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ABSTRACT: Quantitative sensory testing with Semmes–Wein-
stein monofilaments suffers from several pitfalls. Our aims were
to assess the reliability of these filaments for touch–pressure
threshold detection, develop and validate a rapid and accurate
procedure for measurements at the bedside, and establish nor-
mative data. After calibration of the monofilaments, an adaptive
staircase algorithm was validated and used to establish norma-
tive data in healthy subjects. Calibration showed significant dif-
ferences between manufacturer- and investigator-produced
data. The relative humidity significantly affected the force
exerted by the filaments. The adaptive procedure showed good
accuracy and substantial time-saving. Touch–pressure thresh-
olds showed significant gender differences (mean 6 2 SD for
females/males: 2.82–12.3/3.09–17.78 g/mm2). The influence of
body site and age is small. Accurate use of Semmes–Weinstein
monofilaments requires prior calibration, correction for humidity,
and use of a validated procedure. In this study we provide nor-
mative data that can be used with our algorithm.
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In patients with neurological conditions, a compre-
hensive assessment of sensory abnormalities can be
very useful. In diabetic polyneuropathy, for exam-
ple, the occurrence of foot ulcerations is correlated
with impaired pressure sensation.1 In neuropathic
pain, different patterns of sensory changes may
reflect distinct pathophysiological mechanisms,
which could justify a differentiated therapeutic
approach.2 Quantitative sensory testing (QST) per-
mits the detection of both hyper- and hypopheno-
mena (i.e., allodynia as well as hypesthesia3) and
allows quantification of sensory changes, thus com-
plementing electrodiagnostic methods.1,4,5

QST suffers from several pitfalls. Testing algo-
rithms and devices are heterogeneous, the results
critically depend on subject cooperation, and nor-
mative data are scarce and highly influenced by
methodological issues. Therefore, the need for
standardized clinically applicable methods and nor-
mative data has been highlighted by several
investigators.1,5

Measurement of touch–pressure detection
thresholds usually involves the use of Semmes–
Weinstein monofilaments, derived from von Frey
hairs, despite several caveats regarding their use.
The stimulus waveform is variable, extraneous
movements may occur,6 and calibration experi-

ments show large discrepancies between the force
values indicated by the manufacturer and the
actual data.7 Moreover, variations in relative hu-
midity significantly affect the applied force.8 In
spite of these problems, the use of Semmes–Wein-
stein monofilaments is supported by the Peripheral
Neuropathy Association,6 probably because of the
simplicity of their use. However, it is essential to
perform careful studies that include calibration
experiments. The relative humidity must also be
taken into account. We have found five studies
that specifically assess tactile sensory thresholds
with Semmes–Weinstein monofilaments and give
sufficient details on the methods and results for
analysis.7,9–12 However, none of those studies have
assessed changes in relative humidity, and only
one of them included calibration of the filaments.7

A critical step in designing a study of sensory
detection threshold, whatever the sensory modality,
is the choice of a protocol. Sensory detection is
not an ‘‘all-or-none’’ phenomenon. Therefore, the
threshold is usually defined as the stimulus inten-
sity at which the signal is detected 50% of the
time.13,14 A ‘‘gold standard’’ procedure for thresh-
old assessment is the method of constant stimuli in
which five or more different stimuli are presented
at least 20 times each, in random order, to esti-
mate the probability of detection of each stimulus
(see Appendix A for a detailed description and dis-
cussion of the protocols). This method is time-con-
suming, as is the forced-choice task recommended
for research studies by the Peripheral Neuropathy
Association.6 As psychophysical methods rely on a
subject’s cooperation and vigilance, the long dura-
tion of a test may be a source of inaccurate
responses, especially when several sites are to be
tested. Much faster procedures exist, the most pop-
ular being the method of limits. This method is
subject to response bias, for example, anticipation
bias. An alternative to these procedures is the fam-
ily of adaptive procedures, in which stimulus inten-
sity depends on the subject’s response to the previ-
ous stimulus. Dyck et al.15 described a ‘‘4, 2, 1’’
adaptive algorithm, in which the step between two
consecutive stimuli is initially large and then pro-
gressively reduced, to allow the investigator to
reach intensity values surrounding the sensory
threshold rapidly. This procedure reduces the du-
ration of the experiment and the subject’s fatigue.
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This algorithm has been shown to give results com-
parable to those from a forced-choice algorithm,
with substantial time-saving.15 However, the alter-
nation of ascending and descending series may still
be perceived by the subject, thus possibly generat-
ing anticipation bias.

The aims of our study were to: (1) assess the
reliability of Semmes–Weinstein monofilaments for
detection of touch–pressure thresholds; (2) de-
velop and validate a procedure suitable for rapid
and accurate measurement of touch–pressure
detection thresholds; and (3) establish normative
data in healthy subjects, with special reference to
age, gender, and body region.

METHODS

Materials and Calibration. The same set of 17 ny-
lon monofilaments (Semmes–Weinstein Aesthesi-
ometer; Senselab), whose forces, as indicated by
the manufacturer, to range from 5.04 g/mm2

(57 mg) for the smallest filament (number 3) to
178.25 g/mm2 (140 g) for the largest filament
(number 19), were used throughout the entire
study. By manufacture, the bending force grows
approximately exponentially with the increment in
filament numbering. As shown in what follows, in
normal subjects, thresholds were usually found
between filament numbers 5 and 10. In some
patients, however, the largest filament could hardly
be detected.

Two calibration experiments were performed:
(1) measure of the force applied on a balance by
each filament, at a fixed humidity level; and (2)
measure of the influence of the humidity level on
the force exerted by a subset of four filaments (see
Appendix B).

Standard Procedure for Touch–Pressure Threshold

Measurements. The subjects were comfortably
seated at a table (for measurements in the arms)
or lying on a bed (for measurements in the legs),
in a quiet room. It was not always possible to avoid
the presence of other persons (e.g., relatives) in
the room; this was accepted, as our procedure is
designed for use at the bedside and not the labora-
tory. Any person present in the room during test-
ing was asked to be as quiet as possible.

The subjects were informed that we wanted to
measure their cutaneous sensitivity. The series of
filaments was shown, and one large and one small
filament were openly tested on their hand, so that
they could see and feel a difference. Usually, they
could not detect the smallest filament. We then
explained that we would test different filaments in
a sequence calculated by the computer, and we
asked that they carefully concentrate on the tested

site and determine, for each filament, if they felt
the stimulus or not.

The computer screen and the box containing
the monofilaments were placed out of sight of the
subject. For measurements in the legs, the position
of the subject was such that he could not see the
tested site. For arm measurements, the subject was
asked to close his eyes (no blinding device was
used). If necessary, the cutaneous site to be tested
was gently shaved to avoid stimulating skin hairs
with the filaments. Room temperature and humid-
ity were recorded before each threshold measure-
ment. The site to be tested was indicated to the
subject by a gentle touch of the investigators’s
hand.

The monofilaments were approached to
approximately 3 cm of the tested site, oriented per-
pendicularly to the skin, and slowly brought into
contact with the skin, taking care to avoid rapid
impact or lateral movements. The filaments were
then bent to about three-fourths of their extended
length, for about 1 s. The investigator asked, ‘‘Do
you feel this?’’ and then slowly removed the fila-
ment (again carefully avoiding lateral movements).
The subject’s answer was recorded on a computer
(0 ¼ not detected, 1 ¼ detected). The computer
calculated the intensity of the next stimulus,
depending on the algorithm used (see later).
Blank stimuli were applied by turning the handle
of the filament by 90�, so that the filament was par-
allel to the skin but the subject perceived the same
investigator movements as usual. At the end of the
testing, the sequence of stimuli and subject’s
answers were displayed on a computer screen (as
in Fig. 1b), to allow visual inspection of the results.
All data were saved for subsequent analysis.

The following testing sites were used: for the
upper extremities, we tested the first dorsal inter-
osseous space of the hand (subsequently referred
to as ‘‘C6’’) and the medial aspect of the forearm,
about 5 cm distally to the elbow (‘‘C8T1’’); for the
lower extremities, we tested the medial aspect of
the lower leg, about 10 cm distal to the knee
(‘‘L4’’), the first dorsal interosseous space of the
foot (‘‘L5’’), and the external edge of the foot
(‘‘S1’’). Subjects were tested either on the lower ex-
tremity or on the upper extremity. Sites were
assessed in random order to average out the effects
of fatigue.

All measurements were done in accordance
with the Helsinki Declaration of 1975.

Stepping Algorithm. To avoid anticipation re-
sponse bias that could occur with the original ‘‘4,
2, 1’’ staircase algorithm of Dyck et al.,15 we inter-
laced two such staircases, beginning at a high and
a low intensity level, respectively (filament
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numbers 16 and 6). Thus, odd-numbered stimuli
belonged to the first staircase, whereas even-num-
bered stimuli belonged to the second staircase. A
total of five blank stimuli were inserted at random
(one of the blank stimuli was included in the first
three stimuli, as done by Dyck et al.15). The total
number of stimuli was thus 35. The value of ‘‘a’’
corresponded to one unit in filament numbering
(as the force difference between two consecutive
monofilaments is not linear but exponential, the
interval a is not constant when expressed in milli-
grams). This procedure was computerized using an
Excel spreadsheet.

The touch–pressure detection threshold was
calculated by averaging all turnaround points
obtained when a ¼ 1 (thus excluding data

obtained at the beginning of the experiment), af-
ter calculation of the force and pressure exerted
by each filament, using filament numbering, cali-
bration data, and the humidity measured at the be-
ginning of the experiment. To correct for humid-
ity changes, an equation was derived from the
nomograph supplied by the manufacturer (see Ap-
pendix B). The percentage of false positives (i.e.,
detection of blank stimuli) was also calculated.

The validity of each measurement was assessed
in two different ways. First, visual inspection of the
experimental data ensured that the two staircases
converged ‘‘reasonably well’’ to a plateau value.
Second, data were rejected if the percentage of
false positives was higher than 20% (i.e., if the sub-
ject ‘‘detected’’ more than one of five blank
stimuli).

Methods of Limits and Constant Stimuli. The
method of limits was used for gross evaluation of
the threshold before testing for the method of
constant stimuli. We used six series of stimuli,
alternating ascending and descending series. The
threshold was computed as the average of the pres-
sure generated by the first filament detected in
ascending series and the first filament not detected
in descending series.

In the method of constant stimuli, five fila-
ments surrounding the sensory threshold (previ-
ously estimated by the method of limits as just
explained) were selected. These five filaments were
presented 20 times each, in a random-order series
(the total number of stimuli was thus 100). For
each of these five filaments, a probability of detec-
tion was calculated and transformed to logit values.
A linear regression was then used to calculate the
sensory threshold, defined as the intensity of stim-
ulation with a probability of detection of 0.5.

Validation of the Staircase Algorithm. The staircase
procedure was validated against the method of
constant stimuli, used as a ‘‘gold standard.’’ In
order to test the algorithm within a large range of
threshold values, we selected 13 subjects suffering
from known neurological diseases that reduce tac-
tile sensitivity in either one or both lower limbs
(sciatic lesions, multiple sclerosis, medullary pa-
thology, diabetic polyneuropathy). One subject
had to be excluded from the analysis because of
intense paresthesia that hampered stimulus detec-
tion. Data obtained from the 12 remaining subjects
(8 men, 4 women, mean age 52 6 13 years) were
used for the analysis. The body site to be tested
(either L5 or S1) and the first side assessed (left or
right) were randomly selected. To average out the
effects of fatigue, measurements were performed
in a mirror design; that is, if in the first site the
staircase procedure was performed before the

FIGURE 1. Results of an experimental session. (A) Series of

stimuli as presented to the subject. (B) The same series of

stimuli showing the interlacing of the two staircases. The arrows

show the turnaround points averaged for threshold calculation.
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constant stimuli method, then the constant stimuli
algorithm was applied first at the contralateral site,
and reciprocally.

Establishment of Normative Data. Healthy subjects
were recruited among colleagues and relatives of
two of our investigators (A.D.B. and V.L.) and
partly via announcements posted in our hospitals.
Exclusion criteria were all neurological diseases
that could alter tactile sensitivity, such as sciatica
(defined as low back pain irradiating below the
knee), polyneuropathy, or diabetes. Subjects with a
history of low back pain were accepted only if the
pain never radiated below the knee. A clinical ex-
amination was performed, including muscle testing
(biceps, triceps, and palmar interossei for upper
limbs, and quadriceps, tibialis anterior, and triceps
surae for lower limbs), clinical evaluation of tactile
sensitivity (C6, C7, and C8–T1 dermatomes for
upper limbs, and L4, L5, and S1 for lower limbs),
and observation of osteotendinous reflexes. Sub-
jects would have been excluded if any abnormality
was observed (this did not occur). For each sub-
ject, date of birth, gender, height, weight, and self-
reported laterality (right- or left-handed) were
recorded. Measurements in the upper and lower
limbs were performed by two different investigators
(V.L. for upper limbs, A.D.B. for lower limbs); V.L.
was trained by A.D.B. to ensure standardization of
the procedure.

For measurements in the lower limbs, 4 male
and 4 female subjects were recruited in each of
the following age categories: 20–29 years; 30–39
years; 40–49 years; 50–59 years; and 60–69 years.
The total number of control subjects was thus 40.
As the results showed a slight but statistically non-
significant trend for an increase in tactile sensitiv-
ity threshold with age, we decided to select control
subjects for measurements in the upper limbs in
only two age categories: 20–29 and 50–59 years (10
males and 10 females in each group).

Statistical Analysis. Throughout this study, data
are presented as mean 6 standard deviation. Ho-
mogeneity of demographic continuous variables
between upper and lower limb groups was assessed
by two-tailed unpaired t-tests.

Repeated measures analysis of variance
(ANOVA) was performed on touch–pressure
thresholds for the upper and lower limbs sepa-
rately, with body site (L4, L5, and S1 or C6 and
C8–D1) and laterality (right and left) as within-sub-
ject factors and age and gender as between-subject
factors. When specific questions were raised about
the effects of a subset of the levels of factors, a
contrast analysis was performed. Two-tailed P <
0.05 was considered significant.

RESULTS

Reliability of Semmes–Weinstein Monofilaments for

Detection of Touch–Pressure Thresholds. Detailed
results of the calibration experiments are given in
Appendix B. They show a poor relationship
between manufacturer- and investigator-produced
calibrations; however, the agreement between
thresholds based on both calibrations was good,
probably because of averaging effects. Changes in
relative humidity, as observed in our experiments,
result in large variations of the forces exerted by
the filaments. For example, within the humidity
range of 40–67% measured in our experiments,
the pressure exerted by filament number 8 (close
to the sensory threshold in most subjects), varied
from 11.05 to 4.38 g/mm2. The agreement
between force and pressure values was acceptable
in the physiological range, but it decreased with
increasing threshold values. As a consequence, we
decided to base further analysis on the pressure
data obtained after correction for humidity and
calibration results.

Validation of the Staircase Algorithm. Figure 1
shows an example of data obtained during one ex-
perimental session. It can be seen that the interlac-
ing of the two staircases, as seen from the subject’s
standpoint (Fig. 1A), resulted in unpredictable
changes in stimulus intensity. This impression was
confirmed by some subjects who knew the algo-
rithm but spontaneously remarked that, after a few
stimuli, it was impossible for them to keep track of
which was the next step in stimulus intensity.
Another observation from Figure 1 is that, as
expected, data converge very well to a plateau
value corresponding to the sensory threshold.

When the results obtained with the staircase
algorithm were compared with those obtained with
the method of constant stimuli, relatively good
agreement was obtained. The linear regression
computed with these data indicated a slope of
1.045 and a negligible intercept of 0.46 (r2 ¼
0.90). By contrast, the regression effective calcu-
lated when comparing the method of limits with
the method of constant stimuli had a slope of
0.755 (r2 ¼ 0.94), indicating that the method of
limits tended to underestimate high thresholds.

The average time needed to measure one
threshold was 5 minutes for the adaptive proce-
dure and the method of limits and 21 minutes for
the method of constant stimuli, indicating a sub-
stantial time-saving for the adaptive procedure.

Establishment of Normative Data. Figure 2 shows a
box-and-whisker plot for touch–pressure thresholds
measured in lower and upper limbs. In the lower
limbs, data are more scattered and thresholds
seem to be higher in males than in females. In
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upper limbs, gender differences seem to be less
pronounced than in lower limbs. In both limbs,
small differences between body sites could be
observed.

In the lower limbs, repeated measures ANOVA
for touch–pressure thresholds showed statistically
significant differences according to gender (P ¼
0.0021) and site (P ¼ 0.012); significant site �
laterality (P ¼ 0.0025) and site � laterality � gen-
der (P ¼ 0.049) interactions emerged. No signifi-
cant influence of age was observed. Average thresh-
olds ranged from 5.9 6 1.9 g/mm2 (L5 left,
females) to 10.3 6 4.5 g/mm2 (L5 right, males).

In the upper limbs, repeated measures ANOVA
showed that age was the only variable that influ-
enced threshold measurements significantly (P ¼
0.031). The average threshold was 6.0 6 2.9 g/
mm2 in young subjects and 7.7 6 3.2 g/mm2 in
old subjects.

When the lower limbs were tested against
upper limbs, no statistically significant difference
was observed.

The average of absolute right/left differences
ranged from 1.6 6 2.2 to 2.7 6 2.5 g/mm2,
depending on the body site tested.

Table 1 gives reference values for tactile sensi-
tivity thresholds. As observed by Rolke et al.,3 the
frequency distribution of threshold values was
skewed when expressed in the raw data and was
closer to a normal distribution after logarithmic
transformation (data not shown). Therefore, the
95% confidence interval was calculated from the
logarithmic data and later back-transformed to
non-logarithmic values. This explains why this
interval is asymmetrical with respect to the mean.

FIGURE 2. Box-and-whisker plots for touch–pressure

thresholds.

Table 1. Mean, standard deviation, and 95% confidence intervals for tactile sensitivity touch–pressure thresholds.

Site

Pressure Force

g/mm2* log g/mm2* g/mm2† g/mm2‡ mg* mg†

Upper limbs Young 6.0 (2.9) 0.74 (0.18) 5.0–6.0 2.4–12.59 214 (221) 131–183
Old 7.7 (3.2) 0.86 (0.16) 6.7–7.9 3.47–15.14 342 (309) 233–312
Females C6 6.0 (2.4) 0.75 (0.17) 5.0–6.3 2.57–12.3 207 (160) 128–199

C8T1 6.8 (3.1) 0.79 (0.18) 5.4–7.0 2.69–14.13 267 (225) 151–249
All 6.4 (2.8) 0.77 (0.17) 5.4–6.4 2.69–12.88 237 (196) 149–208

Males C6 7.1 (3.7) 0.81 (0.18) 5.7–7.3 2.82–14.79 314 (386) 173–282
C8T1 7.4 (3.2) 0.84 (0.17) 6.1–7.8 3.16–15.14 325 (275) 203–315
All 7.3 (3.4) 0.83 (0.18) 6.2–7.4 2.95–15.49 319 (333) 201–279

Lower limbs Females L4 6.2 (2.4) 0.76 (0.16) 5.1–6.5 2.75–12.02 230 (161) 152–230
L5 6.5 (2.4) 0.78 (0.17) 5.3–6.8 2.75–13.18 261 (167) 165–260
S1 6.0 (2.1) 0.76 (0.14) 5.2–6.4 3.02–10.96 216 (137) 145–216
All 6.2 (2.3) 0.77 (0.16) 5.5–6.3 2.82–12.3 236 (155) 168–215

Males L4 8.1 (3.4) 0.87 (0.19) 6.5–8.5 3.09–17.78 376 (283) 219–362
L5 10.1 (4.5) 0.97 (0.18) 8.2–10.6 4.07–21.38 598 (493) 349–562
S1 8.1 (4.1) 0.87 (0.19) 6.5–8.5 3.09–17.78 388 (377) 222–361
All 8.8 (4.1) 0.90 (0.19) 7.3–8.6 3.31–19.05 454 (403) 284–379

All data Females 6.3 (2.5) 0.77 (0.16) 5.6–6.2 2.82–12.3 236 (172) 167–203
Males 8.2 (3.9) 0.87 (0.19) 7.0–7.9 3.09–17.78 400 (382) 258–322

Pressure values obtained from investigator-produced calibrations and taking hygrometry into account; force values obtained from investigator-produced
calibrations and taking hygrometry into account. Bold values indicate global normative data. SD, standard deviation; CI, confidence interval.
*Data expressed as mean (SD).
†Data expressed as 95% CI.
‡Data expressed as mean 6 2 SD.
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Force values are given for a better comparison
with other published studies.

DISCUSSION

Quantitative sensory testing is useful for assessing
alterations in sensory modalities resulting from
physiological and pathological conditions. How-
ever, its clinical and research applications are ham-
pered by the lack of standardization and normative
data. Moreover, one of the most widely used devi-
ces for mechanical sensitivity assessment (Semmes–
Weinstein monofilaments) is subject to criticism.
This study was designed to: (1) assess the reliability
of Semmes–Weinstein monofilaments for detection
of touch–pressure threshold; (2) develop and vali-
date a procedure suitable for rapid and accurate
measurement of touch–pressure detection thresh-
olds; and (3) establish normative data in healthy
subjects, with special reference to age, gender, and
body region.

Reliability of Semmes–Weinstein Monofilaments for

Measure of Touch–Pressure Thresholds. As men-
tioned earlier, several caveats undermine the use
of Semmes–Weinstein monofilaments for tactile
sensitivity threshold measurements.6–8,16 However,
these filaments are still widely in use, probably
because of their simplicity and relatively low cost
when compared with more sophisticated systems.
An alternative to the classical Semmes–Weinstein
filaments is optical glass fibers, which are not sensi-
tive to changes in relative humidity and can be
equipped with a rounded tip of standardized
size.17 However, these fibers are not yet widely
available.

This study confirms that the use of Semmes–
Weinstein filaments is not as straightforward as is
usually assumed by investigators. Calibration
experiments must be performed at least once with
each set of filaments. Humidity changes must be
taken into account, and the procedure of filament
application must be standardized as much as possi-
ble. This observation is at odds with the lack of cal-
ibration and humidity measurements widely
observed in the literature.

Validation of the Staircase Algorithm. Psychophysi-
cal tests are subjective in nature, as they rely on
the subject’s responses, which may be influenced
by both conscious and unconscious factors. There-
fore, their validity is subject to a number of poten-
tial pitfalls.1 First, they are critically influenced by
subject cooperation and may therefore be influ-
enced by boredom, mental fatigue, or distraction.
Thus, algorithms of short duration, such as our
adaptive algorithm, are preferable to longer lasting
procedures. Second, unconscious anticipation bias
can occur when the sequence of stimuli is such

that the subject, after a few stimuli, becomes able
to guess the intensity of the next stimulus. This is
of particular concern with the method of limits. In
the algorithm presented here, the interlacing of
two staircases is such that the subject is unable to
recognize the rules determining the sequence of
stimuli. Third, other unconscious factors such as
anxiety, as well as sensory factors such as paresthe-
sia, may hamper the discrimination of stimuli
against background sensory noise. The use of blank
stimuli allows us to test for this possibility and reject
data if more than one of five blank stimuli can be
described as positive. Finally, conscious bias such as
malingering can influence the results. Although
there is no definitive method to overcome this
problem, two aspects of our algorithm can help
detect unreliable responses: (1) the interlacing of
two staircases, as discussed earlier; and (2) the
assessment of data convergence to a plateau, which
is a condition for considering our adaptive algo-
rithm valid. The assumption that the stochastic pro-
cess of detection is stationary is indeed critical for
the procedure to be applicable.18

The stepping algorithm described in this study,
when compared with the method of limits and the
method of constant stimuli (considered as a refer-
ence), showed better accuracy than the method of
limits. There was substantial time-saving compared
with the method of constant stimuli. The reprodu-
cibility of our algorithm has not been tested, but
filament reproductibility has been considered ac-
ceptable by other investigators.19 Moreover, as sug-
gested by Rolke et al.,3 the good correlation of
data obtained on the right and left sides of the
body shows good reproducibility in the short term.

Establishment of Normative Data. The literature
reporting tactile sensitivity thresholds in physiologi-
cal and pathological conditions is abundant. How-
ever, we found only a few studies that gave suffi-
cient details on their methods and results to
permit effective comparison with our data.3,7,9–12

These studies are summarized in Appendix C (Ta-
ble AC1). The experimental methods as well as the
tested sites vary widely across studies. Only one
study7 relied on filament calibration, and no study
assessed for humidity. The number of subjects was
small in most studies, except for that of Rolke
et al.12 The age range was usually wide. As the
units of threshold measurements were very differ-
ent, comparisons of threshold values are difficult.
We have tried to convert all data to force values
expressed in milligrams (as filament cross-sectional
areas were not available, the calculation of pres-
sure values from data in the literature was impossi-
ble). However, several studies did not give enough
information to ensure that the conversion was
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valid. Threshold values usually lie between 10 and
700 mg. Differences between the results could be
due to numerous factors, such as algorithms, mate-
rials, lack of calibration and measure of humidity,
body sites, and subjects. This once again stresses
the importance of establishing reference values in
each laboratory.

In good accordance with our data, gender dif-
ferences showed a trend for lower threshold values
in females, but differences were small and not
always statistically significant. However, our data
are more scattered in males than in females for
the lower limb, and therefore the range of normal
values is wider in males than in females.

Most studies have shown a threshold increase
with age, and the magnitude of this effect was very
different depending on the study. However, the
age-dependent reduction in tactile sensitivity was
most prominent in older subjects (>68 years of
age).9,11 This could explain why the age effect was
small in our study (our oldest subject was 69 years
old). The decrease in tactile sensitivity with age
may be correlated with a decrease in the density of
Meissner corpuscles.9

Results concerning site differences have been
mixed. In three studies,3,11,12 a craniocaudal
decrease in tactile sensitivity was observed; Halar
et al.10 observed lower thresholds in proximal than
in distal areas in lower limbs. Our study and that of
Voerman et al.7 did not find significant differences
in the upper limbs, whereas we found statistically
significant differences (however small in absolute
value) between L4, L5, and S1 sites in the lower
limbs, and no differences in average values for
upper vs. lower limbs. It must be stressed that all
studies, except that by Rolke et al.,12 used small
numbers of subjects, which may have hampered the
detection of small differences. One other factor
that may contribute to the lack of differences
between upper and lower limbs in our study is that
measurements were performed by different exam-
iners. Although V.D.L. was trained by A.D.B. to
ensure standardization of the method, small differ-
ences in the protocols (e.g., filament handling)
could have occurred and may have undermined the
validity of any upper vs. lower limb comparison.

Finally, right/left differences were absent in all
studies where this parameter was assessed. This
suggests that, in areas for which no normative data
are available, the contralateral site might be used
as a control. Moreover, given that the interindivid-
ual differences are higher than the right–left dif-
ferences, right–left comparisons might be more
sensitive to small sensory alterations than compari-
son with absolute reference data.12 However, this is
not valid in symmetric pathologies such as
polyneuropathies.

To summarize, our data and several other stud-
ies suggest that body site (below the elbow for the
upper limb and below the knee for the lower
limb), age (<70 years), or laterality have only a
marginal effect on threshold measurements.
Therefore, we suggest using the global normative
data indicated in bold in Table 1 for routine clini-
cal assessment. For research purposes, however,
small but statistically significant differences may be
of importance, and more detailed normative data,
taking age, gender, and body-site differences into
account, would be necessary. Given the fact that
the results are highly influenced by the experimen-
tal setting (standardization of instructions to sub-
jects, training of technicians, machine calibration,
stimulus characteristics, and testing algorithms),
each research laboratory must determine its own
set of normal values.1

Conclusion. As a first step before gathering data
from patients, we have come to three conclusions
in this study. First, an analysis of the reliability of
Semmes–Weinstein monofilaments showed that
each set of monofilaments should be carefully cali-
brated at least once, and that humidity should be
routinely assessed at the beginning of each experi-
ment, as it can cause a more than twofold change
in pressure values. Taking humidity changes into
account can be easily implemented in any spread-
sheet program. Second, validation of the adaptive
algorithm shows good accuracy and substantial
time-saving when compared with the method of
constant stimuli. Finally, measures in normal sub-
jects suggest that, within the limits of our experi-
mental data (distal parts of the limbs and age <70
years), body site, age, and laterality have only a
small influence on mechanical sensitivity thresh-
olds, whereas gender differences are observed in
the lower limbs. Therefore, for most clinical pur-
poses, general reference values may be used. In
contrast, any research work must rely on normative
data carefully established in each research setting.

APPENDIX A: ALGORITHMS FOR
THRESHOLD CALCULATION

In perceptual decision processes, there is no sharp
transition from a non-detect to a detect state. That
transition is best described by the probability of
detection as a function of stimulus intensity and
depicted as an S-shaped curve. Therefore, the
threshold is usually defined as the stimulus inten-
sity at which the stimulus is detected 50% of the
time. Several methods have been described to mea-
sure sensitivity thresholds.

The ‘‘gold standard’’ is the method of constant
stimuli, in which five or more intensity levels are
presented at least 20 times each, in a random-
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order series. The probability of detection of each
stimulus intensity can be calculated, allowing the
investigator to determine the psychophysical func-
tion (probability of detection vs. stimulus intensity)
and to calculate the stimulus intensity correspond-
ing to a probability of detection of 0.5.13,14 This
method is time-consuming and therefore the sub-
ject’s cooperation may decrease with time, thus
affecting the results. Moreover, it critically relies
on the necessity to choose a priori a range of stim-
uli centered on the presumed threshold, which
can be problematic in pathological conditions.

A much faster and very popular procedure is
the method of limits. Stimulus intensity is pre-
sented in ascending or descending series, and the
threshold is calculated as the geometric mean of
several series. However, this method is highly sub-
ject to response bias, which may be due to uncon-
scious cognitive factors, such as anticipation bias,13

more often than malingering.
In the family of adaptive procedures, stimulus

intensity is basically a function of the subject’s
response to the preceding stimulus: if a stimulus
Sn is perceived, then the intensity of the next stim-
ulus is decreased by a step ‘‘a’’ (Snþ1 ¼ Sn � a); if
Sn is not perceived, the intensity of the next stimu-
lus is increased by the same step (Snþ1 ¼ Sn þ a).
‘‘Turnaround points’’ designate the points where
the direction of intensity changes is reversed
(when a descending series is followed by an
ascending series, or vice-versa). The step ‘‘a’’
between two consecutive stimuli may be of a fixed
value or may be progressively decreased. In the ‘‘4,
2, 1’’ adaptive algorithm of Dyck et al.,15 the step
value is initially set to 4a and is reduced to 2a and,
finally, to a after the first and second turnaround
points, respectively. This speeds up the initial part
of the procedure, thus reducing subject fatigue.

APPENDIX B: CALIBRATION METHODS AND RESULTS

Methods. Calibration 1 Experiments. The filaments
were calibrated by measuring the force applied at
the plateau of a balance (Mettler Toledo College
B154 for filaments 3–12, Mettler K7 for filaments
13–19). Each filament was slowly applied perpen-
dicularly to the plateau and bent to approximately
three-fourths of its extended length; the applied
force was recorded in milligrams or grams. Six
consecutive measurements were made for each fila-
ment, and the average of measurements 2–6 was
computed.

Calibration 2 Experiments. Information sup-
plied with the filament set stated that the force
required to buckle the nylon monofilament varies
according to humidity. A nomograph was given,
showing the relationship between log force and
humidity, for each filament. We used this nomo-

graph to establish, for each filament, an equation
computing the force applied at a relative humidity
of x%: Fx ¼10E[log(F25) þ (An*(x � 25)], where Fx
is the force at relative humidity x, F25 is the force
at 25% humidity (as measured from the nomo-
graph), and An is the regression coefficient for the
filament n (estimated from the nomograph). This
equation was experimentally tested with four fila-
ments by measuring the force applied by these fila-
ments on a balance, as explained previously, at two
different humidity levels (19% and 28%; humidity
was increased in the laboratory by boiling water in
an open pan). The results obtained in the Calibra-
tion 1 experiment, on a different day, at a humid-
ity level of 34%, were added to the data.

Force Calibration Results. When the forces meas-
ured on a balance (at a humidity level of 34%)
were compared to manufacturer-produced calibra-
tions (relative humidity not specified), the differ-
ences between measured and theoretical data
ranged from �19.75% to 17.61%, indicating wide
variations. The disagreement between measured
and theoretical values could be either positive or
negative, with no systematic pattern of variation.
This suggests that the disagreement cannot be
accounted for by differences in relative humidity.

In contrast, the agreement between threshold
values calculated with manufacturer-produced cali-
brations, and those calculated with investigator-
produced calibrations was, surprisingly, very good
(regression coefficient ¼ 1.02, intercept ¼ 0.04, r2

¼ 0.98). One explanation for this may be that the
discrepancy between manufacturer- and investiga-
tor-produced calibrations was cancelled out by the
averaging process: threshold was calculated by aver-
aging the force (or pressure) for all turnaround
points. In a typical experiment, the 10–18 turn-
around points distributed themselves to three or
four adjacent filaments, mainly among filaments
numbered 5–10, in which the difference between
manufacturer- and investigator-produced calibra-
tions was alternatively negative and positive.

Relative Humidity Calibration Results. When meas-
urements taken at different humidity levels were
compared with manufacturer-produced calibra-
tions (data not shown), the agreement was found
to be relatively good, except for one data point,
which was excluded from further analysis. How-
ever, the relative difference between measured and
calculated data could still be as high as 35%.

Because the humidity measured during the ex-
perimental sessions ranged from 40% to 67%, one
can expect that it would greatly influence our
results. For instance, at these two relative humidity
values, the pressure exerted by filament number 8
(closest to the sensory threshold in most subjects),
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varied from 13.1 to 5.19 g/mm2, according to manu-
facturer-produced calibrations, or from 11.05 to
4.38 g/mm2, according to investigator-produced cal-
ibrations. As a consequence, neglecting the humid-
ity effect systematically alters threshold evaluation
(the magnitude of this overestimation being higher
at high threshold values). Therefore, data analysis
was performed taking relative humidity into
account.

Units of Measurement. The relationship between
threshold values expressed in force units (mg) ver-
sus the values expressed in pressure units (g/

mm2) was approximately linear for threshold val-
ues below 12 g/mm2; above this value, the slope of
the relationship increased (i.e., force data
increased faster than pressure data; data not
shown). As the average normal threshold is close
to 7 g/mm2, this discrepancy will be more marked
in patients with hypoesthesia than in normal sub-
jects. Moreover, data dispersion was higher with
force results than with pressure results. For these
reasons, as well as physiological reasons, we
decided to use pressure values for further calcula-
tions, but kept force values for comparisons with
the results of other investigators.

Table AC1. Published data concerning tactile sensory threshold with respect to gender, age, site, and laterality.

Thornbury and
Mistretta9 Halar et al.10

Investigators
Voerman et al.7 Haanpaa et al.11 Rolke et al.3,12 This study

Method Stepping adaptive
algorithm (step ¼
1)

Forced choice 3 applications of
each filament
(order not
specified),
threshold ¼
force of small-
est filament
detected at
least 2 times

Limits (number
of series not
specified)

Limits (10 series,
alternating
ascending and
descending,
geometric
mean)

Stepping adapt-
ive algorithm
(4, 2, 1 steps)

Correction for
hygrometry

no no no no no yes

Filament calibration no no yes no no yes
Number of male

subjects
24 23 10 30 9 (a), 70 (b) 20 upper limb,

20 lower limb
Number of female

subjects
31 13 10 73 9 (a), 110 (b) 20 upper limb,

20 lower limb
Age range 19–88 years, 4

groups (means
31, 47, 66, and
79 years)

21–77 years, 6
groups (<29,
30–39, 40–49,
50–59, 60–69,
70–80)

Mean 34.7
years (SD 8.8)

19–90 years
(mean 65) 4
groups (<60,
60–69, 70–79,
>80)

17–75 years,
mean 38.4
(SD 12.9) (b)

20–70 years 5
groups (20–
29, 30–39,
40–49, 50-59,
60–69) for
lower limb, 2
groups (20–30
and 50–60 for
upper limb)

Site(s) Volar side distal
phalanx dominant
index finger

12 sites upper
extremity, 10
sites lower
extremity,
non-dominant
side

C3 to C8 V1, C3, T3, T10,
S1

Cheek, hand
dorsum, foot
dorsum

C6, C8T1, L4,
L5, S1

Unit of threshold
measure

Log10 0.1 of mg Log10 of 0.1 mg
of force

Log10 of 0.1 mg
of force

Authors state
Log10 of mg,
but data sug-
gest Log10 of
0.1 mg

mN g/mm2

Published threshold
range (min–max
values)

2.18–2.83 1.97–3.27 2.34–3.86 3.22–5.88 0.21–3.52 (a) 5.5–10
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chophysiques adaptatives pour l’étude de la douleur. Doul et Anal
2001;1:73–77.

15. Dyck PJ, O’Brien PC, Kosanke JL, Gillen DA, Karnes JL. A 4, 2 and 1
stepping algorithm for quick and accurate estimation of cutaneous
sensation threshold. Neurology 1993;43:1508–1512.

16. van Vliet D, Novak CB, Mackinnon SE. Duration of contact time
alters cutaneous pressure threshold measurements. Ann Plast Surg
1993;31:335–339.

17. Fruhstorfer H, Gross W, Selbmann O. von Frey hairs: new materials
for a new design. Eur J Pain 2001;5:341–342.

18. Falmagne JC. Elements of psychophysical theory. New York: Oxford
University Press; 1985.

19. Valk GD, de Sonnaville JJ, van Houtum WH, Heine RJ, van Eijk JT,
Bouter LM, et al. The assessment of diabetic polyneuropathy in daily
clinical practice: reproducibility and validity of Semmes–Weinstein
monofilaments examination and clinical neurological examination.
Muscle Nerve 1997;20:116–118.

338 Adaptive Procedure for Tactile QST MUSCLE & NERVE September 2010


