multi-joint Whole body Passive JPSE, Joint  Balance Error Scoring System, dynamic 3
np=15 movement position sense motion analysis score, Tinetti gait and
detection threshold  balance assessment, leg press peak power
Hypermobilty Liaghat et al. (42) n=12 Single-joint Shouider Active JPSE ROM, Shoulder joint mobity and laxity tests, ~ N/A
syndrome: movement scaption and IR/ER muscle strength
Daman et al. (43) Multi-joint Whole body Active JPSE 36-Item Short Form Health Survey - 5
movement Physical functioning
Infraspinatus muscle Salles et al. (44) Single-joint Shoulder Active JPSE, Joint Shoulder ER muscle strength 2
atrophy movement position sense
detection threshold
Knee Osteoarthritis Gezginastan et l. (45) n=239 Multi-joint Lower extremity Active JPSE 6 Meter Walk Test, BBS, Five-minute N/A
movement sit-to-stand Test, knee flex/ext muscle
strength, ROM, TUG, WOMAC
Knoop et al. (46) n=159 Multi-joint Whole body Joint position sense  Knee flex/ext muscle strength, WOMAG 8
movement detection threshold
Kurmar, Kumar, and Multi-joint Lower extrermity Active JPSE WOMAC 7
Kumar (47) movement
Multiple Sclerosis Moghadasi et al. (48) Multijoint Whole body Active JPSE TUG, 10 Meter Walk Test, 2 Minute Walk Test, 4
movement 5-time sit-to-stand, knee flex/ext muscle
strength
Neck pain Shiravi et al. (49) Multi-joint Upper body Active JPSE Scapular upward rotation muscle strength 7
movement
Parkinson’s Disease Daneshvar et al. (50) Multi-joint Whole body JPSE Muscle strength, peak muscle torque, ROM 7
movement knee
Elangovan et al. (4) m=13 Single-joint Wrist Joint position sense  Cumulative spatial error, handwriting task, 3
np=13 movement detection threshold  ine tracing task
Peterka et al. (51) n =30 Multijoint Whole body JPSE Handwriting speed, Movement Disorder 2
np =15 movement Society-Sponsored Revision of the Unified
Parkinson's Disease Rating Scale-Il, Nine-hole
peg test, Spiral drawing
Stroke Hermstadt et al. (52) Multifoint Upper extremity Active JPSE Fugl-Meyer Assessment, Wolf Motor N/A
movement Function Test
Ingemanson et al. (53) n=30 Single-joint Finger Passive JPSE Action Arm Research Test, Box and Blocks NA
movement Test, Finger Tapping Test, Fugl-Meyer
Assessment, Nine-hole peg Test
Subacromial Babaei-Mobarakeh et al. m=15 Multi-joint Shoulder and wrist Active JPSE Shoulder, grip and wrist strength; Upper 7
impingement (54) movement Quarter YBT
syndrome, tennis elbow
Dilek et al. (55) m=31 Single-joint Shoulder Joint position sense American Shoulder and Elbow Surgeons 8
nz =30 movement detection threshold, ‘Shoulder Score, shoulder ABD/ER muscle
Active/ Passive strength, ROM
JPSE
Boarati et al. (56) Single-joint Shoulder Active JPSE Shoulder ABD strength 4
movement
Total knee or hip Eymir et al. (57) Single-joint Knee Active JPSE 10 Meter Walk Test, lowa Ambulation Velocity 4
replacement movement Scale, TUG
Moutzouri et al. (58) Multijoint Lower extrermity Active JPSE Knee Outcome Survey Activities of Daily 7
movement Living Scale, TUG, single leg stance
Pohl et al. (59) Balance training Whole body Active JPSE CoP displacement, Lequesne Algofunctional 4
Index, step length, walking velocity
Passive movement training
Spinal cord injury Quiser et al. (60) m=15 Passive movement  Lower extremity Passive JPSE Precision stepping task 2
n2 =10
Somatosensory stimulation training
ACL injury Fuetal. (61) m=24 Whole body Whole body Passive JPSE Knee flex/ext muscle strength, Shuttle Run 5
np=24 vibration and Carioca Tests, Single Legged and Triple
Hop Tests, ROM, SI
Livetal. (62) n=48 Kinesio taping Knee Active JPSE Tibial anteposterior shift, Lysholm Knee N/A
Score, modified Star Excursion Balance Test,
Single-hop distance
Cerebral Palsy Koetal. (63) ‘Whole body Whole body Active JPSE Gait speed, SI, step length, step width 4
vibration
Healthy adults Hiroshige et al. (64) ‘Whole body Whole body Active JPSE CoP displacement, single leg stance time 2
vibration with eyes closed
Healthy aclults Leeetal. (65) Foam rolling Lower extremity Active JPSE Knee ext/flex muscle strength, ROM knee, ~ N/A
YBT
Healthy adults Mustafa et al. (66) Massage Hand Force reproduction  Grip strength 4
ertor
Healthy adults Naderi et al. (67) Foam roling Lower extremity Active JPSE, Joint Knee ext muscle strength 4
position sense
detection threshold
Healthy adlults Weerakkody and Allen Kinesio taping Shoulder Active JPSE Shoulder flex/ext muscle strength N/A
(68)
Knee Osteoarthritis Choetal. (69) m=23 Kinesio taping Knee Active JPSE Pain-free active ROM 8
=23
Stroke Kattenstroth et al. (70) m=23 Electrical Hand Active JPSE Motor performance index (grip strength and 5
np =23 stimulation Nine-hole peg test)
Somatosensory discrimination training
Cerebral Palsy MeLean etal. (71) Somatosensory Hand Active JPSE Assisting Hand Assessment, Box and Block 4
discrimination Test, Goal Attainment Scaling
Combined/multiple system training
ACL relaxation Wei et al. (72) =16 Somatosensory Lower extremity Passive JPSE Lysholm Knee Score, Tegener Activity Score 6
np=15 stimulation and
active movement
training
Ankle sprain Alahmari et al. (73) n =20 Somatosensory Lower leg Active JPSE Active ROM ankle, Foot and Ankle Disability 7
np=20 stimulation and Index, knee-to-wall distance, muscle strength,
active movement Star Excursion Balance Test
training
Multiple Sclerosis Leeetal. (74) n Passive stretching  Lower leg Joint position sense 10 Meter Walk test, 6 Minute Walk Test, active  N/A
and active detection threshold  and passive ankle ROM, BBS, Fugl-Meyer
exercise Assessment, ankle dorsiflexion/plantarflexion
strength, Modified Ashworth Scale, Selective
Control Assessment of the Lower extrerity,
UG
Plantar Fasciitis Akinoglu et al. (75) n =18 Somatosensory Lower leg Passive JPSE American Orthopaedic Foot and Ankle Society 7
=18 stimulation and Ankle-Hindfoot Score, Functional Foot Index,
active movement Functional Reach Test, single leg stance
training
Stroke Lim (76) Somatosensory Whole body Active JPSE sl 4
stimulation and
active movement
training
Total knee replacement ‘Wozniak-Czekierda et al. ny =561 Somatosensory Whole body and Active JPSE 6 Minute Walk Test, CoP displacement and 4
(@) nz =60 stimulation and knee sway area
active movement
training
Meditation
Healthy elderly adults ~ Chatutain et al. (78) Walking meditation  Whole body Active JPSE BBS, Functional Reach Test, TUG 6
Parkinson's Disease Cherup et al. (79) ni=15 Yoga meditation Whole body Passive JPSE, Joint  BBS, CoP displacement, time on platform, 5
=18 position sense Tinetti gait and balance assessment, TUG

detection threshold

1, sample size experimental group; nz, sample size control groups; n, sample size; ABD, abduction; BBS, Berg Balance Scale; Co, Center of Pressure; ER, extemal rotetion ext, extensor; flex, flexor; ROM, Renge of Motion; S|, Stabilty
Index; TUG, Timed Up and Go; WOMAC, The Westem Ontario and McMaster Universities Arthiitis Index; YBT, Y-Balance Test; N/A, not appiicable. Outcome measures with the lergest pre-post-treatment effect are displayedin bold.
PEDro scores are calculated for studies that included a control group.
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References Disease entity

Active movement/balance training

Alikhani et al. (25) Healthy aduits

Biiyiikturan etal. (1) ACLinjury

Chittrakul et al. (37) Healthy elderly adults

Daman et al. (43) Hypermobilty
syndrome

Daneshvar et al. (50)
Eymir et al. (57)

€1 Shemy (18) Cerebral Palsy
El-Gohary et al. (26) Healthy adults
El-Gohary et al. (19) Cerebral Palsy
Huetal. (27) Healthy aclults

Kumar et al. (47) Knee osteoarthitis

Leeetal. (20) Chronic ankle instabilty

Merom et al. (39) Healthy elderly aclults

Salles et al. (44) Infraspinatus muscle
atrophy

Shiravi et al. (49) Neck pain

Sohn and Kim (34) Healthy adults

Zarei and Norasteh (23)  Deaf

Somatosensory stimulation training
Cho etal. (69) Knee osteoarthitis

Fuetal (61) ACL injury

Naderi et al. (61) Healthy adults
Somatosensory discrimination training
MeLean etal. (71) Cerebral Palsy
Combined/multiple system training

Akinoglu et al. (75) Plantar Fascilis

Alahmari et al. (73) Ankle Sprain
Lim (76) Stroke

Wei et al. (72) ACL injury
Meditation

Chatutain et al. (78) Healthy elderly aduits

Cherup et al. (79)

For studies that applied multiple proprioceptive or motor measures, respectively, only the proprioceptive and motor measure with the largest improvement between pre- and post-intervention measures is shown.

Parkinson’s Disease

Total knee replacement

Parkinson’s Disease

Outcome measure

Active JPSE
Lower Quadrant Y-Balance test
Active JPSE

International Knee Documentation
Committee-2000

JPSE

CoP displacement

Active JPSE

SF-36 - Physical functioning
JPSE

Range of motion knee

Active JPSE (day of discharge)
TUG (day of discharge)

Active JPSE

modified TUG

Active JPSE

Stability Index (AP direction)
Passive JPSE

Gross motor function (walking)
Active JPSE

Writing time

Active JPSE

‘Western Ontario and McMaster Universities
Osteoarthritis Index

Active JPSE

Stabilty Index

Active JPSE

Center of pressure displacement

Active JPSE

Shoulder external rotation peak torque
Active JPSE

Isometric scapular upward rotation muscle
strength

Passive JPSE

Isokinetic knee extension muscle strength?
Active JPSE

Single leg stance (eyes closed)

Active JPSE
Pain-free active range of motion
Passive JPSE

Stabilty Index (AP direction)
JPSE

Isokinetic knee extension muscle strength

Active JPSE
Goal Attainment Scaling

Passive JPSE

‘American Orthopedic Foot and Ankle
Society Ankle-Hind foot Score

Passive JPSE
Knee-to-wall distance (cm)
Active JPSE

Stabilty Index

Passive JPSE

Lysholm Knee Score

Active JPSE

Functional Reach Test

Joint position sense detection threshold
Tinetti Score

T Direction of effect size was converted that increment indicates improvernent.
“Effect size reported in study (Cohen's d unless otherwise specified).

AP, anterior-posterior; JPSE, Joint position sense error; N/A, data not available; TUG, Timed Up and Go Test.

Control

29

36

30

24

a4

23

40

Sample size

Training

29

36

30

24

43

40

SDpooled

1.497
7.596
1.265
16.415

13
364.964
2508
9.47
2874
12.855
2709
26.74
3.057
2876
1.487
1.523
1.371
4.393
1.051
6.912
1.961
2971

N/A
N/A
N/A
166.154
0.544
6.017
0.523
N/A

N/A
7.663
N/A
2155
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N/A
1.843
N/A
N/A

N/A
N/A

1916
11.637

0.985
1.02
2.743
0.78
N/A
7.36

1.681
5.064
N/A

3.141

Cohen’s d

1.676
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25505
NA
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0.873
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NA
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0819
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0677t
N/A

0.666

1.071
2118t
072
077"

LL

0.717
0586
0811
0.794

1517
1.061
0.373
0.393"
0.092
0.382t
0.62
0.061
1.191
1.114
0.366
1.224
0.2
0.257t
298
0.27
0518
0.431

N/A
N/A
N/A
—0.482¢
1.822
0.929*
4.804
N/A

N/A
1272
N/A
1.0241

1.969
1.2441
N/A
0245
N/A
N/A

N/A
N/A

0.166
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1533
2.1641
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N/A
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0549
1.531"
0.1
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95% ClI
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2.796
2618
1.982
-0.262"

2684
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2225
2251
2.004
2.467"
1412
0816
3.043
2.938
145
2453
1.406
14711
502
2,095
1833
1.731

N/A
N/A
N/A
0.078"
3.697
2505t
6.85
N/A

N/A
4945
N/A
3367t

3629
2.684"
N/A
1.608
N/A
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N/A
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References Disease entity

Active movement/balance training

Cavegn and Riskowski (24) Diabetes Il
El-Gohary etal. (19) Cerebral Palsy

Elangovan et al. (4) Parkinson's Disease
Kalaycioglu et al. (28) Healthy adults

Lopes et al. (80) Healthy adiults

Moghadasi et al. (48) Multiple Sclerosis

Moutzouri et al. (5¢) Total knee replacement

Park et al. (31) Healthy adults

Peer and Gleeson (32) Healthy adults

Salles et al. (44) Infraspinatus muscle atrophy
Wooten et al. (41) Healthy elderly aduts

Zarel and Norasteh (23) Deaf

Somatosensory stimulation
Kattenstroth et al. (70) Stroke

Lee etal. (65) Healthy adults

Somatosensory discrimination training
MeLean etal. (14) Hemiplegic Cerebral Palsy

Sample size

2

24

37

26

21

23

30

Outcome measures

Active JPSE
Chair sit-and-reach (Senior Fitness Test)
Passive JPSE

Pacdeatric Balance Scale

Discrimination threshold

Spatial error

Active JPSE

Lower Quadrant Y-Balance test

Active JPSE

Lower Quadrant Y-Balance test

Active JPSE

Five-times-sit-to-stand

Active JPSE

Knee Outcome Score Activities of Daily Living
JPSE

Stabilty index

Force reproduction error

Isometric knee flexion muscle strength

Active JPSE

Isokinetic shoulder external rotation peak torque
Motion detection, passive JPSE

Dynarmic balance performance

Active JPSE

Single leg stance

JPSE (weight of errors)
NA

Active JPSE
Quadriceps peak torque

Active JPSE
Goal Attainment Scaling

Cohen’sd

1.837
1.187
2.339"
0872t
1.24
11
0659
0.986
not sig.
eta? = 0.130
eta? = 0223
eta? = 0.440
18
55
1.438"
0615*
0.45
not sig.
2942t
2782
not sig
1.288
283
1.89

0.37
N/A
0.4

0.47

0.54
N/A

For studies that applied multple proprioceptive or motor measures, respectively, only the proprioceptive and motor measure with the lergest improvement between pre- and

post-intervention measures is shown.

TDirection of effect size was converted that increment indicates improvement.

“Effect size calculated with t-value, otherwise effect size reported in study (Cohen’s d unless otherwise specified).

JPSE, Joint position sense error; N/A, data not available.
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