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Abstract

Aims/hypothesis We aimed to define normal ranges for
vibration sense as measured by vibratory perception thresh-
olds (VPTs) using biothesiometry.

Methods We performed biothesiometry in a community-
dwelling sample of 901 people aged 55 to 85 years who did
not have diabetes. We quantitated the variation between
repeat measures using analysis of variance and Bland—
Altman plots. We also plotted the age- and sex-specific
reference ranges.

Results We found small but statistically significant differ-
ences between repeat measures using the ascending and
descending method of limits. Statistically higher vibration
thresholds were noted on the right arm and leg compared
with the left. Significantly higher vibration thresholds were
also seen in men vs women for both lower limbs. We also
defined sex-specific reference intervals (normal ranges) for
biothesiometry for older persons and quantitated the
increase in vibration threshold with increasing age.
Conclusions/interpretation For reliability, it may be suffi-
cient to obtain the average of two ascending measures
separated by at least 1 min in just the right hand or right
foot, since this is usually the one with the higher threshold.
Although identical reference ranges can be used for men
and women for the upper limb, there are significant
differences in the lower limbs. The major determinant of
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Introduction

Peripheral neuropathy occurs as a complication of diabetes,
a component of several common and many rare diseases,
and also as an adverse health outcome from exposure to
various chemical substances or physical factors in the
workplace [1-3]. The population prevalence of peripheral
neuropathy has been reported to be approximately 2.4%,
rising with age to 8% [4]. Most peripheral neuropathies are
chronic and usually develop over several months [5].
Peripheral neuropathy is one of the least well-understood
complications of diabetes, with an estimated prevalence of
13.1% in patients with known diabetes and 7.1% in newly
diagnosed diabetic patients [6]. The most common form of
peripheral neuropathy in diabetes is the distal symmetric
polyneuropathy often described as the stocking-glove
neuropathy, affecting first the longest nerves and then
progressing proximally [7]. While sensory, motor and
autonomic functions may be affected, it is the loss of
sensory signals that poses the greatest threat to the limb [7].
Risk factors associated with neuropathy include poor
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glycaemic control, insulin use, duration of diabetes, age,
alcoholism and height [6, 8].

Various methods have been used to assess peripheral
neuropathy including physical assessment, quantitative
vibration perception testing and electrophysiological eval-
uation. Physical assessment can be performed quickly but is
non-quantitative, of unknown reliability and requires a
highly skilled assessor. Electrophysical methods, which are
used to test the largest myelinated sensory and motor fibres,
are quantitative and reliable, but require sophisticated
equipment, skilled technicians and are time-consuming [9,
10]. Quantitative vibration perception testing, on the other
hand, can be done relatively quickly using inexpensive
equipment by an assessor with minimal training [10, 11].
Vibration is sensed by activation of the Meissner and
Pacinian corpuscles, these signals being also conducted by
the same large myelinated sensory fibres tested by electro-
physical methods. The time taken to conduct vibratory
perception threshold (VPT) measurements is considered to
be relatively fast. However, the uptake of VPT for clinical
use and in research studies has been affected by various
factors. These include lack of understanding of the
variability in VPT measurements, clinical and demographic
factors affecting VPT, and the lack of clear reference ranges
for the variety of instruments used in VPT. It is worth
noting that neither electrophysical nor VPT methods
measure the slow-conducting, unmyelinated or thinly
myelinated fibres that conduct thermal sensation. These
can be tested using quantitative sensory testing for
temperature.

In this study, VPTs were obtained at multiple sites across
upper and lower limbs and on the right and left sides. Our
aims were: (1) to assess the intra-individual variability of
VPTs within each site and across sites, comparing right and
left sides for bilateral upper and lower limb sites tested; (2)
to compare variability between upper and lower limbs; and
(3) to assess whether variability in VPT changes with sex
and advancing age.

Methods

Participants and study protocol Data for this study come
from Phase I of the Hunter Community Study (HCS), a
cohort of community-dwelling men and women aged 55 to
85 years in Newcastle, NSW, Australia. Participants were
randomly selected from the NSW State Electoral roll and
contacted between mid-December 2004 and June 2005. A
modified Dillman [12] recruiting strategy was used,
whereby two letters of introduction and an invitation to
participate were posted to the selected persons. Persons
who did not respond to initial postal contacts were
telephoned by an HCS research assistant. If contact was
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not established after five attempts, the individual was
classified as a non-responder. Persons who could not speak
English were deemed ineligible.

Once consent to participate was obtained from eligible
study participants, they were asked to complete a series of
self-report postal questionnaires containing details on
demographics, morbidity, complementary and alternative
medicines and medication use, health professional utilisa-
tion, a food-frequency questionnaire, as well as the
following: Short Form 36 [13], Physical Activity Scale for
the Elderly [14, 15], Kessler Psychological Distress scale
(K 10) [16, 17], Centre for Epidemiological Studies
Depression scale [18, 19], Memory Complaint Question-
naire [20], Duke Social Support Index [21, 22] and
Australian Quality of Life—Mark 2 [23].

Participants were then invited to attend the HCS data
collection centre to enable a series of clinical measurements
to be ascertained. Consent to linkage to data from the
Health Insurance Commission (Medicare and Pharmaceuti-
cal Benefit Scheme) and local health databases was also
sought at this time. The clinical measurements assessed
were: blood pressure, height, weight, waist circumference,
peripheral vibration sensory testing, mini-mental status
examination, spirometry, olfaction, hearing, vision, func-
tional reach, grip strength, mobility and routine blood
values (including cholesterol and fasting blood glucose
level, but not HbA ). Participants were also asked to wear
a pedometer and keep a 7 day diary of step counts.

Of 2253 potential participants approached after random
selection from the electoral roll, 1071 (48%) agreed to
participate, for 901 of whom (40%) data were collected and
completed. Comparisons between responders and non-
responders demonstrated no statistical significant difference
for sex (men 46.1% vs women 46.9%). However, a
difference was demonstrated for age, in that responders
were slightly younger than non-responders (mean 66.3 [SD
7.8] years vs 68.6 [SD 8.4] years, p<0.001). The HCS
participants provide a population profile approximately
reflecting that of the Hunter (NSW, Australia) [24], state
[24] and national [25] Australian profiles. Specifically,
there were no statistically significant differences between
the HCS and the Hunter, state and national profiles in terms
of sex distribution, but the HCS participants were slightly
younger than the Hunter (»p<0.001), state (»p=0.02) and
national (p=0.002) profiles.

This research was conducted as part of the HCS, which
has been approved by the University of Newcastle Human
Research Ethics Committees.

Measurement of peripheral neuropathy The biothesiometer
(50-60 Hz; Model PVD-LP; Bio-Medical Instrument
Company, Newbury, OH, USA) is a clinically validated
method of rapid screening, early detection and longitudinal
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evaluation of persons at risk of sensory dysfunction
associated with disease and occupational injury, and has
been used in other studies of diabetes and peripheral
neuropathy [26]. It is a rheostat attached to a vibrating
probe; as the voltage is increased, the amplitude of the
vibration also increases.

Participants were asked to remove their shoes, socks or
stockings and lie in a supine position with knees bent so
that their feet were flat on the bed. The probe was held at
90° to the skin with constant pressure. Three sites of each
lower limb were used: hallux distal interphalangeal (big
toe), medial malleolus (ankle) and medial tibial plateau
(knee). One trial run with the biothesiometer was initially
conducted at a site other than those mentioned above, most
commonly the shoulder, in order to demonstrate to the
participant the expected sensation. The testing protocols
began on the right leg and right arm, respectively. If a VPT
of <50 V was recorded at the first site (e.g. hallux distal
interphalangeal), no further lower limb sites were tested.

The method of limits was applied, whereby the voltage was
slowly increased from 0 V at a rate of 1 V/s to each limb
consecutively. VPT was the recorded voltage at the moment
the participant indicated that he or she first felt the vibration
(first ascending reading). The voltage was then increased to 10
V above the first recorded VPT and then slowly reduced till
the vibration was no longer felt (second descending record-
ing) on first limb. The method was then applied to record the
first two measurements on the other limb. The final VPT
measurement (third ascending reading) was then recorded on
the first limb by ascending voltage. The testing was then
completed on the other limb. The method of limits was then
applied to upper limbs with joints of the middle finger, distal
interphalangeal (fingertip), metacarpophalangeal (knuckle),
radial styloid (wrist) and olecranon (elbow). The hand was
rested on a rice-filled pillow. Ifa VPT of <50 V was felt at the
first joint (e.g. distal interphalangeal), no further upper limb
sites were tested. The participant was supine throughout the
testing procedure and could not see the biothesiometer
controls. Testing was done in an air-conditioned room at 22
to 24°C.

Statistical analyses Repeated measures analysis of variance
was used to test for differences between repeated VPT
measurements (two ascending and one descending). If this
was positive, associated pairwise comparisons between
ascending and descending distal measurements were made
using paired ¢ tests, with adjustment for multiple compar-
isons. Paired ¢ tests were also used to test for differences
between the left and right distal VPT measurements. Linear
regression lines, with 95% Cls, were used to demonstrate
the relationship between the distal measurements and age.
Pearson’s correlation coefficient was used to measure the
association between right and left limb measurements.

Bland—Altman plots were used to assess variability, with
the average of the three readings on the x-axis and the
difference between two measurements of interest on the
y-axis. All statistical analyses were conducted using Stata
version 9 (StataCorp LP, College Station, TX, USA).

Results

Participant characteristics Phase 1 of the HCS contained
information on 901 participants. Participants with self-
report of diabetes or taking diabetic medications (n=105),
stroke (n=35) and/or heart disease (n=112) (not mutually
exclusive groups) were excluded, leaving 662 participants.
The average age of the remaining participants was 66.1
(SD=7.6) years and 56.0% were women.

Lower limb results Table 1 shows the mean (SD) of the
distal leg measurements. There were 589 participants with a
distal leg measurement. These findings are reported
separately for the left and right limbs, by age group. For
both limbs separately, there were statistically significant
differences in the total means between: (1) the first
ascending measurement and the descending measurement
(»<0.001); (2) the first ascending measurement and the
second ascending measurement (p<0.001); and (3) the
descending measurement and the second ascending mea-
surement (p<0.001). For both limbs, the mean of the first
ascending measurement was the highest value, followed by
the second ascending measurement, then the descending
measurement. A Bland—Altman plot (Fig. 1) confirmed the
significant but clinically small difference between the first
ascending and descending readings in the lower limb; this
difference remained constant throughout the entire range of
values, as did the spread of values.

In comparing the total means between the left and right
limbs, there were statistically significant differences be-
tween the first ascending measurements (p=0.04) and the
descending measurements (p=0.01), but no statistically
significant difference between the first and second ascend-
ing measurements (p=0.14). In all three comparisons
between the left and right limbs, the right limb had the
highest mean values. Note that only six participants had
ankle and knee measurements; these were not analysed.

Figure 2 shows the relationship between the distal leg
measurements and age, separately for both sexes. There
was a statistically significant linear relationship between
distal leg measurements and age, for both men (p<0.001)
and women (p<0.001), with voltage increasing with age.
As seen from the linear regression lines and their cor-
responding 95% Cls, there was a statistically significant
difference in voltage between men and women from the age
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Table 1 Distal measurements summary for left and right leg, stratified by participants aged <70 years and those aged >70 years

Distal measurement <70 years >70 years Total
Right leg
Ascending 1 16.1 (7.6) 21.9 (10.9) 17.8 (9.3)
Descending 1 15.0 (7.6) 20.2 (11.0) 16.5 (9.3)
Ascending 2 15.2 (7.5) 20.9 (10.9) 16.8 (9.2)
Average, all three 15.4 (7.4) 21.0 (10.6) 17.0 (9.1)
Average, ascending 15.6 (7.4) 21.4 (10.7) 17.3 (9.1)
Average, ascending 1 and descending 1 15.6 (7.5) 21.0 (10.7) 17.1 (9.1)
Left leg
Ascending 1 15.9 (8.0) 21.3 (10.9) 17.2 (9.3)
Descending 1 14.7 (7.8) 19.5 (10.8) 15.9 (9.0)
Ascending 2 15.2 (7.8) 20.3 (10.8) 16.5 (9.2)
Average, all three 15.3 (7.7) 20.3 (10.6) 16.5 (9.0)
Average, ascending 15.6 (7.8) 20.8 (10.6) 16.9 (9.0)
Average, ascending 1 and descending 1 15.3 (7.8) 20.3 (10.7) 16.5 (9.0)
Average, left and right legs
Ascending 1 16.0 (7.3) 21.4 9.9) 17.5 (8.6)
Descending 1 14.9 (7.2) 19.7 (10.0) 16.2 (8.6)
Ascending 2 152 (7.2) 20.5 (10.0) 16.6 (8.8)
All six measurements 153 (7.1) 20.5 (9.8) 16.7 (8.4)

Values are mean (SD)

of about 60 years with this difference between the sexes
increasing with age.

Upper limb results Table 2 shows the mean (SD) of the
distal arm measurements. There were 604 participants with a
distal arm measurement. These values are reported separate-
ly for the left and right limbs, by age group. For both limbs
separately, there were statistically significant differences in
the total means between: (1) the first ascending measurement
and the descending measurement (p<0.001); (2) the first
ascending measurement and the second ascending mea-
surement (»<0.001); and (3) the descending measurement

and the second ascending measurement (p<0.001). For
both limbs, the mean of the first descending measurement
was the highest value, followed by the second ascending
measurement, then the descending measurement. In com-
paring the total means between the left and right limbs,
there were statistically significant differences between the
first ascending measurements (p<0.001), the descending
measurements (p<0.001) and the second ascending mea-
surements (p<0.001). In all three comparisons between the
left and right limbs, the right limb had the highest mean
values. Note that only one participant had a metacarpal
measurement and no participants had wrist measurements;
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the metacarpal measurement was not analysed. A Bland—
Altman plot confirmed these findings (data not shown).

The relationship between the distal arm measurements
and age, separately for both sexes, is shown in Fig. 3. There
was a statistically significant linear relationship between
distal arm measurements and age, for men (»p<0.001) and
women (p<0.001), with voltage increasing with age.
However, there was no statistically significant difference
in voltage between men and women.

60 70 80 90

Age (years)

Variability between left and right limb measurements There
was a very high correlation between left and right limb distal
measurements for finger (#=0.79) and toe (r=0.76), with
only a few outliers. Bland—Altman plots of the difference
between right and left readings for the lower limb indicate
that the values for the right side tend to be higher than for
the left side; this trend increases as the average voltage
increases, as does the spread of the values (Fig. 4). This
pattern was similar for the upper limb (data not shown).

Table 2 Distal measurements summary for left and right arm, stratified by participants aged <70 years and those aged >70 years

Distal measurement <70 years >70 years Total
Right arm
Ascending 1 8.6 (2.4) 10.3 (4.2) 9.1 34)
Descending 1 7.7 2.4) 9.2 (4.2) 8.1 (3.2)
Ascending 2 7.9 (2.3) 9.6 (4.8) 8.4 (3.5)
Average, all three 8.0 (2.2) 9.7 (4.3) 8.6 3.2)
Average, ascending 8.2 (2.2) 10.0 (4.4) 8.8 (3.3)
Average, ascending 1 and descending 1 8.1 (2.3) 9.7 (4.1) 8.6 (3.2)
Left arm
Ascending 1 8.1 (2.1) 9.8 (4.1) 8.7 (34)
Descending 1 7.3 (2.2) 8.6 (3.9) 7.8 (3.3)
Ascending 2 7.6 (2.1) 9.3 (4.6) 8.2 (3.6)
Average, all three 7.7 (2.0) 9.2 (4.0) 8.2 (3.3)
Average, ascending 7.8 (2.0) 9.54.2) 8.5(34)
Average, ascending 1 and descending 1 7.7 (2.1) 9.2 (3.9 83 (3.2)
Average, left and right arms
Ascending 1 8.4 (2.1) 9.9 (3.6) 8.9 (3.1)
Descending 1 7.5 (2.1) 8.8 (3.5) 7.9 (2.9)
Ascending 2 7.7 (2.0) 9.4 (4.3) 8.3 (3.3)
All six measurements 7.9 (2.0) 9.4 (3.7) 8.4 (3.0)

Values are mean (SD)
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Discussion

In this study we tested a randomly selected cohort of older
community-dwelling Australian adults. By excluding peo-
ple with a self-reported diagnosis of diabetes, stroke and
heart disease (heart attack and angina), we were able to
examine a cohort of persons without confounding neuro-
logical disease [27]. Previous reference ranges have been
published for a variety of populations, e.g. whites [28],
Japanese [29] and Chinese [30], but these are difficult to
compare due to the difference in instruments and the
different units used for the reference ranges, e.g. micro-
metres, decibels, hertz.

Measurements of vibration perception thresholds using
the biothesiometer are by nature psychophysical in that
cooperation from the participant is required. While the
sensory stimulus is an objective physical occurrence, the
response represents the subjective report from the partici-
pant [27]. VPT measurements rely on participants having
an understanding of the tests, concentrating while the test is
being conducted and reporting vibration sensation or
extinction as they occur. Variability can exist across the
study sample in individuals’ ability to concentrate or
feeling tired at the time of the test [31]. Variability may
also be affected by the thickness or rough texture of the
skin at the site being tested and by the temperature of the
limbs [31]. Dorsal surfaces of the toes and fingers were
used, which are less prone to calloused skin. While the
room temperature was relatively constant during measure-
ments, the temperature of the participants’ limbs may have
varied. However, other studies have found that vibration
thresholds for lower frequencies (biothesiometer 50-60 Hz)
are influenced only a little by temperature variations within
the normal skin temperature [32].
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Previous investigations of variability have arrived at
varying conclusions. Some studies found good intra-
observer reliability, but poorer inter-observer reliability
[33], with coefficients of variation up to 45% [34]. Other
studies found good reproducibility [35] and good validity
between centres [36]; this probably relates to good stan-
dardisation and adherence to testing protocols.

In our study, statistically significant differences were
observed across the means for each reading with the highest
reading recorded for the first ascending, followed by the
second ascending and finally the descending reading. This
was consistent for both lower and upper limb site testing. It
is not unusual for the descending vibration perception
reading to be lower than the ascending readings. The VPT
recorded for the descending test is generally less distinct
and the participant may occasionally find it difficult to
determine when the vibration sensation has in fact
disappeared [37]. Pacinian corpuscles have been identified
as the receptors responsible for the transduction of vibratory
energy [38], with increasing pressure of the vibrating
stimuli resulting in an increase of the frequency discharge
from Pacinian corpuscles [38]. Pacinian corpuscles can be
susceptible to an adaptation effect whereby increasing
vibration pressure results in increased radiation of the
vibratory stimuli and excitation of the deeper receptors. To
counter this effect, a rest period of at least 1 min between
the second and third readings was adopted in the protocol.
Other studies have found that a criterion shift can also
occur, resulting in lower subsequent readings related
perhaps to a learning response to the test [10]. VPT
measurements were consistently higher for the right limbs
and this might reflect the fact that the study protocol
initiated the vibration measures on the right foot and right
hand, respectively.
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Previously published literature documents the effect of age
[10, 37] and height [10, 28] on VPT measurements. For men
and women we found statistically significant linear associ-
ations between the distal leg and distal arm VPT measure-
ments (average of six readings across limbs) and age, with
VPT increasing with age. No such association was found for
height in this study (results not presented). Interestingly,
from approximately 60 years of age, a statistically signifi-
cant difference in VPT measures for the lower limb was
observed between men and women, with men having
significantly higher readings. While VPT measures in-
creased linearly with age for distal arm sites, no statistically
significant difference between men and women was ob-
served with increasing age. Our results are consistent with
previous studies that show ageing to be associated with a
decline in vibration perception, with deterioration less
marked in the hand than in the foot [35, 39].

When comparing adults of <70 years with adults >70
years, the mean VPTs of all three measurements for both
the toe and the finger were consistently higher for the older
group. The variances as depicted by the standard deviation
score were also slightly higher. This finding is supported by
Thomson et al., who suggested VPT to be unreliable in the
elderly due to the high variability in scores observed [40].

Conclusions This study provided an opportunity to de-
scribe the vibration perception threshold experience of
older community-dwelling adults. While we were unable to
exclude from the analyses participants who may have
experienced a work-related exposure linked to peripheral
nerve impairment, we did exclude participants with
diseases such as diabetes (based on self-report and
medication history), stroke and heart disease, all of which
are known to be associated with underlying peripheral
neurological impairment. It is, however, possible that some

participants with early, undiagnosed diabetes were included
in the sample, although this number is probably small.

Our results indicate that in clinical and research use, it may
be sufficient to get the average of two ascending measures
separated by at least 1 min in just the right hand or right foot,
since these are usually the sites with the higher threshold.
Although identical reference ranges can be used between men
and women for the upper limb, there are significant differ-
ences in the lower limbs. The major determinant of VPT is
age, and we were able to establish age-specific norms for VPT
testing for adults aged 55 to 85 years.

Duality of interest The authors declare that there is no duality of
interest associated with this manuscript.
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