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Abstract

Aims

To establish normative values of vibration perception thresholds (VPTs), using multi-fre-

quency vibrometry at finger pulps and at metatarsal heads of the foot in healthy adults. We

also aimed to investigate factors that could potentially affect VPTs such as age, sex, height,

weight, foot- or handedness and skin temperature.

Methods

VPTs were examined in 924 healthy and randomly selected subjects in the southern Swe-

den (mean 46 years; 628 women and 296 men). Inclusion criterias were adult subjects (>18

years) in considerable health without diabetes mellitus or other nerve affecting disorders.

VPTs were measured at the finger pulps of index and little finger, as well as the first and fifth

metatarsal heads of the foot, through multi-frequency vibrometry using the VibroSense

Meter® I device. Patient characteristics were recorded and skin temperature was measured

before assessment of VPTs.

Results

We present normative values of VPTs for a large population of both male and female sub-

jects in various ages. VPTs detoriated as age increased (0.09–0.59 dB per year; p<0.001),

i.e. progressing with normal aging. Increasing skin temperature affected VPTs in finger

pulps, but not at metatarsal heads, with -0.2 to -1.6 dB, i.e. vibration perception improved

with higher temperatures. Height was only found to affect the VPTs of metatarsal heads

(250 Hz: 0.42 dB per cm). Sex, weight and handedness did not affect the VPTs.

Conclusion

We investigated the normative values of VPTs and presented affecting factors as age, skin

temperature and height. With these results, VPT testing through multi-frequency vibrometry
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is enabled to be used in a clinical practice as a diagnostic tool when investigating neuropathy

and other neurological disorders.

Introduction

Tactile perception in hands and feet is vital for our ability to explore textures, to perform deli-

cate tasks through fine motor control, as well as for feedback from our feet for body spatial

positioning and maintenance of balance and gait [1–6]. Feedback from tactile areas to the cen-

tral nervous system depends on multiple afferent fibers and cutaneous receptors, among

which the Meissner and Pacinian corpuscles are responsible for the detection of vibration

stimulus. Meissner’s corpuscles respond to vibratory stimuli between 5 and 50 Hz, whereas the

Pacinian corpuscles detects higher frequencies and are the most sensitive at 250 Hz [7–9].

Vibration perception threshold (VPT), i.e. the lowest vibrational intensity possible to per-

ceive a vibration stimuli, is known to be impaired at an early stage in different neuropathies

[10–14]. VPTs can be improved by enhancing the metabolic control of HbA1c in patients with

type 1 and type 2 diabetes [15–17]. Hence, examination of the VPTs can be useful both to

detect neuropathy or other nerve disorders at an early stage, thus enabling preventive care and

to monitor disease progression and treatment response [13,15]. However, normative data

from a reference population is needed in order to compare VPTs from patients with suspected

or confirmed neuropathies and other nerve disorders to a baseline distribution of VPTs. VPTs

can be assessed for single frequencies by a tuning fork (128 Hz) or by a biothesiometer (100

Hz). In order to examine a larger spectrum of thresholds at tactile areas, as the cutaneous

receptors detects different frequencies and supplies separate nerves, the technique of multi-fre-

quency vibrometry is applied. Multi-frequency vibrometry has recently shown strong correla-

tion with the results of nerve conduction studies (NCS), which is considered gold standard in

examining nerve function and potential neuropathies [18,19]. Since NCS is more time-con-

suming and requires more personnel resources, it is more expensive and less accessible in

comparison to the assessment of VPTs. In this study, we examined VPTs with a VibroSense

Meter1 (VibroSense Dynamics AB, Malmö, Sweden) where vibrations are applied through a

probe vibrating at different frequencies (4, 8, 16, 32, 64, 125, 250 and 500 Hz).

Normative values of VPTs, through multi-frequency vibrometry in finger pulps and meta-

tarsal heads have previously been published for children and adolescents [20] but for finger

pulps in adults, the normative values have only been reported for a smaller population of 171

men [21]. However, normative values of VPT assessment through multi-frequency vibrometry

for both finger pulps and metatarsal heads in a larger population of adults have never been

established. Nor has the effect of influencing factors to specific frequencies been examined. As

VPT testing could constitute a useful method applicable for examining and potentially diag-

nosing incipient neuropathies, it triggered the urge of establishing the baseline distribution of

normative VPT values. A deeper understanding of factors that potentially could affect VPTs, is

also needed in order to introduce VPT testing as a key tool in clinical praxis. Age and skin tem-

perature have been presented as influencing factors to VPTs when investigated through a

biothesiometer [22,23]. In a recent study, where a subset of data from the present study was

used, VPTs have been investigated at metatarsal heads and shown to be affected by height and

age [10]. Moreover, weight as well as hand- and footedness may potentially influence the VPTs

[24–26]. Hence, we aimed to investigate and determine the vibration perception thresholds, at

both finger pulps and metatarsal heads, in a wide range of frequencies in a broader study
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population of healthy adults and to investigate the influence of age, sex, height, weight, foot- or

handedness and skin temperature.

Methods and materials

Ethical approval

The local ethics committee at Lund University approved the study (386/2007). The study was

conducted in accordance with the Declaration of Helsinki and written informed consent was

obtained from all participating subjects.

Study population

In total, 924 participating subjects between 18 and 90 years (mean 46 years; 628 women and

296 men) were recruited consecutively during 3.4 years, from November 2014 to April 2018.

Inclusion criteria were adult subjects, 18 years or above, in considerable health without diabe-

tes mellitus or neurological disorders. Subjects were recruited in the southern of Sweden, par-

ticularly in Scania with its representative population, and consecutively included by invitation

to various organizations and workplaces. For example, among subjects were care workers,

engineers, students and university associates, all at various professional levels. Out of the 924

subjects examined, 11 participants were excluded due to various nerve affecting conditions;

multiple sclerosis (n = 1), spinal stenosis (n = 2), chemotherapy treatment (n = 3) and ongoing

medical investigation of nerve disease (n = 1), or due to incapacity of completing the examina-

tion (unable to follow instructions and unreliable results, n = 4). Hence, VPT measurements

from 913 participating subjects (mean 46 years; 620 women, 293 men) were included for fur-

ther analyses. Additionally, single measurements or frequencies were excluded if not meeting

the criteria of a normal threshold curve, i.e. a structured VPT curve without outliers, or if skin

temperature were below 20 and above 37˚C [11,20,21,27]. Normal VPT curves have been

more thoroughly described in Ising et al 2018 [11].

Subjects were inquired to complete a questionnaire regarding height, weight, date of birth

as well as handedness (834 right- and 65 left-handed; 14 ambidextrous) and footedness (798

right- and 60 left-footed; 55 ambipedal). The questionnaire also comprised specific questions

related to subjective neurological or vascular symtoms in hands and feet, to obtain information

about potential nerve damage or dysfunction. Subjects with relevant neurological disorders

were excluded.

Multi-frequency vibrometry

VPTs were examined in the pulp of the index and little fingers of the right hand, as well as at

the first and fifth metatarsal heads in the sole of the right foot, with multi-frequency tactilome-

try, using the VibroSense Meter1 I device (VibroSense Dynamics AB, Malmö, Sweden). The

investigated area was excited with a vibrating probe, carrying out vibrations at seven different

frequencies (8, 16, 32, 64, 125, 250 and 500 Hz for finger pulps; 4, 8, 16, 32, 64, 125 and 250 Hz

for metatarsal heads). The examination is fully automated and the frequencies are running

from low to high. Vibrations were applied through the probe according to a von Békésy up

and down psychophysical algorithm and the acceleration of the probe is expressed in decibels

(dB; relative 10−6 m/s2). Acceleration started at 100 dB and increased with an amplitude ramp

rate of 3 dB/s, until the subject perceived vibration and pressed down a response button.

When pressed down, the intensity decreased in a corresponding speed of 3 dB/s, until the sub-

ject no longer perceived vibration and the button was released. Examinations of finger pulps

were performed in accordance to ISO13091-1, Method A; without a surround and with a
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contact force of 0.15 ± 0.09 N between finger pulp and the probe [28]. This corresponds to a

static skin intendent of approximately 1.5 mm. A continuously monitoring was made by the

operator throughout the test to maintain the force within required limits [28]. VPT measure-

ments at first and fifth metatarsal heads were performed in a similar manner with the Vibro-

Sense Meter1 for feet, i.e. a modified hand device, which has been previously described in

detail [20,29]. Since no standardization is published for examinations at metatarsal heads, a

modification of the method was applied [11,20]. The examination procedure was, however,

identical to the finger pulps concerning contact force. The probes of both devices measured 4

mm in diameter. All tests were controlled and stored through the VSM software (version

1.46.6; proprietary software) at a connected PC. VPTs are presented as a curve, vibrogram,

which have been thoroughly described elsewhere [11,29]. All vibrograms were visually

inspected by the operator, as no tracking algorithm is included in the software.

Procedure of examining VPTs

Prior to assessment of VPTs, finger pulp temperatures were measured by an internal tempera-

ture probe of the VibroSense Meter1 I. Temperatures of the surrounding area (20–22˚C

according to the requirements of ISO 13091–1) and at the metatarsal heads of the foot were

measured with a hand-held thermometer [28]. All examinations were performed in an isolated

and quiet room to exclude disturbing elements, and the subject was provided with hearing

protection. Subjects were seated comfortably with the area to be examined, i.e. finger pulp or

metatarsal head, placed on the probe. No visual contact with the probe was possible since the

hand device was covered with a shield, and the foot per se covered the probe during the meta-

tarsal examination. See Dahlin et al 2015 for more details [20]. All tests were performed by the

same three examiners, two research nurses and one researcher, following the same protocol.

The operator explained the procedure and encouraged the subject to keep a high level of con-

centration throughout the test, which lasted for approximately 4 minutes per finger pulp or

metatarsal head. Subjects were instructed to press and keep the response button when perceiv-

ing vibrations and to release when no perception of vibration remained. This procedure was

repeated four times at each frequency. Each examination, at the hand or foot, was preceded by

a test recording at 16 Hz to acquaint the subject to the procedure. Every second subject was

examined at hand at first, wheras the following subject was first examined at foot. However,

VPT tests in hand were always initiated with index finger and in the foot at the first metatarsal.

VPTs were calculated as mean values of the three last perception thresholds of each frequency,

as the first precepted vibration was discarded according to ISO 13091–1 [28]. The frequency of

250 Hz at feet was first introduced to the test in September 2016 and hence, data are missing

for this frequency in subjects examined before this date (n = 485).

Statistical analyses

VPTs are presented for each finger pulp or metatarsal head as mean (95% confidence interval)

and divided into groups by sex and age. Student’s paired samples t-test were performed to inves-

tigate mean differences (95% confidence interval) between the VPTs of index and little fingers,

first and fifth metatarsal heads, index finger and first metatarsal as well as little finger and fifth

metatarsal, separately. Correlations were determined by Pearson correlation matrix (rho>0.3;

i.e. moderate and strong correlations, and p<0.001). To assess the effect of potentially affecting

factors on VPTs, simple and multiple linear regression analyses were performed for age, sex,

height, weight, foot- and handedness as well as skin temperature. Values are expressed in dB as

unstandardized β-values with 95% confidence interval and as coefficients of determination (R2).

P-values<0.001 were considered statistically significant (adjusted alpha-level value due to
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multiple comparisons). Statistical analyses were made using IBM SPSS Statistics (Statistical

Package for the Social Sciencies, SPSS Inc., Chicago, Il, USA) version 25 for Mac.

Results

VPTs in finger pulps of the index and little fingers

VPTs in index and little fingers showed a pattern of increasing thresholds at higher frequen-

cies, but with a decline at the 64 and 125 Hz frequencies (Fig 1). Thresholds increased with age

in both male and female subjects for both fingers (Fig 1). Mean values for VPTs, divided in the

sexes and decennial age groups, are presented for index (Table 1) and little fingers (Table 2),

separately.

Paired comparisons showed small mean differences between index and little fingers at the

frequencies of 16, 32 and 64 Hz [8 Hz: 0.65 (0.2–1.1), p = 0.009; 16 Hz: 1.83 (1.3–2.4),

p<0.001; 32 Hz: -1.96 (-2.5–-1.4), p<0.001; 64 Hz: -2.35 (-2.9–-1.8), p<0.001; 125 Hz: -0.67

(-1.2–-0.1), p = 0.020; 250 Hz: 0.04 (-0.6–0.7), p = 0.912; 500 Hz: -1.14 (-2.0–-0.3), p = 0.011].

Moderate positive correlations were found between the index and little finger pulps for all fre-

quencies (p<0.001, r: 0.376–0.611; Table 3) [30].

Linear regression analyses for VPTs in index and little fingers

Results from multiple regression of the frequencies of 8, 16, 250 and 500 Hz are presented in

Table 4.

No correlations were found between handedness and VPTs (p>0.06) and thus, the vari-

able was not employed in the multiple regression analysis. In the simple regression analy-

ses, women had lower VPTs than men at the frequencies of 8 and 16 in the little finger

(1.51–1.71 dB, p<0.001), but no difference between the sexes was found in the multiple

Fig 1. Vibration perception thresholds for index finger measured in females of two age groups. Y-axis shows mean vibration perception

threshold (VPT) values in decibels (dB: relative 10−6 m/s2), and 95% confidence intervals, for the seven different frequencies (Hz) presented in

the X axis. Subjects were females between 18 and 29 years (n = 58), as well as females over 70 years (n = 30).

https://doi.org/10.1371/journal.pone.0249461.g001
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Table 1. Vibration perception thresholds in the finger pulp of the index finger at seven frequencies for 904 healthy adults.

Index finger

Sex Age (years) Number 8 Hz 16 Hz 32 Hz 64 Hz 125 Hz 250 Hz 500 Hz

Male 18–29 58 103.5 (102–105) 113.5 (112–115) 111.9 (110–114) 100.7 (99–103) 100.5 (99–102) 108.8 (106–111) 124.2 (121–128)

30–39 53 104.6 (103–106) 113.6 (112–115) 114.3 (113–116) 102.0 (100–104) 100.1 (98–102) 106.2 (104–109) 123.6 (121–126)

40–49 75 105.7 (105–107) 113.9 (113–115) 113.5 (112–115) 102.3 (101–104) 102.9 (101–104) 112.0 (110–114) 127.6 (125–130)

50–59 44 107.8 (106–109) 115.2 (113–117) 114.5 (112–117) 103.7 (102–106) 104.0 (102–106) 111.5 (109–114) 127.3 (124–130)

60–69 32 108.0 (106–110) 116.8 (115–118) 117.8 (116–119) 106.0 (104–108) 108.5 (106–111) 118.6 (115–122) 134.1 (130–139)

> 70 30 111.6 (109–114) 119.4 (118–121) 120.7 (118–123) 112.2 (109–115) 116.2 (113–119) 127.2 (124–131) 139.3 (134–145)

Female 18–29 97 103.0 (102–104) 112.1 (111–113) 112.7 (111–114) 102.0 (100–103) 100.3 (99–102) 109.3 (107–111) 126.0 (124–128)

30–39 121 103.2 (102–104) 111.6 (111–113) 112.4 (111–114) 101.5 (100–103) 100.7 (99–102) 109.5 (108–111) 125.3 (123–127)

40–49 140 104.3 (103–105) 114.2 (113–115) 112.1 (111–113) 101.6 (100–103) 102.8 (102–104) 112.8 (111–114) 127.8 (126–130)

50–59 146 105.7 (105–106) 114.3 (113–115) 113.3 (112–114) 104.1 (103–105) 105.1 (104–106) 113.1 (112–115) 129.5 (128–131)

60–69 78 107.3 (106–109) 115.4 (114–117) 115.0 (113–117) 105.6 (104–108) 107.0 (105–109) 114.8 (112–117) 129.2 (127–131)

> 70 30 111.7 (110–113) 119.7 (118–122) 120.9 (118–123) 111.7 (108–115) 114.4 (111–118) 124.2 (120–128) 136.7 (132–142)

Values expressed in dB, as mean and 95% confidence interval.

https://doi.org/10.1371/journal.pone.0249461.t001

Table 2. Vibration perception thresholds in the finger pulp of the little finger at seven frequencies for 903 healthy adults.

Little finger

Sex Age (years) Number 8 Hz 16 Hz 32 Hz 64 Hz 125 Hz 250 Hz 500 Hz

Male 18–29 58 104.0 (103–105) 111.1 (110–113) 115.2 (113–117) 103.6 (102–106) 101.4 (99–103) 107.4 (105–110) 126.3 (123–130)

30–39 53 104.8 (104–106) 111.4 (110–113) 115.3 (114–117) 104.8 (103–107) 101.4 (100–103) 107.0 (105–109) 124.8 (122–127)

40–49 75 104.4 (103–105) 111.7 (111–113) 114.9 (113–116) 105.7 (104–107) 103.8 (102–105) 112.2 (110–114) 128.9 (126–132)

50–59 44 106.8 (105–108) 113.1 (111–115) 114.3 (112–117) 104.2 (102–106) 102.5 (100–105) 109.1 (107–111) 126.2 (123–129)

60–69 32 108.4 (106–110) 114.9 (114–116) 119.4 (118–121) 110.0 (108–112) 109.7 (107–112) 118.3 (114–122) (129–136)

> 70 30 110.8 (109–113) 118.8 (117–121) 123.2 (121–125) 115.7 (113–118) 117.3 (114–121) 126.3 (122–130) 140.2 (135–146)

Female 18–29 97 102.6 (101–104) 109.9 (109–111) 114.2 (113–116) 103.9 (102–105) 101.7 (100–103) 108.6 (107–111) 127.2 (125–130)

30–39 121 102.1 (101–103) 108.9 (108–110) 112.8 (112–114) 103.2 (102–104) 101.5 (100–103) 109.2 (108–111) 124.5 (122–127)

40–49 139 103.6 (103–104) 110.9 (110–112) 113.9 (113–115) 103.7 (102–105) 102.9 (102–104) 111.7 (110–113) 127.1 (125–129)

50–59 146 104.6 (104–105) 112.0 (111–113) 115.8 (115–117) 105.9 (105–107) 105.0 (104–106) 111.9 (110–113) 127.8 (126–129)

60–69 78 106.8 (106–108) 113.9 (113–115) 116.0 (114–118) 108.4 (107–110) 108.1 (106–111) 115.1 (112–118) 128.9 (126–132)

> 70 30 110.6 (109–112) 117.9 (116–120) 121.9 (120–124) 112.9 (109–116) 114.1 (110–118) 122.9 (120–126) 141.3 (137–146)

Values expressed in dB, as mean and 95% confidence interval.

https://doi.org/10.1371/journal.pone.0249461.t002

Table 3. Pearson correlations between vibration perception thresholds in hands and feet for different frequencies in 892 healthy subjects.

4 Hz 8 Hz 16 Hz 32 Hz 64 Hz 125 Hz 250 Hz 500 Hz

Index and little fingers n/a 0.418 0.376 0.468 0.552 0.589 0.611 0.478

First and fifth metatarsal 0.439 0.514 0.555 0.595 0.667 0.667 0.767 n/a

Index finger and first metatarsal n/a - - - 0.321 0.399 0.303 n/a

Little finger and fifth metatarsal n/a 0.393 0.418 0.378 0.444 0.531 0.498 n/a

Data are rho-values, only rho-values of >0.30 are presented (<0.30 indicated by -). All values showed p<0.0001.

n/a: not applicable.

https://doi.org/10.1371/journal.pone.0249461.t003
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regression. There was a linear positive relationship between age and VPTs in both finger

pulps for all frequencies in the simple regression analysis (0.11–0.25 dB per year, p<0.001)

which remained when the model was adjusted for age, sex, height, weight and skin temper-

ature (0.11–0.24 dB per year; selected frequencies are presented in Table 4). At lower fre-

quencies, height and weight were positively correlated to the VPTs when analysed by

simple regression but the effect disappeared in the adjusted model. Higher skin tempera-

tures were associated to lower VPTs in both finger pulps (-1.66–-0.26 dB per 1 degree Cel-

sius, p<0.001). When adjusting the model for multiple variables, this relationship

remained for all frequencies except for 8 and 16 Hz regarding the little finger (Table 4).

Variance of VPTs showed similar patterns in index finger as in the little finger, with skin

temperature and age as the major affecting variables and at a similar levels of explanation.

The R2 coefficients are < 0.29 for all multiple regression analyses, indicating that the five

independent variables could explain at maximum 29% of the variation in VPTs among the

913 subjects.

VPTs in sole of the foot at the first and fifth metatarsal heads

Assessment of VPTs at the first and fifth metatarsal heads did not show the same pattern as for

finger pulps, i.e. with declining thresholds at 64 and 125 Hz. On the contrary, thresholds

increased constantly with higher frequencies, as well as with age, in both male and female sub-

jects (Fig 2). Mean values for VPTs, grouped by sex and decennial age groups, are presented

for the first (Table 5) and fifth metatarsal heads (Table 6), separately.

Paired comparisons showed no differences in VPTs between the first and fifth metatarsals.

In addition, a variety of moderate and strong positive correlations were found between meta-

tarsals for all frequencies (p<0.001, r: 0.439–0.767; Table 3).

Table 4. Multiple regression analyses of VPT changes in low and high frequencies for five independent variables.

Frequency Sex Age Height Weight Skin temperature Footedness R2

Index finger

8 Hz - 0.138 (0.12–0.16) - - -0.253 (-0.36–-0.15) n/a 0.185

16 Hz - 0.110 (0.09–0.13) - - -0.248 (-0.36–-0.14) n/a 0.117

250 Hz - 0.244 (0.21–0.28) - - -1.236 (-1.42–-1.06) n/a 0.288

500 Hz - 0.204 (0.16–0.26) - - -1.576 (-1.79–-1.36) n/a 0.254

Little finger

8 Hz - 0.126 (0.10–0.15) - - - n/a 0.156

16 Hz - 0.129 (0.10–0.16) - - - n/a 0.124

250 Hz - 0.238 (0.20-0-28) - - -1.158 (-1.34–-0.98) n/a 0.260

500 Hz - 0.186 (0.14–0.23) - - -1.649 (-1.86–-1.44) n/a 0.263

First metatarsal

8 Hz - 0.188 (0.15–0.23) - - - - 0.135

16 Hz - 0.226 (0.19–0.27) - - - - 0.166

250 Hz - 0.544 (0.47–0.62) 0.423 (0.22–0.63) - - - 0.391

Fifth metatarsal

8 Hz - 0.144 (0.11–0.18) - - - -3.542 (-5.63–-1.46) 0.118

16 Hz - 0.167 (0.13–0.21) - - - - 0.147

250 Hz -7.071 (-10.30–-3.85) 0.486 (0.42–0.55) 0.418 (0.23–0.60) - - - 0.418

Values are expressed in dB, if p<0.001, as unstandardized β-values with 95% confidence interval and as coefficient of determination (R2).

n/a: not applicable.

https://doi.org/10.1371/journal.pone.0249461.t004
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Linear regression analyses for VPTs in first and fifth metatarsal heads

Results from the multiple regression analyses are presented for the frequencies 8, 16 and 250

Hz in Table 4.

Fig 2. Vibration perception thresholds for fifth metatarsal head measured in males and females over 70 years. Y-axis shows mean vibration

perception threshold (VPT) values in decibels (dB; relative 10−6 m/s2), and 95% confidence intervals, for the seven different frequencies (Hz) presented in

the X axis. Subjects were males and females, all over 70 years (n = 29 in each group).

https://doi.org/10.1371/journal.pone.0249461.g002

Table 5. Vibration perception thresholds at the first metatarsal head in the sole of the foot at seven frequencies for 892 healthy adults.

First metatarsal head

Sex Age (years) Number 4 Hz 8 Hz 16 Hz 32 Hz 64 Hz 125 Hz 250 Hz�

Male 18–29 57 94.1 (92–96) 98.4 (96–100) 105.2 (103–107) 111.5 (110–113) 113.6 (111–116) 113.4 (111–116) 124.6 (122–128)

30–39 52 95.3 (94–97) 100.1 (98–102) 107.8 (105–110) 114.5 (112–117) 118.5 (116–121) 119.8 (117–123) 135.1 (131–139)

40–49 75 95.5 (94–97) 102.1 (100–104) 109.5 (108–111) 116.8 (115–119) 124.0 (122–126) 126.6 (124–129) 136.3 (132–141)

50–59 43 97.4 (95–99) 103.2 (101–106) 110.6 (108–113) 119.5 (117–122) 127.3 (124–130) 131.4 (127–136) 143.4 (135–152)

60–69 31 98.3 (96–101) 106.7 (103–110) 115.7 (112–119) 123.4 (119–128) 132.9 (129–137) 140.5 (135–146) 152.6 (143–162)

> 70 26 102.2 (100–105) 110.1 (107–113) 119.4 (116–123) 128.2 (125–132) 135.4 (132–139) 145.5 (142–149) 157.7 (153–162)

Female 18–29 95 92.9 (92–94) 99.1 (98–101) 105.9 (104–107) 111.9 (110–114) 113.0 (111–115) 113.8 (112–116) 128.7 (125–132)

30–39 122 92.7 (92–94) 98.4 (97–100) 105.3 (104–107) 111.9 (110–113) 114.8 (113–116) 116.3 (114–118) 129.8 (126–134)

40–49 141 94.8 (94–96) 99.9 (99–101) 108.0 (107–109) 115.0 (114–116) 119.4 (118–121) 121.6 (119–124) 137.5 (134–141)

50–59 144 96.0 (95–97) 102.1 (101–103) 109.8 (108–111) 117.1 (116–119) 122.7 (121–125) 127.9 (126–130) 140.4 (136–144)

60–69 77 97.2 (96–99) 104.7 (103–107) 112.5 (110–114) 119.5 (117–122) 126.7 (124–129) 131.7 (128–135) 146.0 (141–152)

> 70 29 101.5 (99–104) 110.4 (107–113) 119.3 (116–123) 128.8 (126–132) 136.9 (133–141) 145.0 (141–149) 152.9 (149–156)

Values expressed in dB, as mean and 95% confidence interval.

�Data only available for 407 subjects due to addition of the 250 Hz frequency in September 2016.

https://doi.org/10.1371/journal.pone.0249461.t005
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The effect of age was similar in both simple and multiple regression models, where VPTs

increased with age for all frequencies (0.09–0.59 dB per year; p<0.001; selected frequencies for

the multiple regression are presented in Table 4). In multiple regression analyses, height

affected VPTs for frequencies between 64–250 Hz (0.31–0.47 dB per cm; p<0.001), whereas

weight showed no effect (Table 4). Higher skin temperatures seemed to lower the VPT for the

125 Hz frequency only (MTI: -0.56 dB, MTV: -0.62 dB per 1 degree Celsius; p<0.001). In the

adjusted model, men had lower VPTs at the fifth metatarsal head for the frequency of 250 Hz

(-7.07 dB, p<0.001; Table 4). No correlation or effect could be found between footedness and

VPTs measured at MTI (p>0.19) in the simple regression analysis and thus, the variable was

not employed in the multiple regression model. However, linear regression analysis showed

that patients who were left-footed had lower VPTs at MTV for the 8 Hz frequency (-3.79 dB,

p<0.001) and this effect remained in the multiple regression as well (Table 4).

Comparisons of VPTs at finger pulps and metatarsal heads

Differences with similar patterns were found between the index finger and the first metatarsal

head [8 Hz: 3.8 (3.2–4.5); 16 Hz: 4.5 (3.8–5.2); 32 Hz: -2.8 (-3.6–-2.0); 64 Hz: -17.7 (-18.6–-

16.9); 125 Hz: -20.7 (-21.6–-19.8); 250 Hz: -25.6 (-27.4–-23.9); p<0.001 for all], as between the

little finger and the fifth metatarsal head [p<0.001; 8 Hz: 3.4 (2.9–3.9); 16 Hz: 2.9 (2.3–3.4); 32

Hz: -0.9 (-1.5–-0.3); 64 Hz: -15.9 (-16.6–-15.2); 125 Hz: -20.1 (-20.9–-19.4); 250 Hz: -25.6

(-26.9–-24.3); p<0.001 for all].

Moderate positive correlations were seen between index finger and first metatarsal head for

higher frequencies (64, 125 and 250 Hz; r: 0.303–0.309, p<0.001) as well as between little finger

and fifth metatarsal head for all frequencies (r: 0.378–0.531; Table 3).

Discussion

With this study, we present a reference material of VPT values for investigation through

multi-frequency vibrometry using the VibroSense Meter1 I device. The study comprises

examinations of VPTs in a large population of 924 healthy subjects, both male and female in

ages between 18 and 90 years. As the methods of VPT testing are developed, the need for a

Table 6. Vibration perception thresholds at the fifth metatarsal head in the sole of the foot at seven frequencies for 894 healthy adults.

Fifth metatarsal head

Sex Age (years) Number 4 Hz 8 Hz 16 Hz 32 Hz 64 Hz 125 Hz 250 Hz�

Male 18–29 57 94.6 (93–96) 100.1 (98–102) 106.8 (105–109) 112.4 (110–114) 113.9 (111–116) 113.9 (111–117) 124.5 (121–128)

30–39 52 97.4 (96–99) 102.5 (100–105) 110.4 (108–113) 115.7 (113–118) 119.1 (116–122) 119.9 (117–123) 135.7 (130–141)

40–49 74 96.6 (95–98) 102.2 (100–104) 109.9 (108–112) 117.1 (115–119) 123.3 (121–125) 126.3 (124–129) 138.6 (135–142)

50–59 43 97.7 (96–100) 103.7 (101–106) 112.1 (110–115) 120.2 (117–123) 127.2 (124–130) 130.5 (126–135) 140.6 (133–148)

60–69 32 98.8 (96–102) 106.7 (103–110) 114.9 (111–119) 123.5 (120–128) 132.1 (128–136) 139.5 (135–144) 148.3 (141–155)

> 70 29 100.5 (97–104) 108.5 (105–111) 119.4 (116–123) 128.5 (125–132) 137.3 (135–140) 146.6 (144–149) 152.2 (146–158)

Female 18–29 95 93.8 (93–95) 98.4 (97–100) 105.8 (104–107) 111.5 (110–113) 112.6 (111–115) 113.7 (111–116) 129.8 (127–133)

30–39 121 92.8 (92–94) 98.6 (97–100) 105.5 (104–107) 112.5 (111–114) 115.1 (113–117) 116.9 (115–119) 131.4 (128–135)

40–49 140 93.0 (92–94) 99.8 (98–101) 106.9 (105–108) 114.3 (113–116) 119.7 (118–121) 122.6 (121–124) 138.0 (135–141)

50–59 145 94.7 (94–96) 101.6 (100–103) 109.5 (108–111) 117.2 (116–119) 123.8 (122–125) 127.1 (125–129) 141.4 (137–145)

60–69 77 96.6 (95–98) 103.0 (101–105) 110.2 (108–113) 119.5 (117–122) 127.8 (125–130) 131.4 (128–135) 147.2 (144–150)

> 70 29 99.5 (97–102) 108.4 (106–111) 115.8 (113–119) 125.6 (122–129) 134.4 (131–137) 143.1 (140–146) 155.8 (153–159)

Values expressed in dB, as mean and 95% confidence interval.

�Data only available for 409 subjects due to addition of the 250 Hz frequency in September 2016.

https://doi.org/10.1371/journal.pone.0249461.t006
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greater knowledge about the normal physiology of our vibrotactile sense is growing. In order

to relate VPT results to actual pathology, both arising and already existing, it is important to

understand the impact of potential patient-related factors such as age, sex, biometry and skin

temperature. The overall aim of understanding the physiology of VPTs, and its methods for

investigation, is to achieve the ability to exert these testings into clinical practice.

The procedure of examining the index and little fingers through vibrometry mirrors the

function of the median and ulnar nerves, and is therefore equivalent to the NCS examination

of these. Investigation by NCS in the lower limb is carried out through the peroneal, sural and

tibial nerves whereas VPT testing focuses on the medial and lateral metatarsals, which both are

innervated by two branches of the tibial nerve. Thus, these areas are supported by different

plantar branches, i.e. the lateral and medial plantar nerves, reflecting diverse plantar sensory

areas which are important for the function of balance and gait [31]. Hence, examination of

these areas can be considered to yield a more functional measure than NCS.

In our data, VPT curves showed a pattern with increasing thresholds with rising frequency,

as well as a decrease in thresholds between 32 and 125 Hz at finger pulps, but not at metatarsal

heads. This is in agreement with the patterns seen in children and adolescents as reported by

Dahlin et al [20]. In fact, the patterns as well as differences and affecting factors within the

younger subjects in our study were similar, although the authors in the previously published

study did not intentionally investigate the predicting factors [20]. Age was the main affecting

factor found in our study, where the impact on VPTs showed to be significant for all frequen-

cies in all areas examined (0.09–0.59 dB per year; p<0.001). Hence, VPTs are increasing with

age with up to 0.59 dB per year. This change is probably best explained by normal age-related

neurobiological changes, such as degeneration of nerve fibers and changes of the mechanore-

ceptors responsible for vibration perception [32]. According to previous studies, palmar den-

sity of Pacinian corpuscles as well as the distal limb density of Meissner´s corpuscles, are

decreasing with age [33,34].

In our study, we found skin temperature to be an important factor affecting the VPTs,

where sensitivity decreased with lower temperature in the fingers. According to the ISO

13091–1, VPTs should not be significantly influenced by skin temperatures in the range of 27–

35˚C [28]. However, temperatures between 20–37˚C were allowed in this present study. There-

fore, we found that skin temperature affected VPTs with -0.2 to -1.6 dB per increased degree

in all frequencies for the index finger, as well as with -1.2 to -1.6 degrees for the frequencies of

250 and 500 Hz for the little finger. Thus, low skin temperatures can affect the patients ability

to perceive the vibrations and should therefore be avoided when examining finger pulps. In

contrast, skin temperature did not influence the VPTs at metatarsal heads of the foot.

Overall, there was no substantial difference in VPTs between the sexes. The number of

women was considerably higher than the number of male subjects in our study. This uneven

distribution was a result of variation in recruitment, since a higher proportion of female domi-

nated professions reported interest in participating in the study. We adjusted for sex in all the

multiple regression analyses and only found lower VPTs for men at the frequency of 250 Hz in

the fifth metatarsal head. However, one should bare in mind that this specific frequency was

introduced to the metatarsal heads in the late phase of our study and thus not comprise an as

large portion of subjects as the other frequencies. Additionally, after introducing the 250 Hz

frequency to the foot device, our recruitment was focused on elder subjects in the ages of over

70 years as well as younger students in the ages of 20 to 25 years. According to previous studies,

differences dependent on age are significant among elder subjects, but not among younger

male and female subjects [35,36]. Additionally, the category of subjects over 70 years in our

study is comprising a range of ages between 70 and 90 years. Hence, the results regarding the

250 Hz frequency should be carefully interpreted as the distribution between the sexes here

PLOS ONE Normative values of vibrotactile sense

PLOS ONE | https://doi.org/10.1371/journal.pone.0249461 April 6, 2021 10 / 15

https://doi.org/10.1371/journal.pone.0249461


could be rather misleading. Additionally, heat and cold thresholds measured in clinical prac-

tice should be interpreted with caution in patients at high age and such a thought could also be

applied for the measurements of VPTs. Our findings that the normal values for VPTs are simi-

lar between men and women stands in contrast to previously published data that rather sug-

gested that women present with greater sensitivity at higher frequencies [37].

We included both right and left dominant (hand-/footedness) subjects although all our

examinations were performed on the right extremities. We could not see any differences in

VPTs regarding dominance except for the frequency of 8 Hz examined at the fifth metatarsal

head. Whether this was a coincidence or not is difficult to tell as the distribution of right- and

left-footed subject was uneven. Additionally, several participants had difficulties in determin-

ing which foot was the dominant one. This could have been avoided if a questionnaire was

applied [38]. Threshold patterns correlated between the index and litte fingers, as well as

between the first and fifth metatarsals of the foot. These results refers to the unique patterns in

hands and feet due to diverse density and function of the receptors responsible for vibration

perception at both sites [6,39–41]. As expected, VPTs were higher at metatarsal heads than

within the finger pulps. Additionally, subject height presented as an affecting factor to VPTs

for the frequency of 250 Hz at the metatarsals, but not the finger pulps. This is in compliance

with the length-dependent pattern of neuropathy, which is more pronounced in the lower

extremities and increases with height [31,42]. Considering the effect of height at the higher fre-

quencies, but not the lower ones, a possible explanation could be attributed to the different

densities of Meissner and Pacinian corpuscles. According to Strzalkowski et al, the density of

FAII afferents, terminating in Pacinian corpuscles, reaches less than half the density of the FAI

afferents, associated to the Meissners corpuscles, in the sole of the foot [31]. However, in con-

trast to the previously mentioned article, we could not see any clear differences between the

lateral and medial metatarsals regarding this. Other studies have shown that the total nerve

fiber densities are distinctly lower in the legs, compared to the arms [41,43].

The potential factors that were investigated in our study, i.e. age, sex, height, footedness and

skin temperature, only showed to represent a 29% level of explanation of VPT differences in

finger pulps, whereas the same factors accounted for a 42% explanation rate at metatarsal

heads. The remaining percents might be explained by anatomical variations, other external

factors of impact or individual differences. For instance, the within-subjects variability is

shown to be greater in elderly than within younger subjects [44,45]. Hence, investigations of

further affecting variables are still needed.

Limitations and strengths

Although the recruitment of study subjects was addressed to a variety of citizens, it resulted in

a non-evenly distribution between men and women as well as an skewness in age distribution,

were the majority of subjects were in the ages of 30 and 59 years. Difficulties in recruiting

elderly were mainly due to concomitant illnesses or diseases, whereas the youngest subjects

were uneasily motivated to participate. An important limitation to the investigational method

of our study is that the VPT testing thorugh multi-frequency vibrometry demands an active

participation of the examined subject. This is in contrast to the methods of nerve conduction

studies which can be brought out passively. Accordingly, examination through vibrometry

implies higher demands of cognition. Another limitation of the test method is that frequencies

only are presented in a consecutive sequence from low to high. Despite these limitations, the

method offers several benefits or advantages in comparison to the gold standard, as mentioned

above. In comparison to NCS, VPT testing through multi-frequency vibrometry is less expen-

sive and time-consuming. It is also more accessible, as it requires less professional time for
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examination and interpretation. VPT testing is a non-invasive method that also could be con-

sidered less unpleasant than NCS, as some patients experience it as uncomfortable. Clinical

implications that follows our study are for example to facilitate follow-ups of nerve affecting

disorders in both primary and diabetic care, as well as to constitute a useful tool in neuropathic

investigations. Impact of repeated measurements has been evaluated and the results implicated

that practice effects are non-existing when examining VPTs through vibrometry at an annual

basis [46]. If applicable, the possibility to compare subjects to their own former results would

therefore be an important tool in these investigations.

Conclusion

Vibrotactile perception thresholds were examined in a large sample of healthy adult subjects of

both sexes to compile a material of the normative values of VPTs in finger pulps and metatarsal

heads. We found that VPTs deteriorate progressively as a part of the normal aging. Other

major predicting factors found in our study was skin temperature in fingers, as well as height

regarding the VPTs at metatarsal heads of the foot. These results enables the knowledge about

the VPT pattern to be used in a clinical practice as a diagnostic tool when investigating neu-

ropathy and other neurological disorders.
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46. Ekman L, Persson Löfgren J, Dahlin LB. Examining practice effects in repeated measurements of vibra-

tion perception thresholds on finger pulps of healthy individuals—Is it possible to improve your results

over a clinically relevant test interval?. PLoS One. 2019; 14(12):e0226371. https://doi.org/10.1371/

journal.pone.0226371 PMID: 31846492

PLOS ONE Normative values of vibrotactile sense

PLOS ONE | https://doi.org/10.1371/journal.pone.0249461 April 6, 2021 15 / 15

https://doi.org/10.1080/08990220.2019.1632184
http://www.ncbi.nlm.nih.gov/pubmed/31267810
https://doi.org/10.1371/journal.pone.0226371
https://doi.org/10.1371/journal.pone.0226371
http://www.ncbi.nlm.nih.gov/pubmed/31846492
https://doi.org/10.1371/journal.pone.0249461

