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Abstract. [Purpose] Although standing balance and functions of each proprioceptor decline with age in older
adults, data regarding the types and percentages of proprioceptors susceptible to decline are unavailable. In this
study, we investigated the rate of decline in each proprioceptor area in older adults and also the effect of aging on
the association between postural balance and proprioception. [Participants and Methods] This study performed
between November 2012 and July 2022 included both young and older adults. Vibration stimuli were applied to the
gastrocnemius and lumbar multifidus muscles at 30-250 Hz to assess the effects of the easily attenuated propriocep-
tors. The independent t-test showed a decline in proprioception in older adults. A 2 test was performed to determine
proprioceptors that were susceptible to attenuation in older adults. [Results] The results revealed that many older
adults had reduced muscle spindles (low and high frequencies) in their lower legs and trunk (low frequency). [Con-
clusion] Proprioceptive ability is lower in older adults than in younger individuals. Therefore, activation programs
to treat the reduced intrinsic receptive responsiveness may be required for rehabilitation of older adults.
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INTRODUCTION

Physical function declines due to aging, making it difficult to maintain a stable standing posture. This leads to falls and
reduces daily activity, resulting in bedriddenness and disuse syndrome!). Maintaining a stable standing posture requires the
ability to maintain balance by keeping the center of gravity within the plantar surface of the foot?). Three types of sensory
information are required to sustain a standing posture: visual, somatosensory, and vestibular. Maintaining the balance of a
healthy person in standing posture depends on 20% visual information, 70% somatosensory information, and 10% vestibulo
sensory information®. However, when the visual information is limited, the degree of dependence on other senses varies
depending on the situation, and the sensory information is re-organized*. Somatic sensations are classified into skin sensa-
tions and proprioception provided by proprioceptors, each of which has a frequency band for response to mechanical vibra-
tions. Pacinian corpuscles transmit skin sensations from the soles of the feet, providing the necessary feedback to maintain
balance”. However, their response frequency varies between individuals and ranges from 140 to 250 Hz® %, Proprioception
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is the internal sense of body position essential for regulating balance and generating and maintaining accurate movement
patterns'?. Muscle spindles, which provide proprioception for the muscles of the lower legs and trunk, play an important role
in maintaining postural stability'D. Furthermore, their response frequency varies between individuals and ranges from 30 to
100 Hz?% 2. Stimulation to mechanical vibration is widely used to investigate the relationship between proprioception and
balance maintenance® 13-10),

Previously, we developed a device that measures stimulation to mechanical vibration at any frequency. In a study using
this device, Kawai et al. defined a new index for assessing proprioception and reported cutoff values for estimating functional
decline and the rate of proprioception decline in young healthy participants'”. In addition, Ito et al. reported that older
people show more dependence on proprioception of the lower legs than younger people due to aging'® '), implying that
proprioception and postural balance decline with age in older adults. However, the proportion of each proprioceptor that
tends to deteriorate in older adults remains unclear and needs further assessment before its application in treatment programs.
Therefore, this novel study assessed the rate of decline in each region of proprioception in older adults and investigated the
effects of aging on the relationship between postural balance and proprioception.

PARTICIPANTS AND METHODS

In this observational study, we conducted a survey of older adults based on the Kawai et al. method!” published by our
research group and compared the results with previously published data on young adults'?. The older adults who participated
in this observational study were recruited between November 2012 and July 2022. Ethical approval was granted by the
National Center for Geriatrics and Gerontology Ethics Committee (IRB# 1405). Written informed consent was obtained
from all participants before their participation in the study. The study was conducted in accordance with the principles of the
Declaration of Helsinki. The study included a total of 280 older adults who were either hospitalized or attended the National
Center for Geriatrics and Gerontology and did not require assistance in maintaining a standing position. Additionally, par-
ticipants with vestibular dysfunction, vertebral compression fracture, spinal tumor, spinal cord infection, paralysis, ataxia,
neurological disorders, balance disorders, a history of spinal surgery, leg pain, or lower back pain were excluded.

For the assessment of proprioception (Fig. 1), each participant stood barefoot with their feet together on a balance board
or stabilometer. Their eyes were closed using an eye mask, and they were instructed to remain still and relax with their arms
hanging loosely on their sides. The longitudinal displacement of the center of pressure (COP) was measured when a me-
chanical vibration stimulus with a response frequency of 30-250 Hz of each proprioceptor was applied. COP displacement
was recorded using a balance board (Wii, Nintendo Co., Ltd., Kyoto, Japan) or stabilometer (T.K.K. 5810; Takei Scientific
Instruments Co., Ltd., Niigata, Japan). The COP data were calculated using MATLAB (MathWorks Inc., Natick, MA, USA).
The input sine wave signal for mechanical vibration stimulation was generated using a PC. The input signal lasted 75 s, with a
pre-section consisting of 15 s with no vibration, followed by a continuous sine wave from 27-272 Hz (frequency up mode) or
272-27 Hz (frequency down mode) for 60 s change. The input signal was an output of the voice-coil vibrator via an amplifier
and acted as a continuous mechanical vibration stimulus with an amplitude of 0.8 mm. Stimulus of mechanical vibration was
applied to the gastrocnemius and soleus muscles (GS) and lumbar multifidus (LM) muscles, which are important for postural
control, alternately with 60 s of rest in the sitting position!?).

For the analysis of proprioception, we used the modified root mean square (modified RMS) and cutoff values calculated
from the anteroposterior displacement of the COP'”). A modified RMS was used to assess the ability to maintain balance
without a vibratory stimulus. The greater the sway of each evaluation section (ES) in the vibration interval compared with
the pre-interval, the greater the value. Equations (1)—~(4) (reproduced from equations (3)—(6) in Kawai et al.)!? indicate that
the larger the value, the better the function of the intrinsic receptors that provide intrinsic sensation.
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Fig. 1. Schematic diagram of the clinical trial and the three analysis intervals based on the proprioceptor response frequency (Fre-
quency ascend mode).

Vibratory stimuli varying in a wide range of frequencies from 30 to 250 Hz and corresponding to the response frequencies of approxi-
mately all proprioceptors (muscle spindles (low frequency), muscle spindles (high frequency), and pachyonychia bodies) are used to
diagnose proprioceptor function in older adults.

Vibration stimulation was applied to the bilateral lumbar multifidus and gastrocnemius muscles of both legs with continuous mechanical
vibration from low to high frequency (or high to low frequency). The displacement of the center of pressure during vibration of the trunk
and lower legs was automatically recorded using a stabilometer to assess proprioceptor function. Longitudinal displacements of the cen-
ter of pressure (COP) were analyzed as waveforms using a stabilometer. LM: lumbar multifidus; GS: gastrocnemius and soleus muscles.

In this Equation, ‘n’ denotes the number of data series. “Y};,” represents the CoP in the anteroposterior direction during
the vibration section, while “Zm” signifies the average CoP in the anteroposterior direction during the pre-section. The
subscript “*” is used to differentiate the location of the stimulator, denoted as either GS or LM. Additionally, the subscript
number distinguishes between different experimental sessions (ES). Furthermore, “N” in the Equation symbolizes the total
number of sampled data points for each ES, which is fixed at 300. This is because all experimental sessions were analyzed
within a 15-s timeframe, given a sampling frequency of 20 Hz!”). Three ES were defined based on the response frequency
of the proprioceptors: 1) muscle spindles (low frequency) 30-53 Hz, 2) muscle spindles (high frequency) 56—-100 Hz, and 3)
pacinian corpuscles 140-250 Hz. Comparisons between younger and older adults in the three assessment intervals in Equa-
tions (1)—(3) were confirmed to have a probability of significance of less than 5% using t-tests. Furthermore, the cutoff value
representing the decline in the intrinsic receptive function was determined using Equation (5) (reproduced from Equation (7)
in Kawai et al.)!?.

Cutof fgsim = RMSgs 1y — O RMSE s 1m (%)

As people who sway less in response to vibration have reduced proprioceptive function??), a reduction in proprioceptive
function was estimated when the sway of the center of gravity in the front-back direction was below the cutoff value upon ap-
plication of vibration. For comparison between young adults'”) and older adult participants, the proportion of persons whose
sway to the vibration stimulus site and proprioceptor response frequency bands were below the cutoff value was calculated.
However, owing to overlapping areas of decreased proprioception, the percentage decrease in each index within each group
surpasses 100%. Furthermore, they were confirmed to have a probability of significance <5% using the y? test.

Based on the aforementioned, this study first compared the young and older adults based on the modified RMS shown
in equations (1)—(3) to confirm the age-related decline in proprioception (Table 1 is equivalent to Kawai et al.’s Table 2!7)).
Subsequently, based on the cutoff value for young, healthy individuals shown in Equation (5)!7), the rate of decline in
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proprioception in the lower limbs and trunk in the young and older adults is evaluated (Table 3). As noted earlier, there is
overlap in the areas where proprioception is degraded, hence the total may exceed 100%. Finally, based on the cutoff value
for young, healthy individuals shown in Equation (5)'7, we evaluated the areas susceptible to aging-related deterioration and
the rate of decline in proprioception (Table 1, equivalent to Kawai et al.’s Table 2'7)). Similarly, due to overlapping areas of
proprioception decline, the total may exceed 100%.

RESULTS

Table 4 shows the demographics of the study participants, including the 81 young adults in Kawai et al.’s'” paper as a
baseline and the 280 older adults in the present study. Table 1 presents the functioning of proprioceptors among the study
groups. The results showed significantly smaller values for older adults and significantly larger values for young adults at all
three evaluation intervals for the trunk and lower legs.

Tables 2 and 3 indicate the comparison of reduced proprioceptive sensation in the study groups. Table 3 shows the percent-
ages of study participants with no decline in proprioception, decreased proprioception in any of the lower legs, decreased
proprioception in the trunk, and decreased proprioception in both the lower legs and trunk. Table 2 reveals a reduction in
the following proprioceptors: the muscle spindles of the lower legs (low frequency), muscle spindles of the lower legs (high
frequency), Pacinian corpuscles of the lower legs, muscle spindles of the trunk (low frequency), muscle spindles of the
trunk (high frequency), and Pacinian corpuscles of the trunk. These results confirm that older adults have a significantly

Table 1. Percentage of below the cutoff and no decline in lower legs and trunk frequency ranges in young and older adults

Young adults (n=81) Older adults (n=280) p-value
RMS!g 2.09+1.08 1.47 £ 0.82 ok
RMS?gg 2.82+1.80 1.58 £ 0.88 ok
RMS3gg 2.50+ 1.81 1.46 £ 0.67 ok
RMS!; v 1.99 £+ 1.14 1.34+0.59 ok
RMS? 222+ 1.37 1.39 £ 0.62 ok
RMS?; 2.06 + 1.41 1.39 £ 0.58 ok

Data are presented as the mean + standard deviation.

All p-values were determined using the independent t-test *p<0.05; **p<0.01; ***p<0.001.

RMS: root mean square; GS: gastrocnemius and soleus muscles; LM: lumbar multifidus. 1 Muscle spindles (lower fre-
quency): 30-53 Hz; 2 Muscle spindles (higher frequency): 56100 Hz; 3 Pacinian corpuscles, 140-250 Hz.

Table 2. Percentage distribution of proprioception based on site and frequency range in the study groups.

Young adults (n=81) Older adults (n=280) p-value
Percent below cutoff!g 9.9% 25.0% b
Percent below cutoff?gg 8.6% 20.0% *
Percent below cutoff3 g 2.5% 3.2%
Percent below cutoff!| 4.9% 15.0% *
Percent below cutoff?; 4.9% 12.5%
Percent below cutoff?| y; 1.2% 2.1%

All p-values were generated using the ¥ test *p<0.05; **p<0.01; ***p<0.001.

GS: gastrocnemius and soleus; LM: lumbar multifidus. '"Muscle spindles (lower frequency), 30-53 Hz; 2Muscle spindles
(higher frequency), 56—100 Hz; 3Pacinian corpuscles, 140-250 Hz.

The percentage [%)] is the number of people who fell below each cutoff value divided by the total number of people (n).

Table 3. Percentage distribution of lower legs and trunk proprioception in the study groups

Young adults (n=81) Older adults (n=280) p-value

No decline in proprioception 76.5% 44.3% HEE
Declined proprioception in the lower legs 14.8% 38.9% ok
Declined proprioception in the trunk 11.1% 25.4% ok
Declined proprioception in both trunk and lower legs 2.5% 8.6%

The percentage [%] is the number of people who fell below each cutoff value divided by the total number of people (n).
All p-values were generated using the y? test *p<0.05; **p<0.01; ***p<0.001.
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Table 4. Demographic characteristics and functional outcomes of young and older adults

Young adults (n=81) Older adults (n=280)
Age, years 2249+4.13 75.56 £5.23
Height, cm 166.42 + 8.91 155.40 + 8.60
Weight, kg 5777 +9.39 59.58 £ 11.7
Body mass index, kg/m? 20.76 +2.18 24.55+3.72
Gender, Female/Male 33/48 136/144

Data are presented as the mean + standard deviation.

higher percentage of no decline in proprioception. In older adults, proprioceptors are reduced due to aging, evidenced by the
percentage of those with any loss of proprioception in the lower legs, the trunk, muscle spindles in the lower legs (both low
and high frequencies), and lower muscle spindles in the trunk (high frequency).

DISCUSSION

This study compared the proprioception function among healthy young and older adults and revealed that all the pro-
prioceptors in the older group had reduced function than young adults. A larger percentage of older adults also had reduced
proprioceptive function. Furthermore, it revealed the reduced function of the lower leg muscle spindles (low frequency),
lower leg muscle spindles (high frequency), and trunk muscle spindles (low frequency). Therefore, this study is the first to
demonstrate the rate of decline in each eigensense in older adults.

Previous studies indicate that proprioception can be evaluated by measuring the longitudinal displacement of the COP
when a stimulus of mechanical vibration is applied. Mechanical vibration stimulates the primary afferent artery of the muscle
spindle, which provides proprioception. Furthermore, the better the proprioceptive function, the greater the fluctuation in
postural balance as a biological response!?. Our group demonstrated stimulation of each proprioceptor by mechanical vi-
bration covering a response frequency of 30-250 Hz and confirmed that biological reactions occur based on the response
frequency of each proprioceptor. In this study, many young people showed a large postural sway in response to stimulus to
vibrations, whereas many older adults showed a small postural sway. This finding indicates that older adults experience a
decline in proprioception due to aging. Our study showed a reduction in proprioceptors in older adults, which is attributed to
aging. More participants had lower than the cutoff values for the lower leg muscle spindles (low frequency), lower leg muscle
spindles (high frequency), and trunk muscle spindles (low frequency); this may be attributed to a decline in the function of
muscle spindles due to the age-related loss of muscle mass. Muscle spindles exist within muscles, sense muscle elongation,
and are important for maintaining posture. However, as muscle mass decreases, their function also decreases?!. Therefore,
we can infer that the decrease in muscle mass associated with aging is related to the function of muscle spindles. The rate of
loss of muscle mass ranges between 1% and 2% per year over the age of 50 years, resulting in a loss of 25% for those under
70 years and 40% for those over 80 years of age?>23).

In a study by Kawai et al., the modified RMS and cutoff values were calculated from the anteroposterior displacement of
the COP'7). The results confirm that older adults have lower proprioception than younger people. Therefore, we can conclude
that the indicators used in previous studies are correct.

This study has several limitations. First, we only examined the decline in intrinsic receptivity in older and young adults.
Evaluating the decline in intrinsic receptivity after middle age may provide insights into the process of age-related decline.
Second, this study did not assess the impact of the decline in intrinsic receptivity. Evaluating this could provide more infor-
mation and suggestions on the possible effects of reduced patient intrinsic receptivity. Furthermore, as older adults tend to
have reduced muscle spindles, an intrinsic receptor activation program should be created and used to optimize the treatment
of reduced intrinsic receptive responsiveness. Additionally, assessing the tendency toward decreased intrinsic receptive
sensations may be important for the rehabilitation of older adults.

In conclusion, we examined the decline in proprioceptive sensation in younger and older adults. The percentage of each
eigensensory decline by region was used to investigate the effect of aging on the relationship between postural balance and
eigensensory perception. We confirmed that many older adults had decreased muscle spindles (low- and high-frequency
bands), especially in the lower legs and trunk (low-frequency band), which may be related to the decrease in muscle mass
associated with aging.

Funding

No benefits in any form have been or will be received from a commercial party for this study.

Conflict of interest
Authors have no conflict of interest to declare.

J. Phys. Ther. Sci. Vol. 36, No. 9, 2024 496



ACKNOWLEDGMENT

The authors thank all the staff and patients who contributed to this study.

2)
3)
4)
5)
6)

7
8)

9)

10)
11)

12)
13)

14)
15)
16)
17)
18)
19)
20)
21)

22)

23)

REFERENCES

Tinetti ME, Liu WL, Claus EB: Predictors and prognosis of inability to get up after falls among elderly persons. JAMA, 1993, 269: 65-70. [Medline] [Cross-
Ref]

Shumway-Cook A, Woollacott MH: Motor control theory and practical applications, 2nd ed. Philadelphia: Lippincott Williams & Wilkins, 2001, pp 1-25.
Asslinder L, Peterka RJ: Sensory reweighting dynamics in human postural control. J Neurophysiol, 2014, 111: 1852-1864. [Medline] [CrossRef]

Peterka RJ: Sensorimotor integration in human postural control. J Neurophysiol, 2002, 88: 1097-1118. [Medline] [CrossRef]

Maurer C, Mergner T, Peterka RJ: Multisensory control of human upright stance. Exp Brain Res, 2006, 171: 231-250. [Medline] [CrossRef]

Oie K8, Kiemel T, Jeka JJ: Multisensory fusion: simultaneous re-weighting of vision and touch for the control of human posture. Brain Res Cogn Brain Res,
2002, 14: 164-176. [Medline] [CrossRef]

Shaffer SW, Harrison AL: Aging of the somatosensory system: a translational perspective. Phys Ther, 2007, 87: 193-207. [Medline] [CrossRef]

Kuroki S, Hagura N, Nishida S, et al.: Sanshool on the fingertip interferes with vibration detection in a rapidly adapting (RA) tactile channel. PLoS One, 2016,
11: €0165842. [Medline] [CrossRef]

Ito Y, Kawai K, Morita Y, et al.: Evaluation method of immediate effect of local vibratory stimulation on proprioceptive control strategy: a pilot study. Electron-
ics (Basel), 2021, 10: 341.

Henry M, Baudry S: Age-related changes in leg proprioception: implications for postural control. J Neurophysiol, 2019, 122: 525-538. [Medline] [CrossRef]
Bloem BR, Allum JH, Carpenter MG, et al.: Is lower leg proprioception essential for triggering human automatic postural responses? Exp Brain Res, 2000,
130: 375-391. [Medline] [CrossRef]

Pyykko I, Jantti P, Aalto H: Postural control in elderly subjects. Age Ageing, 1990, 19: 215-221. [Medline] [CrossRef]

Brumagne S, Janssens L, Janssens E, et al.: Altered postural control in anticipation of postural instability in persons with recurrent low back pain. Gait Posture,
2008, 28: 657-662. [Medline] [CrossRef]

Goossens N, Janssens L, Pijnenburg M, et al.: Test-retest reliability and concurrent validity of an fMRI-compatible pneumatic vibrator to stimulate muscle
proprioceptors. Multisens Res, 2016, 29: 465-492. [Medline] [CrossRef]

Capiéikové N, Rocchi L, Hlavacka F, et al.: Human postural response to lower leg muscle vibration of different duration. Physiol Res, 2006, 55: S129-S134.
[Medline] [CrossRef]

Toosizadeh N, Ehsani H, Miramonte M, et al.: Proprioceptive impairments in high fall risk older adults: the effect of mechanical calf vibration on postural
balance. Biomed Eng Online, 2018, 17: 51. [Medline] [CrossRef]

Kawai K, Kato Y, Ito T, et al.: Biological responses to local vibratory stimulation for the lower legs and lower back and criterion values based on sweep frequen-
cies of healthy individuals: an observational study. Healthcare (Basel), 2023, 11: 1-12. [Medline]

Ito T, Sakai Y, Yamazaki K, et al.: Postural strategy in elderly, middle-aged, and young people during local vibratory stimulation for proprioceptive inputs.
Geriatrics (Basel), 2018, 3: 1-6. [Medline]

Sakai Y, Watanabe T, Wakao N, et al.: Proprioception and geriatric low back pain. Spine Surg Relat Res, 2022, 6: 422—-432. [Medline] [CrossRef]

Ceyte H, Cian C, Zory R, et al.: Effect of Achilles tendon vibration on postural orientation. Neurosci Lett, 2007, 416: 71-75. [Medline] [CrossRef]

Kissane RW, Charles JP, Banks RW, et al.: Skeletal muscle function underpins muscle spindle abundance. Proc Biol Sci, 2022, 289: 20220622. [Medline]
Hiona A, Leeuwenburgh C: The role of mitochondrial DNA mutations in aging and sarcopenia: implications for the mitochondrial vicious cycle theory of ag-
ing. Exp Gerontol, 2008, 43: 24-33. [Medline] [CrossRef]

Marzetti E, Leeuwenburgh C: Skeletal muscle apoptosis, sarcopenia and frailty at old age. Exp Gerontol, 2006, 41: 1234-1238. [Medline] [CrossRef]

497


http://www.ncbi.nlm.nih.gov/pubmed/8416408?dopt=Abstract
http://dx.doi.org/10.1001/jama.1993.03500010075035
http://dx.doi.org/10.1001/jama.1993.03500010075035
http://www.ncbi.nlm.nih.gov/pubmed/24501263?dopt=Abstract
http://dx.doi.org/10.1152/jn.00669.2013
http://www.ncbi.nlm.nih.gov/pubmed/12205132?dopt=Abstract
http://dx.doi.org/10.1152/jn.2002.88.3.1097
http://www.ncbi.nlm.nih.gov/pubmed/16307252?dopt=Abstract
http://dx.doi.org/10.1007/s00221-005-0256-y
http://www.ncbi.nlm.nih.gov/pubmed/12063140?dopt=Abstract
http://dx.doi.org/10.1016/S0926-6410(02)00071-X
http://www.ncbi.nlm.nih.gov/pubmed/17244695?dopt=Abstract
http://dx.doi.org/10.2522/ptj.20060083
http://www.ncbi.nlm.nih.gov/pubmed/27935970?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0165842
http://www.ncbi.nlm.nih.gov/pubmed/31166819?dopt=Abstract
http://dx.doi.org/10.1152/jn.00067.2019
http://www.ncbi.nlm.nih.gov/pubmed/10706436?dopt=Abstract
http://dx.doi.org/10.1007/s002219900259
http://www.ncbi.nlm.nih.gov/pubmed/2363386?dopt=Abstract
http://dx.doi.org/10.1093/ageing/19.3.215
http://www.ncbi.nlm.nih.gov/pubmed/18541428?dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2008.04.015
http://www.ncbi.nlm.nih.gov/pubmed/29384614?dopt=Abstract
http://dx.doi.org/10.1163/22134808-00002526
http://www.ncbi.nlm.nih.gov/pubmed/17177621?dopt=Abstract
http://dx.doi.org/10.33549/physiolres.930000.55.S1.129
http://www.ncbi.nlm.nih.gov/pubmed/29716599?dopt=Abstract
http://dx.doi.org/10.1186/s12938-018-0482-8
http://www.ncbi.nlm.nih.gov/pubmed/37628441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/31011128?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/36348676?dopt=Abstract
http://dx.doi.org/10.22603/ssrr.2021-0269
http://www.ncbi.nlm.nih.gov/pubmed/17300868?dopt=Abstract
http://dx.doi.org/10.1016/j.neulet.2007.01.044
http://www.ncbi.nlm.nih.gov/pubmed/35642368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17997255?dopt=Abstract
http://dx.doi.org/10.1016/j.exger.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17052879?dopt=Abstract
http://dx.doi.org/10.1016/j.exger.2006.08.011

