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Balancing sensory inputs: somatosensory reweighting from proprioception to tactile sensation in maintaining postural stability among older adults with sensory deficits
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Background: Sensory deficits increase the risk of falls among older adults. The purpose of this study was to investigate the correlations of lower extremity muscle strength, proprioception, and tactile sensation to postural stability among older adults with and without sensory deficits, to understand the contribution of each factor to postural stability, and to explore sensory reweighting among the two populations.

Methods: A total of 103 participants were recruited and divided into two older adult groups with (female = 24, male = 26, age = 69.1 ± 3.15 years, height = 162.72 ± 6.94 cm, body mass = 64.05 ± 9.82 kg) and without sensory deficits (female = 26, male = 27, age = 70.02 ± 4.9 years, height = 163.76 ± 7.60 cm, body mass = 65.83 ± 10.31 kg), based on whether a 5.07 Semmes–Weinstein monofilament could be detected at foot soles. Their Berg Balance Scale (BBS), lower extremity muscle strength, proprioception, and tactile sensation were tested and compared between the two groups. Pearson's or Spearman's correlations were used to explore the relationships between the BBS and each variable. Factor analysis and multivariate linear regression were used to verify the degrees of correlation between the generated factors and the postural stability.

Results: Low BBS (p = 0.003, η2 = 0.088) scores and higher proprioception thresholds (knee flexion: p = 0.015, η2 = 0.059; knee extension: p = 0.011, η2 = 0.065; ankle plantarflexion: p = 0.006, η2 = 0.075; ankle dorsiflexion: p = 0.001, η2 = 0.106) were detected among older adults with sensory deficits compared with those without sensory deficits. Lower extremity muscle strength (ankle plantarflexion: r = 0.342, p = 0.002; hip abduction: r = 0.303, p = 0.041) and proprioception (knee flexion: r = −0.419, p = 0.004; knee extension: r = −0.292, p = 0.049; ankle plantarflexion: r = −0.450, p = 0.002; ankle dorsiflexion: r = −0.441, p = 0.002) were correlated with BBS among older adults without sensory deficits, while lower extremity muscle strength (ankle plantarflexion: r = 0.501, p<0.001; hip abduction: r = 0.302, p = 0.041) and tactile sensation (great toe: r = −0.388, p = 0.008; 5th metatarsal: r = −0.301, p = 0.042) were correlated with BBS among older adults with sensory deficits.

Conclusion: Older adults with sensory deficits have poorer proprioception and postural stability. Somatosensory reweighting occurs from proprioception to tactile sensation among older adults with sensory deficits in maintaining postural stability.
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1. Introduction

More than 15% of older adults over the age of 60 have sensory deficits (1), and they are at higher risk of falls (2), which is one of the significant risk factors for injury and even death (3). Falls result in minor injuries (28%), soft tissue injuries (11%), and fractures (5%) (4), and 20% of those who fall require long-term medical care (4, 5). In China, falls cost $743–$3,742 per older adult (6).

Deficient postural stability, commonly measured by the Berg Balance Scale (BBS) (7), is one of the most substantial risk factors for falls (8). The maintenance of postural stability requires the integration of sensory inputs and neuromuscular control (9). Lower extremity muscle strength, proprioception, and tactile sensation are three potential factors for maintaining postural stability and preventing falls in daily activities (7, 10). Adequate lower extremity muscle strength is necessary to generate corrective torques during the perturbations (10). Ankle and hip strength are closely related to postural stability since ankle and hip strategies are commonly adopted when body balance is disturbed (11, 12). In addition, as the main elements of somatosensory feedback, proprioception and tactile sensation percept one's body and movements inside the body and physical characteristics of the environment outside the body (13). Signals from tactile afferents and proprioceptive evoke coordinated motor patterns, which rapidly modify the locomotor pattern in response to perturbations or unexpected environmental changes (13).

It has been suggested that sensory deficits are strongly associated with the inability to perceive 5.07 Semmes–Weinstein monofilament (SWM) (14) and decreased light touch sensation due to small neurofibrillary lesions can be detected by SWM tests (14). Only a few studies investigated whether proprioception deteriorates among individuals with sensory deficits, and it is controversial whether lower extremity muscle strength and postural stability were worse. One study indicated proprioception decreased as individuals temporarily reduced tactile sensation by anesthesia (15). Another argued that tactile deficits caused by anesthesia differ from typical tactile deficits due to neuroplasticity and sensory reweighting (16).

The correlations of postural stability to lower extremity muscle strength, proprioception, and tactile sensation among older adults with sensory deficits are inconclusive. Several studies indicated that lower extremity muscle strength is related to postural control among individuals with sensory deficits (17, 18). Still, no studies compared the correlations between lower extremity muscle strength and postural stability among individuals with and without sensory deficits. Some studies pointed out that proprioception is crucial for postural stability (19, 20). However, one study indicated that proprioception is unrelated to postural stability among individuals with sensory deficits (18). One study detected a significant correlation between tactile sensation and postural stability among individuals with sensory deficits (21), while another showed no correlation (22).

When the body receives less or inaccurate sensory information, the central nervous system dynamically assigns different weights to multiple available sensory cues (23), thus reducing the influence of unreliable sensory cues and increasing the influence of other sensory cues that provide more reliable information (24); this process is called sensory reweighting (25). Proprioception and tactile sensation deteriorations have been observed among older adults with sensory deficits (2, 26); however, to our knowledge, no studies have investigated sensory reweighting among this population.

Determining the lower extremity muscle strength and sensation characteristics, clarifying the relationship of lower extremity muscle strength, proprioception, and tactile sensation to postural stability, and identifying the presence of sensory reweighting among older adults with sensory deficits can facilitate the development of targeted rehabilitation programs for this fall-prone population. It is hypothesized that (1). compared to older adults without sensory deficits, lower extremity muscle strength, worse proprioception, and poorer postural stability would be detected among older adults with sensory deficits; (2). significant correlations of postural stability to lower extremity muscle strength, proprioception, and tactile sensation would be detected among older adults with and without sensory deficits; (3). strength would have the strongest correlations with postural stability, followed by proprioception and tactile sensation; and (4). sensory reweighting occurs between tactile sensation and proprioception among older adults with sensory deficits.



2. Methods


2.1. Participants

An a priori power analysis (G* power version 3.1) showed that a minimum of 39 participants would be required in each group to achieve an alpha level of 0.05 and a statistical power of 0.80 based on the previous report (27), which detected r2 = 0.316 between tactile sensation and postural stability in 95 older adults. The participants were enrolled by distributing flyers and presentations in local communities and nursing homes. Inclusion criteria were as follows: (1) 65 years of age or older; (2) independent ambulation without assistive devices; and 93) no cognitive impairment as defined by the Brief Mental State Examination score>24. Exclusion criteria included the following: (1) Self-reported history of central nervous system dysfunction; (2) deficits in visual function, dizziness, vertigo, or any other vestibular disorder; (3) psychological problems associated with falls, such as fear of falling, anxiety, or depression; and (4) evidence of sole foot ulcers by direct assessment. A total of 103 participants were recruited for this study. A total of 50 participants who could not detect a 5.07 SWM on any of the plantar positions were enrolled in the sensory deficits group (28) (female = 24 and male = 26, age = 69.1 ± 3.15 years, height = 162.72 ± 6.94 cm, body mass = 64.05 ± 9.82 kg), and 53 gender- and age-matched participants without sensory deficits were enrolled in the control group (female = 26 and male = 27, age = 70.02 ± 4.9 years, height = 163.76 ± 7.60 cm, body mass = 65.83 ± 10.31 kg). No significant differences were found between the two groups in age, height, and weight using independent-samples t-tests. All the participants signed informed consent forms before the formal tests. The project was approved by the Ethics Committee of Shandong Sports University (19003) following the Declaration of Helsinki.



2.2. Protocol

The BBS, lower extremity muscle strength, proprioception, and tactile sensation were measured for all eligible participants. The order of the BBS, proprioceptive, and tactile sensation tests was randomized, and the lower extremity muscle strength was tested last to avoid fatigue. The data for this study were collected in Jinan City of Shandong Province, China, from July to September 2019.



2.3. BBS test

The BBS test consists of 14 simple tests of daily functional activities (e.g., get up from a sitting position and turn 360°) with good inter-rater and intra-rater reliability (ICC = 0.98–0.99) (29). A score of 0–4 was awarded based on the participant's performance during each test, and the scores were accumulated when the 14 tests were completed.



2.4. Lower extremity muscle strength test

The IsoMed 2000 strength testing system (D. & R. Ferstl GmbH, Hemau, Germany) with good test–retest reliability (ICC value, 0.77–0.98) (30) was used to measure participants' maximum isokinetic joint torque of ankle plantar/dorsiflexion and hip abduction of their dominant side at an angular velocity of 60°/s (Figure 1A). During the ankle muscle strength test, each participant lay supine on a plyometric bed, keeping their hips and knees extended. His/her back, thigh, and foot of the test side were tied up with straps and secured with Velcro to ensure ankle joint stability. Ankle plantarflexion started at 5° of dorsiflexion and stopped at 30° of plantarflexion, while dorsiflexion started at 30° of plantarflexion and stopped at 5° of dorsiflexion. In the hip muscle strength test, each participant lay on their side with their pelvis and leg of the test side secured with straps. Hip abduction started from 0° of hip abduction and stopped at 30° of hip abduction. A total of three tests were conducted in each direction, and the mean values were taken for data analysis (10).
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FIGURE 1
 Test illustrations: (A) Lower extremity muscle strength test. (B) Proprioception test. (C) Tactile sensation test.




2.5. Proprioception test

The proprioception thresholds for the ankle and knee on each participant's dominant side were assessed using a proprioception test device (Figure 1B), which showed good test–retest reliability [intraclass correlation coefficient (ICC) = 0.74–0.94] (31). The proprioception test device collected the minimum angular motion the patient can detect during knee flexion/extension and ankle dorsal/plantarflexion. The device consists of a box and a platform that can rotate within the frontal and sagittal planes. Two electric motors drive the platform at an angular velocity of 0.4°/s. The movement of the platform can be stopped at any time by a hand switch controlled by the participant. Each participant was seated on a height-adjustable chair with their foot on the platform. During the ankle proprioception test, the knee and hip joints were flexed at 90°, and the leg was perpendicular to the surface of the platform when the platform was placed in a horizontal position. During the knee proprioception test, the lateral axis of the instrumentation was parallel to the mediolateral axis of the knee joint. The hip and knee joints were each positioned at 90°, and the ankle joint was in a neutral position. Approximately 50% of the weight of the participant's lower extremity was resting on the platform, and a thigh cuff suspension system was used to control unwanted sensory cues from contact between the platform and the plantar surface of the foot. Each participant was instructed to concentrate on their foot and to press the hand switch to stop the movement of the platform when they could sense motion; they were then asked to identify the direction of rotation. The motor was equipped to rotate with a random time interval ranging from 2 s to 10 s after the indication to start a trial. At least five tests were conducted in each direction, and the mean values were taken for data analysis (7).



2.6. Tactile sensation test

The tactile sensation was tested using a set of SWM (North Coast Medical, Inc., Morgan Hill, CA, USA) (Figure 1C), which showed good test–retest reliability (ICC values, 0.83–0.86) (32). Monofilaments of six different sizes were used in this study: 2.83, 3.61, 4.31, 4.56, 5.07, and 6.65; each of them applies 0.07 g, 0.40 g, 2.00 g, 4.00 g, 10.00 g, and 300.00 g of force when pressed into a C-shape (bent 90°). The tests were performed by randomly stimulating the dominant foot sole of the big toe, first and fifth metatarsal heads, arch, and heel with filaments from thinnest to the thickest. The duration of each stimulation was ~1 s, and the stimulus was repeated twice for each site. The sensitivity threshold for each site was determined by the thinnest monofilament the participant could feel. The lower the sensitivity threshold, the better the plantar tactile sensation.



2.7. Statistics

Shapiro–Wilk test was used to test whether the data were normally distributed. Group differences were tested by independent-samples t-tests (normal distribution) or the Mann–Whitney U-tests (non-normal distribution), and Cohen's d or η2 was used as their effect sizes, respectively. The thresholds for Cohen's d were as follows: < 0.20, trivial; 0.21–0.50, small; 0.51–0.80, medium; >0.81, large. The thresholds for η2 were as follows: 0.01–0.059, small; 0.06–0.14, medium; >0.14, large.

Pearson's (normal distribution) or Spearman's (non-normal distribution) correlations were used to determine the correlations of the BBS score with each of the lower extremity muscle strength, proprioception, and tactile sensation variables while controlling for the covariates, age, height, and weight. The thresholds for the correlation coefficient (r) were as follows: 0–0.1, trivial; 0.1–0.3, weak; 0.3–0.5, moderate; >0.5, strong (33). A separate exploratory factor analysis was carried out among each category of the variables of interest. Multivariable linear regression was used to explore the relationship between each generated factor and outcome while controlling for the other covariates. All analyses were conducted in SAS 9.4, and the significance level was set at 0.05.




3. Result

The Shapiro–Wilk tests showed that the BBS, proprioception, and tactile sensation data were non-normally distributed, and the lower extremity muscle strength data were normally distributed.

The descriptive characteristics of lower extremity muscle strength, proprioception, and tactile sensation are shown in Table 1. Significant between-group differences were detected in BBS, proprioception, and tactile sensation, while not in strength.


TABLE 1 Lower extremity muscle strength, proprioception, and tactile sensation in sensory deficits and control groups.
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Correlations of BBS score to lower extremity muscle strength, proprioception, and tactile sensation variables are shown in Table 2. In the sensory deficits group, the BBS was moderately to strongly correlated with the muscle strength of ankle plantarflexion and hip abduction and moderately correlated with the tactile sensation of the great toe and first metatarsal head. In the control group, the BBS was moderately correlated with muscle strength of ankle plantarflexion and hip abduction and weakly to moderately correlated with proprioception of knee flexion/extension and ankle plantar/dorsiflexion.


TABLE 2 Correlations of BBS score to lower extremity muscle strength, proprioception, and tactile sensation variables.

[image: Table 2]

Factor loadings of lower extremity muscle strength, proprioception, and tactile sensation in sensory deficits and control groups are shown in Table 3. In both groups, factor 1 (F1), factor 2 (F2), and factor 3 (F3) are the sum of lower extremity muscle strength, proprioception, and tactile sensation, respectively.


TABLE 3 Factor loadings of lower extremity muscle strength, proprioception, and tactile sensation in sensory deficits and control groups.

[image: Table 3]

The equations for multivariable regression are as follows:
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In equation 1, variance inflation factor (VIF) = 1.221, adjusted r2 = 0.522, pF1 = 0.045, pF2 < 0.001, βF1 = 0.242, and βF2 = −0.500. In equation 2, VIF = 1.157, adjusted r2 = 0.683, pF1 < 0.001, pF3 = 0.019, βF1 = 0.571, and βF3 = −0.262.

F3 from equation 1 and F2 from equation 2 were excluded as their P-values were > 0.05. The equations indicated that in the sensory deficits group, proprioception has contributed more to BBS than lower extremity muscle strength (βF2 > βF1), while in the control group, lower extremity muscle strength has contributed more to BBS than tactile sensation (βF1 > βF3).



4. Discussion

This study compared postural stability and its three potential factors, namely lower extremity muscle strength, proprioception, and tactile sensation among older adults with and without sensory deficits, and investigated the relationship between these three factors and postural stability in the two groups. The findings partly supported hypotheses #1 and 2 and rejected hypotheses #3 and 4.

Poorer postural stability and worse proprioception were detected among older adults with sensory deficits, compared with those without sensory deficits. The lower BBS score is consistent with previous studies (2, 26). Much evidence indicates that tactile sensation is critical for postural stability (26). When balance is disturbed, the deteriorated tactile sensation cannot accurately detect the contact between the foot and the ground, making it difficult to control the transfer of body weight caused by the disturbance (34). The worse proprioception is consistent with some previous studies (28, 35). Proprioception and tactile sensitivity are important components of the somatosensory system (16), and both work in synergy and are interconnected through interneurons and alpha neurons (36). The connection of proprioception and tactile sensation may line in the sharing receptors; e.g., the rapidly adapting fiber receptors from Pacinian corpuscles, which are typical tactile receptors, make an essential contribution to proprioception (37).

Significant correlations of lower extremity muscle strength to postural stability were detected in both groups, which is consistent with some previous studies (7, 10) and inconsistent with another one (38), in which there was no correlation of ankle strength to postural stability was detected. However, only static postural stability was tested in their study, and postural control included static balance and dynamic balance (9). BBS test comprises the above two balance tasks to predict fall risk by evaluating the overall balance performance under different tasks to reflect the postural control ability of the elderly in daily activities. As lower extremity muscle strength was significantly correlated with postural stability in both groups in our study, strength-goal rehabilitation may enhance postural stability among older adults with and without sensory deficits.

In the control group, postural control was related to proprioception but not tactile sensation. The priority of proprioception over tactile sensation for postural control was supported by many studies (7, 10). However, one study challenged us by showing a significant correlation between tactile sensation and postural control (21). The disagreement may line in the participants; we recruited participants with normal tactile sensations in our control group, while they combined participants with normal and mild deficit tactile sensations (21). Peripheral sensory signals are transmitted by different sensory neurons (16). The type I and II sensory nerves, which transmit proprioception, are larger in diameter and conduct faster than the type III sensory nerves, which transmit tactile sensations (16), and the central nervous system usually relies more on proprioception than tactile sensation to facilitate posture maintenance (10).

Among older adults with sensory deficits, postural control was related to tactile sensation but not proprioception. Humans integrate signals from different sensory systems, with the weight of each signal being proportional to the relative reliability of the signal, with less reliable signals being given less weight (39). Sensory reweighting has been detected in patients with neurological disorders, e.g., stroke patients increasingly rely on vision to maintain balance after their somatic sensation is reduced (40). In this study, somatosensory reweighting from proprioception to tactile sensation seems to have occurred among older adults with sensory deficits. Our outcomes indicated that older adults in the sensory deficits group showed deficits in proprioception, and the unreliability of proprioceptive afferent information led them to rely more on tactile sensation. Similar findings showing the changed contribution of proprioception to postural stability have been observed. Zhang et al. detected a significant correlation between the H-index (represents the arc of the type I reflex loop, responsible for proprioception transmission) and postural stability in those with peripheral neuropathy but not in the controls that exhibited normal tactile sensation (16). It is difficult to explain the mechanisms behind our observations, which may relate to the function of the cortex (41). In a study of chronic low back pain, diffuse and non-specific changes in functional connectivity between brain regions have been observed, affecting the cortex function of proprioceptive regions (41). It can be inferred that sensory deficits would decrease the function of the proprioceptive cortex, which further down-weights the proprioceptive afferents.

We have previously investigated the correlation of lower extremity muscle strength, proprioception, and tactile sensation to postural stability in pooled older adults with and without sensory deficits, and the findings were similar to those of the control group (10). This is not surprising since only about 16% (27 of 163) of the older adults in the previous study had sensory deficits. The participants in this study overlapped with the previous one, with about half of older adults with sensory deficits being newly recruited and those without sensory deficits being matched from the previous database. This study separated the two populations and made a novel finding that somatosensory reweighting occurred from proprioception to tactile sensation among older adults with sensory deficits, which may indicate that different rehabilitation strategies should be adopted among patients with sensory deficits than those with normal sensation.



5. Limitation

The study has some limitations. First, visual and vestibular sensations were not measured. They may involve in the process of sensory reweighting. However, only a minor contribution was made by the visual and vestibular senses (30%), compared with proprioception and tactile sensation (70%) (16). Second, all participants were recruited from the same region, they had similar backgrounds, and caution should be taken when applying our findings to other populations.



6. Conclusion

Older adults with sensory deficits have poorer proprioception and deficit postural stability than those without sensory deficits; older adults without sensory deficits rely on lower extremity muscle strength and proprioception, while those with sensory deficits rely on lower extremity muscle strength and tactile sensation to maintain postural stability. Somatosensory weighting from proprioception to tactile sensation occurs among older adults with sensory deficits to maintain postural stability.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Shandong Sports University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

ZL participated in the design of the study and contributed to the collection and analysis of the data and drafted the manuscript. QW participated in the design of the study and data reduction/analysis. WS contributed to data collection and data analysis. QS participated in the design of the study and contributed to the interpretation of results and revision of the manuscript. All authors have read and approved the final version of the manuscript and agreed with the order of presentation of the authors.



Funding

This study was supported by the Shandong Young Innovative Talent Team of China (2019-183) and the China National Natural Science Foundation (12102235).



Acknowledgments

The authors would like to thank all the participants.



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.



References

 1. Gregg EW, Sorlie P, Paulose-Ram R, Gu Q, Eberhardt MS, Wolz M, et al. Prevalence of lower-extremity disease in the us adult population ≥40 years of age with and without diabetes: 1999-2000 national health and nutrition examination survey. Diabetes Care. (2004) 27:1591–7. doi: 10.2337/diacare.27.7.1591

 2. Machado Á S, da Silva CB, da Rocha ES, Carpes FP. Effects of plantar foot sensitivity manipulation on postural control of young adult and elderly. Rev Bras Reumatol. (2017) 57:30–6. doi: 10.1016/j.rbre.2016.03.007

 3. Jiang J, Long J, Ling W, Huang G, Guo X, Su L. Incidence of fall-related injury among old people in mainland China. Arch Gerontol Geriatr. (2015) 61:131–9. doi: 10.1016/j.archger.2015.06.003

 4. Kannus P, Sievänen H, Palvanen M, Järvinen T, Parkkari J. Prevention of falls and consequent injuries in elderly people. Lancet. (2005) 366:1885–93. doi: 10.1016/S0140-6736(05)67604-0

 5. Spoelstra SL, Given BA, Given CW. Fall prevention in hospitals: an integrative review. Clin Nurs Res. (2012) 21:92–112. doi: 10.1177/1054773811418106

 6. Peng K, Tian M, Andersen M, Zhang J, Liu Y, Wang Q, et al. Incidence, risk factors and economic burden of fall-related injuries in older Chinese people: a systematic review. Inj Prev. (2019) 25:4–12. doi: 10.1136/injuryprev-2018-042982

 7. Wang Q, Li L, Mao M, Sun W, Zhang C, Mao D, et al. The relationships of postural stability with muscle strength and proprioception are different among older adults over and under 75 years of age. J Exerc Sci Fit. (2022) 20:328–34. doi: 10.1016/j.jesf.2022.07.004

 8. Shahrbanian S, Hashemi A, Hemayattalab R. The comparison of the effects of physical activity and neurofeedback training on postural stability and risk of fall in elderly women: a single-blind randomized controlled trial. Physiother Theory Pract. (2021) 37:271–8. doi: 10.1080/09593985.2019.1630877

 9. Wang H, Ji Z, Jiang G, Liu W, Jiao X. Correlation among Proprioception, Muscle Strength, and Balance. J Phy Therapy Sci. (2016) 28:3468–72. doi: 10.1589/jpts.28.3468

 10. Song Q, Zhang X, Mao M, Sun W, Zhang C, Chen Y, et al. Relationship of proprioception, cutaneous sensitivity, and muscle strength with the balance control among older adults. J Sport Health Sci. (2021) 10:585–93. doi: 10.1016/j.jshs.2021.07.005

 11. Johansson R, Magnusson M, Akesson M. Identification of human postural dynamics. IEEE Trans Biomed Eng. (1988) 35:858–69. doi: 10.1109/10.7293

 12. Fujisawa N, Masuda T, Inaoka Y, Fukuoka H, Ishida A, Minamitani H. Human standing posture control system depending on adopted strategies. Med Biol Eng Comput. (2005) 43:107–14. doi: 10.1007/BF02345130

 13. Frigon A, Akay T, Prilutsky BI. Control of mammalian locomotion by somatosensory feedback. Compr Physiol. (2021) 12:2877–947. doi: 10.1002/cphy.c210020

 14. Kamei N, Yamane K, Nakanishi S, Yamashita Y, Tamura T, Ohshita K, et al. Effectiveness of semmes-weinstein monofilament examination for diabetic peripheral neuropathy screening. J Diabetes Complications. (2005) 19:47–53. doi: 10.1016/j.jdiacomp.2003.12.006

 15. De Carlo MS, Talbot RW. Evaluation of ankle joint proprioception following injection of the anterior talofibular ligament*. J Orthop Sports Phys Ther. (1986) 8:70–6. doi: 10.2519/jospt.1986.8.2.70

 16. Li L, Zhang S, Dobson J. The contribution of small and large sensory afferents to postural control in patients with peripheral neuropathy. J Sport Health Sci. (2019) 8:218–27. doi: 10.1016/j.jshs.2018.09.010

 17. Martinelli AR, Mantovani AM, Nozabieli AJ, Ferreira DM, Barela JA, Camargo MR, et al. Muscle strength and ankle mobility for the gait parameters in diabetic neuropathies. Foot. (2013) 23:17–21. doi: 10.1016/j.foot.2012.11.001

 18. Hertel JN, Guskiewicz KM, Kahler DM, Perrin DH. Effect of lateral ankle joint anesthesia on center of balance, postural sway, and joint position sense. J Sport Rehabil. (1996) 5:111–9. doi: 10.1123/jsr.5.2.111 

 19. Simmons RW, Richardson C, Pozos R. Postural stability of diabetic patients with and without cutaneous sensory deficit in the foot. Diabetes Res Clin Pract. (1997) 36:153–60. doi: 10.1016/S0168-8227(97)00044-2

 20. Manor B, Doherty A, Li L. The reliability of physical performance measures in peripheral neuropathy. Gait Posture. (2008) 28:343–6. doi: 10.1016/j.gaitpost.2008.01.004

 21. Cruz-Almeida Y, Black ML, Christou EA, Clark DJ. Site-specific differences in the association between plantar tactile perception and mobility function in older adults. Front Aging Neurosci. (2014) 6:68. doi: 10.3389/fnagi.2014.00068

 22. Hohne A, Stark C, Bruggemann GP. Plantar pressure distribution in gait is not affected by targeted reduced plantar cutaneous sensation. Clin Biomech. (2009) 24:308–13. doi: 10.1016/j.clinbiomech.2009.01.001

 23. Rinaldi NM, Polastri PF, Barela JA. Age-related changes in postural control sensory reweighting. Neurosci Lett. (2009) 467:225–9. doi: 10.1016/j.neulet.2009.10.042

 24. Jeka JJ, Oie KS, Kiemel T. Asymmetric adaptation with functional advantage in human sensorimotor control. Exp Brain Res. (2008) 191:453–63. doi: 10.1007/s00221-008-1539-x

 25. Lephart SM, Pincivero DM, Giraldo JL, Fu FH. The role of proprioception in the management and rehabilitation of athletic injuries. Am J Sports Med. (1997) 25:130–7. doi: 10.1177/036354659702500126

 26. Peters RM, McKeown MD, Carpenter MG, Inglis JT. Losing touch: age-related changes in plantar skin sensitivity, lower limb cutaneous reflex strength, and postural stability in older adults. J Neurophysiol. (2016) 116:1848–58. doi: 10.1152/jn.00339.2016

 27. Lord SR, Clark RD, Webster IW. Postural stability and associated physiological factors in a population of aged persons. J Gerontol. (1991) 46:M69–76. doi: 10.1093/geronj/46.3.M69

 28. Zhang T, Mao M, Sun W, Li L, Chen Y, Zhang C, et al. Effects of a 16-week tai chi intervention on cutaneous sensitivity and proprioception among older adults with and without sensory loss. Res Sports Med. (2021) 29:406–16. doi: 10.1080/15438627.2021.1906673

 29. Berg KO, Wood-Dauphinee SL, Williams JI, Maki B. Measuring balance in the elderly: validation of an instrument. Can J Public Health. (1992) 83 Suppl 2:S7–11.

 30. Gonosova Z, Linduska P, Bizovska L, Svoboda Z. Reliability of ankle? foot complex isokinetic strength assessment using the isomed 2000 dynamometer. Medicina. (2018) 54:43. doi: 10.3390/medicina54030043

 31. Sun W, Song Q, Yu B, Zhang C, Mao D. Test–retest reliability of a new device for assessing ankle joint threshold to detect passive movement in healthy adults. J Sports Sci. (2015) 33:1667–74. doi: 10.1080/02640414.2014.1003589

 32. Collins S, Visscher P, De Vet HC, Zuurmond WW, Perez RS. Reliability of the semmes weinstein monofilaments to measure coetaneous sensibility in the feet of healthy subjects. Disabil Rehabil. (2010) 32:2019–27. doi: 10.3109/09638281003797406

 33. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd ed. Hillsdale, NJ: Lawrence Erlbaum Associates (1988).

 34. Maki BE, Perry SD, Norrie RG, McIlroy WE. Effect of facilitation of sensation from plantar foot-surface boundaries on postural stabilization in young and older adults. J Gerontol A Biol Sci Med Sci. (1999) 54:M281–7. doi: 10.1093/gerona/54.6.M281

 35. Simoneau GG, Derr JA, Ulbrecht JS, Becker MB, Cavanagh PR. Diabetic sensory neuropathy effect on ankle joint movement perception. Arch Phys Med Rehabil. (1996) 77:453–60. doi: 10.1016/S0003-9993(96)90033-7

 36. Mildren RL, Bent LR. Vibrotactile stimulation of fast-adapting cutaneous afferents from the foot modulates proprioception at the ankle joint. J Appl Physiol. (2016) 120:855–64. doi: 10.1152/japplphysiol.00810.2015

 37. Proske U, Gandevia SC. The proprioceptive senses: their roles in signaling body shape, body position and movement, and muscle force. Physiol Rev. (2012) 92:1651–97. doi: 10.1152/physrev.00048.2011

 38. Paxton RJ, Feldman-Kothe C, Trabert MK, Hitchcock LN, Reiser RF 2nd, Tracy BL. Postural steadiness and ankle force variability in peripheral neuropathy. Motor control. (2016) 20:266–84. doi: 10.1123/mc.2014-0072

 39. Saeys W, Herssens N, Verwulgen S, Truijen S. Sensory information and the perception of verticality in post-stroke patients. another point of view in sensory reweighting strategies. PLoS ONE. (2018) 13:e0199098. doi: 10.1371/journal.pone.0199098

 40. Bonan IV, Marquer A, Eskiizmirliler S, Yelnik AP, Vidal PP. Sensory reweighting in controls and stroke patients. Clin Neurophysiol. (2013) 124:713–22. doi: 10.1016/j.clinph.2012.09.019

 41. Vrana A, Hotz-Boendermaker S, Stämpfli P, Hänggi J, Seifritz E, Humphreys BK, et al. Differential neural processing during motor imagery of daily activities in chronic low back pain patients. PLoS ONE. (2015) 10:e0142391. doi: 10.1371/journal.pone.0142391



OPS/images/math_1.gif
BBS (sensory aeficits) = 53.820 + 0.585x F1 — 1.208xF2 (1)





OPS/images/math_2.gif
BBS (control) = 52.300 + 1.531x F1 — 0.703xF3 (2)





OPS/images/fpubh-11-1165010-t002.jpg
VETE]IES Sensory deficits
r P
Lower extremity muscle strength (N s m/kg) | Ankle plantarflexion 0.501 <0.001 0.342 0.002
Ankle dorsiflexion 0.244 0.102 0.042 0.784
Hip abduction 0.302 0.041 0.303 0.041
Proprioception (°) Knee flexion —0.245 0.101 —0.419 0.004
Knee extension —0.125 0.408 —0.292 0.049
Ankle plantarflexion —0.243 0.104 —0.450 0.002
Ankle dorsiflexion —0.264 0.076 —0.441 0.002
Tactile sensation (gauge) Great toe —0.388 0.008 —0.113 0456
1st Metatarsal —0.072 0.635 0.163 0.279
5th Metatarsal —0.301 0.042 0.230 0.124
Arch —0.163 0.280 —0.004 0.977
Heel —0.115 0.447 0.020 0.896

BBS, Berg Balance Scale.
Bold: Significant correlations.
Adjusted for age, weight, and height.






OPS/images/fpubh-11-1165010-t003.jpg
Factor loading (Sensory deficits) Factor loading (Control)

[Fil F1

Lower extremity muscle strength | Ankle plantarflexion 0904 - - 0.820 - -

Ankle dorsiflexion 0.891 - - 0.717 - -

Hip abduction 0.892 . . 0.702 = =

Proprioception Knee flexion = 0.800 = - 0.880 =

Knee extension - 0.788 = - 0.813 =

Ankle plantarflexion - 0.865 - - 0.848 -

Ankle dorsiflexion - 0.755 - - 0.925 -

Tactile sensation Great toe - = 0.763 B - 0718

1st Metatarsal - - 0.690 - - 0.706

5th Metatarsal - - 0.716 - - 0.629

Arch = = 0.679 = = 0.760

Heel - - 0.774 - - 0.736

Factor loading (Sensory deficits).
E Factor.
actor loading < 0.5.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Balancing sensory inputs: somatosensory reweighting from proprioception to tactile sensation in maintaining postural stability among older adults with sensory deficits



		1. Introduction



		2. Methods



		2.1. Participants



		2.2. Protocol



		2.3. BBS test



		2.4. Lower extremity muscle strength test



		2.5. Proprioception test



		2.6. Tactile sensation test



		2.7. Statistics







		3. Result



		4. Discussion



		5. Limitation



		6. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Public Health

Balancing sensory inputs:
somatosensory reweighting from
proprioception to tactile
sensation in maintaining postural
stability among older adults with
sensory deficits





OPS/images/fpubh-11-1165010-g001.gif





OPS/images/fpubh-11-1165010-t001.jpg
nsory deficits Control P

BBS - 523268 53.8 &+ 2.41 0.003 -

Lower extremity muscle strength (N # m/kg) | Ankle plantarflexion 0.35+0.19 0.38 £0.14 0.356 0.180 -
Ankle dorsiflexion 021 £ 0.07 022 £0.06 0.640 0.093 -
Hip abduction 0.40 £ 0.18 045 £0.15 0.113 0317 -

Proprioception (°) Knee flexion 317+218 259+ 1.93 0.015 - 0059
Knee extension 371276 276 £ 1.90 0011 - 0.065
Ankle plantarflexion 5.06 % 425 299 £2.62 0.006 - 0075
Ankle dorsiflexion 436 £ 351 257 £2.08 0.001 - 0.106

Tactile sensation (gauge) Great toe 455079 4144038 <0.001 - 0.133
Ist Metatarsal 458£078 410£038 <0.001 - 0.115
5th Metatarsal 4.63 £ 0.64 418 £035 <0.001 - 0226
Arch 479+ 075 424 £033 <0.001 - 0242
Heel 5114082 435£029 <0.001 - 0310

Data are presented as mean = SD.

Bold: Significant difference between the sensory deficits and control groups.










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Public Health





