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Practical mechanical threshold estimation in rodents using von Frey hairs
/ Semmes-Weinstein monofilaments: towards a rational method

Abstract

Here, we reconsider the status quo in testing mechanical sensitivity with von Frey’s hairs. The aim is to
improve paw withdrawal estimates by integrating current psychometric theory, and to maximise the clinical
relevance and statistical power of mechanosensory models. A wealth of research into human tactile
stimulus perception may be extended to the quantification of laboratory animal behaviour. We start by
reviewing each step of the test, from its design and application through to data analysis. Filament range is
assessed as a whole; possible test designs are compared; techniques of filament application to mice and
rats are considered; curve fitting software is introduced; possibilities for data pooling and curve fitting are
evaluated. A rational update of classical methods in line with recent advances in psychometrics and
supported by open source software is expected to improve data homogeneity, and Reduce and Refine
animal use in accord with the ‘3R’ principles.

Key words: Von Frey hairs; Semmes-Weinstein monofilaments; Esthesiometer; Threshold estimation;
Allodynia; Rodent behaviour

1 Introduction

Touch perception in non self-reporting subjects represents a major neuroscientific challenge. Because
perception is individual and internal, certain critical issues arise: Is it possible for an external observer to
measure somebody else’s perception? How does the magnitude of a stimulus come to be perceived? In the
late nineteenth century, these questions were investigated empirically by von Frey, Weber, Fechner, Blix
and others (Gardner and Martin 2000). Weighted horsehairs were initially used by Blix to analyse human
cutaneous perception, and von Frey adapted the method, producing a mechanical stimulator which
became widely used in animal research (Norrsell et al. 1999). Thus psychometrics may inform physiology.
Monofilaments are now used extensively in medicine (Armstrong et al. 1998; Jerosch-Herold 2005) and
preclinical neuroscience (Le Bars et al. 2001), often to assess pain in the hope of therapeutic translatability
(Mogil 2009); yet the quantification of rodent behaviour by hair applications has fallen behind recent
advances in human psychometrics (Carandini and Churchland 2013) and analysis is commonly obsolete
(Milligan et al. 2004). For one discipline to inform the other, it makes practical sense that methodologies be
reintegrated. Already, strong criticism has been made of hair application and operator bias (Bove 2006);
over the following pages, practicable solutions already dispersed throughout the literature are drawn
together, clarified, and recommended as a corrective where appropriate.

The usual primary aim of a bioassay is to derive a numerical description of how input (dose, stimulus, time
etc) relates to output. In the case of von Frey hairs, this number is usually a 50% withdrawal threshold
(Chaplan et al. 1994). The investigator asks: What strength of stimulus is required to elicit clear responses
from this subject (or group of subjects) in half of the instances when it is applied? To answer, a relevant
dataset is needed, with input stimuli spanning from below to above the dynamic range of sensation; then a
50% point may be estimated, by plotting response frequency against log stimulus intensity (Lawless and
Heymann 2010). The resulting graph, at once both a dose-response curve and a psychometric function, is
sigmoid in shape (example in Fig 1). It shows the 50% withdrawal point closely coincident with a, defined as
the point of steepest gradient at the inflection (Pentland 1980; Wichmann and Hill 2001a).



Currently, a staircase assay known as the up-down method (Dixon 1965; Chaplan et al. 1994) is most widely
used (Mills et al. 2012). This method works, but perpetuates historical limitations imposed by the physical
tools, and other accumulated inaccuracies, which together increase the variance (see Section 3).
Fortunately, these problems are easily resolved. We review current practices first to facilitate improved
data collection (Section 4). The mathematical estimation of a (or 50% withdrawal) represents a science in
its own right (Klein 2001; Wichmann and Hill 2001a), so pertinent issues are addressed, and suitable curve-
fitting freeware is recommended (Section 5). Alternative techniques for quantifying mechanosensitivity are
reviewed and compared (Section 6). Improved data homogeneity enhances statistical power (Dell et al.
2002), such that fewer animals are required to achieve a given confidence level (Festing and Altman 2002);
thus the recommendations which follow (summarised in Table 2) may contribute to Reduction and
Refinement.

2 Conceptual background

Between stimulus and effect lies the nervous system in full. Therefore, before dealing with the practical
methodological task, we sketch the linking of cause to sensation; work necessarily pioneered in humans.
We then make the return step from sensation to behavioural response and quantification in animals.

2.1 From stimulus to sensation

The perceived strength of a stimulus (e.g. volume of a sound or a weight in the hand) has been described by
Weber’s law. Laying “the foundation stone of experimental psychology” (Titchener 1915), Weber stated
that for a given reference stimulus, the increase required in stimulus strength for a change to be
perceptible is related to the magnitude of the initial stimulus (Weber 1846). This was expanded by Fechner
(1860) to suggest that perception is on a logarithmic scale:

W=k log ©® Equation 1

where W is perceived sensation ratio, @ is stimulus intensity, and k a constant reflecting the function of the
sensory system. Fechner called Equation 1 “Weber’s Law”; this is what publications on monofilaments using
the term generally intend, though it is also referred to as the Weber-Fechner Law.

That the relationship between stimulus and perception approximates a logarithmic function in different
sensory systems likely represents an evolutionary adaptation of the nervous system to respond over a
working intensity range, and implies that firing activity of certain types of sensory neurons follows a similar
intensity/response ratio (Muniak et al., 2007). Alternative relationships have subsequently been proposed
(i.e. Stevens power law; Stevens, 1960), but the specific powers relating different sensory modalities and
stimulus types is beyond the scope of the present review. It has been noted that k is an approximation and
remains constant only across mid-range stimulus values (Stevens 1957; Savage 1970). However, this is the
dynamic part of the range, where quantification is rightly focused.

With the benefit of this conceptual model (Equation 1), some measure of a sensation can be plotted as a
function of its log causatory stimulus. The result is a psychometric curve (Fig 1). The most important
parameters for our purposes are a and B, respectively the inflection point and its gradient. The sigmoid
form of psychometric functions is mainly familiar to biologists as a dose-response curve; the similarity has
been noted (Weiner et al. 2012), especially when estimating parameters from binomial datasets (Foster
and Bischof 1991; Marin et al. 1991; Zychaluk and Foster 2009). The 50% withdrawal region is the most
helpful region to sample from a sigmoid function because the maximum amount of information can be
extracted where the slope of the curve is steepest (Pentland 1980). What is more, much behavioural work
already uses this value as accepted currency; therefore its retention is both logical and expedient.



When afferent input is processed to sensation, the descriptive “transducer function” of the intervening
nervous system appears similar between different senses such that only an exponent need be varied
(Stevens 1957). Interestingly, this exponent may have adaptive significance for organisms and senses
exposed to differing environmental ranges of experience (Lawless and Heymann 2010). A straightforward
log scaling as in Equation 1 assumes an afferent exponent function = 1, which is a good approximation to
measured values of 0.9 to 1.0 for glabrous skin of the human hand (Greenspan and Bolanowki 1996). The
exponent is approximately halved in hairy skin (Jones 1960; Mountcastle 1967).

2.2 Returning to behaviour
The inaccessibility of perceived sensation (W) in non self-reporting subjects mandates an indirect approach
through observable responses.

Explicitly psychometric approaches are increasingly being applied to rodent perception (Carandini and
Churchland 2013), including mechanosensitivity (Song et al. 1999; Milligan et al. 2005; Morita et al. 2011;
Ghanouni et al. 2012). But do monofilaments actually test sensation, or is it merely the case that we may
use tools and analyses of human perception towards our aim of quantifying animal behaviour? Any
connection between mechanical stimulus and a psychometric-type analysis of subsequent behaviour might
be contingent; this being allowed, the analysis remains applicable.

In humans, a number of classical and recent psychometric tests exists (Gescheider 2013), of which many
might be applied to non-communicating subjects. Behaviour can be categorised as yes-no, or might be
assigned a numerical intensity (Bi and Ennis 1996). In the process of doing so, a level of subjectivity must be
introduced whereby an observer is ultimately responsible for deciding the result. Published data support
this contention; a prime source of variability in yes-no rodent behavioural assay exists between human
operators (Chesler et al. 2002; Bonin et al. 2014; Sorge et al. 2014), especially in control animals (Chaplan et
al. 1994). Indeed, in a strong sense, what is under test is equally the operator’s perception in response to
the stimulus of a behaving rodent! Therefore, the whole experimental approach needs to be conceived
considering operator, as well as subject, in order to estimate mechanosensitivity in the most unbiased way.

To minimise the effect of intra-operator subjectivity, simple binary categorisation makes intuitive and
statistical sense. Though superseded for human subjects by less biased two-alternative forced choice
(2AFC) testing (Gescheider 2013), yes-no testing is well suited to von Frey use in rodents, though very
recent theory considers including a third choice of “uncertain response” to be an improvement (Garcia-
Pérez and Alcala-Quintana 2013). For the animal receiving the stimulus, von Frey may be considered a true
yes-no test; for the operator it may remain so if failed attempts at monofilament application are recognised
as such and discarded.

Finally, subjectivity can be limited by blind testing. The necessity for the operator to be blind to
experimental variables is more extensively discussed in Section 3.4. Here, it is worth mentioning that ideally
the operator should be also blinded to the applied stimulus of each monofilament. Unfortunately such a
condition is not easily applicable under common experimental settings.

3 The physical test

3.1 Semmes-Weinstein filament numbers

Semmes and Weinstein modified von Frey’s wood-mounted animal hairs; today a standard esthesiometer
set contains 20 nylon monofilaments, summarised in Table 1. Handle markings are dimensionless values,
originally log transformations of a 1/10™ mg scale (Dellon et al. 1993; Weinstein 1993) such that:



Quoted stimulus = Log (force in g x 10 000) Equation 2

As well as handle markings, several hair stimulus measures are in general use and are, in fact, more
accurate. The “target force” in g inflicted by each hair is not that which may be calculated from the handle
markings. Note therefore that handle mark does not accurately describe filament stiffness, so another
measure of stimulus should be used when calculating withdrawal threshold.

3.2 Standardising stimulus values

Monofilaments may deliver reproducible forces (Bell-Krotoski and Tomancik 1987), including some
filaments aged over twelve years (Haloua etal., 2011). However, stimulus accuracy may conversely undergo
significant alteration over time, when repeatedly applied (Lavery et al. 2012). The level of degradation
appears related to the intrinsic qualities of nylon used by different manufacturers (Bell-Krotoski et al. 1995;
Booth and Young 2000; Yong et al. 2000). Therefore it is recommended that each set is calibrated regularly
(Bell-Krotoski et al. 1995; Voerman et al. 1999). It is sufficient to place a piece of paper, tape (Yong et al.
2000; Haloua et al. 2011) or rubber glove (Levin et al. 1978) to prevent the tip from slipping on the smooth
surface of a pan balance, and record a series of repeated measurements from buckled hairs in grams. These
may then be converted by Equation 2 and the calibrated values may be used in preference to “target force”
when estimating withdrawal threshold.

It is worth distinguishing between force (expressed strictly in newtons but commonly in grams) and
pressure (Dellon et al. 1993; Stoetling Co 2001) which takes into account the contact area. During filament
application, skin is compressed axially under the probe, but also stretched concentrically across a locally
diffuse indentation. Speculatively, mechanoceptors in these regions are subjected to stretching and
compression (Del Valle et al. 2012). Details of the tip profile as it abuts the skin are of biological relevance,
because different contact types varyingly affect surrounding tissue, and may in turn activate different types
of mechanoreceptor (Treede et al., 2002). Thus, functionally different fibre types may discern particular
aspects of a von Frey application.

To know the effect of a given stimulus in its local biomechanical context would be ideal for quantifying
behaviour in terms of 1) specific receptor activation, resulting from 2) intradermal deformation, initiated 3)
by some quantified aspect of filament bending. Usually, our knowledge of 1) and 2) is either speculative, or
itself a variable under test. Because filament bending concentrates contact towards one edge, the circular
tip area is not biologically meaningful. Experimentally, mechanical threshold duly correlates better with tip
circumference, rather than area (Greenspan and McGillis, 1991). Taken together, these arguments explain
why a log of the bending force is the preferred stimulus measure (but see Levin et al., 1978, who
recommend “stress”).

3.3 Uneven steps: a potential trip hazard

Monofilament esthesiometer sets, sold as standard, increase in unequal intervals. The actual steps
between hairs increase on an approximately logarithmic scale (Werner et al. 2011) in approximate
accordance with Weber’s law (see Equation 1 above). However the intervals, or steps, between log values
are not even (Fig 2), for the good reason that standard kits reflect filament diameters dating from the early
availability of nylon (Lambert et al. 2009; Trossarelli 2010). Thus modern von Frey sets reproduce an
arbitrary historical variable. This problem is limited if threshold is estimated by a robust analysis method;
though commonly, analysis is not so flexible (see Section 5).

In particular, if the sum of two particularly small steps between adjacent hairs is closer to the mean step
size across the set, it may be preferable to combine the steps. This occurs twice across the set in the



regions shown in Fig 2: around the 9”‘, and around the 13"/14™ hairs. Using log step size, the coefficient of
variation ¢, was calculated using target force for all 20 hairs (¢,=0.379) and for sets missing 9" and 13" (c, =
0.279), and 9" and 14™ (c,= 0.293) hairs. Similar improvements result using our measured forces. We
conclude that the 9™ (handle mark 4.17) and 13" (handle mark 4.93) hairs should be removed from von
Frey sets, especially where the method of Chaplan et al. (1994) is used for data analysis. Note that this
recommendation is based on target force, but is also reflected by a calibrated filament set in our hands.

3.4 Applying the hairs

The manner in which von Frey hairs are used affects the stimulus they administer, so careful application
should increase repeatability. To arrive at consistent stimulus intensity, hairs may be flexed immediately
prior to use (Booth and Young 2000). Mechanical sensitivity changes according to activity in live subjects
(Massy-Westropp 2002); rodents should not be tested while grooming, as this behaviour greatly increases
the withdrawal threshold (Callahan et al. 2008). Limbs under test should be weight bearing on a metal grid
rather than hanging free (Kauppila et al. 1998). The support affects measured threshold, but while a flat
surface may be preferable despite filament guiding through a small diameter straight-sided hole (Pitcher et
al. 1999), values quoted for almost all rodent testing are derived from metal grids. A clear view of the feet
from below is helpful. Because of the operator’s role in determining the stimulus, and the subjective nature
of the response, it is important that the operator is blinded to experimental variables (Bove 2006; Begley
2013).

One at a time, filaments are advanced perpendicularly to a subject’s skin until they are seen to buckle. They
should not be bounced onto the skin, but rather applied smoothly (Bell-Krotoski and Buford 1997; Detloff
et al. 2010). Beyond the initial buckle, increased bending yields no change in applied force but may add a
lateral component to alter the stimulus (Johansson et al. 1980). In rodents, the hindpaw mid-plantar region
is used most, avoiding the raised tori (Chaplan et al. 1994) where epidermal thickness increases and
innervation with calcitonin gene-related peptide-immunoreactive fibres is reduced (Duraku et al. 2012).
Medial or lateral deviation causes some baseline difference (Hogan et al. 2004), however surgical
intervention (spared nerve injury) causes particular increase in the medial-lateral effect of hair placement
(Duraku et al. 2012). It seems remarkable that relatively little is known about cranial-caudal sensitivity;
some attempts have been made to sample across this variable by testing throughout the plantar aspect
(Song et al. 1999; Hogan et al. 2004). Accordingly, we presume variable sensitivity along the cranial-caudal
axis which mandates care in selection of test area. Importantly, human plantar testing is concentrated
around the hallux and metatarsal heads, with the heel more rarely tested (Baraz et al. 2014).

The length of time a stimulus continues to act upon the nervous system is physiologically important (Lucas
1910). Temporal summation is effected at the synaptic level (Magee 2000) but also, in describing whole-
organism sensory systems, the concept of stimulus summation has been variously accommodated into
human psychometric models (Watson 1979). Given the importance of stimulation time, the lack of
standardisation in duration of hair applications may rightly be severely criticised (Bove 2006). Contact time
with rodent feet ranges from two hair applications per second (Seltzer et al. 1990) up to prolonged
application of single hairs for 10 s (Millecamps et al. 2007; Metz et al. 2009). This is a variable which has not
been addressed in comparing reported values for rodent withdrawal. Human clinical applications last from
1 s (Mueller 1996; Smieja et al. 1999) to 2 s in order to assess integrity of cutaneous sensation (National
Diabetes Education Program 2000) and estimate threshold (Rolke et al. 2006). At the very least, internal
consistency of application time is important.



3.4.1 Potential pitfalls during testing

The force in a column at buckling was described mathematically by Euler (Oldfather et al. 1933). Its
accurate modelling is complex beyond our current scope, but the variables involved are informative.
Effective hair (column) length is related to actual length by a constant reflecting tethering, i.e. how the
column interacts with its support at one end and its load at the other. At the handle end, a von Frey
filament is fixed because it is glued in place. At the paw it should be pinned, such that it is unable to move
around, without being physically bonded; but if the hair can slide, this tethering constant more than
doubles (Levin et al. 1978), changing the effective filament length. Thus if a hair slips across the paw pad,
the interaction between filament and skin changes and the energy delivered is likely very different. Since
the force delivered under this condition is unknown, the application should be repeated. If a separate tip is
attached to the hair, as in some efforts to standardise the diameter, the tip is no longer pinned but may be
guided or fixed and the force once again changed (Huang and Luo 2011), so recalibration with the tip
becomes essential.

Humidity, and probably temperature, affect elastic modulus and thus bending force (Andrews 1993; Haloua
et al. 2011; Werner et al. 2011). Humidity is the most variable of atmospheric characteristics, and indeed
each of these references reports a significant effect within normal humidity ranges. For labs where
humidity may change from low to high across the course of an experiment, bending force can decrease by
over one third (Haloua et al. 2011); in such instances, we recommend the adjustment scales in the cited
references. Alternatively the problem can be circumvented with optical fibres (Fruhstorfer et al. 2001), but
this refinement — swapping nylon for glass — appears not to have been widely adopted. There may be good
reason not to demand that all testing environments should be identical if animal behavioural studies are to
yield robust and repeatable results (Richter et al. 2009), at least where the effects of known variables are
understood.

3.4.2 Recording responses

A successful hair application is binary: response, or no response. Paw withdrawal behaviours are widely
varied so a paradigmatic positive response is not easily described. The literature focuses on paw lifting but
includes shaking, licking and tapping (Choi et al. 1994). Stronger responses include prolonged licking and
paw biting, escape attempts, repetitive flicking, and vocalisation (Seltzer et al. 1990). The speed at which
the paw is withdrawn must be brisk (Kim et al. 1997), however the response may come after the filament is
removed from the paw. Experience suggests that some of the strongest and most prolonged withdrawal
behaviours are exhibited a clear second or so after contact ceases. We frequently observe a mild response
of hyperextension of the digits; considering this to be neither zero response nor withdrawal, we retest the
hair in these cases. In the case of asymmetric (lateralised) models of painful injury, considering only the
range of exaggerated responses such as prolonged withdrawal and guarding improves the ability to
distinguish lateralised effects (Hogan et al. 2004).

A significant proportion of hair applications are clear failures. The hair may miss-hit the foot or slip, and
animal movement (apart from response) frequently occurs. Judging when not to accept an application
inevitably brings with it operator bias, but for the animal’s behaviour to play a greater role than the
investigator’s decision process, a high proportion of failures seems preferable to recording excessively from
confounded tests. While distinguishing failed application, irrelevant movement and actual withdrawal may
appear simple, it is not easy to maintain throughout testing; therefore Fig 3 proposes a simple algorithm for
maximum consistency.



4 Test design

4.1 Full battery or staircase?

The ideal design yields a good estimate of withdrawal threshold with the minimum number of applications.
The variables in test design are which hairs to apply, and how many times to repeat their application. At
least three different test paradigms can be identified: 1) several hairs are all applied an equal number of
times, and % withdrawal from each is calculated (Kim and Chung 1992); 2) hairs are applied in ascending
order until the first withdrawal is observed (Takaishi et al. 1996); and 3) each response or non-response by
the animal under test informs the selection of the next hair (Pentland 1980; Chaplan et al. 1994). This third
procedure is widely known as a staircase (“up and down”) assay. It was developed to assess explosives
(Dixon and Mood 1948), whereby if a substance failed to detonate in response to being dropped, the next
sample was logically tested with a higher fall, and vice versa. This is clearly useful in psychometric
behavioural testing. Sequential stimuli are selected using a simple algorithm (Fig 3), which concentrates the
most-repeated measures around a point of greatest dynamic sensitivity. Thus, fewest applications may be
used to reach confidence in estimating a.

Staircase testing has been refined and adapted, such that modified forms can be advantageous (Garcia-
Pérez 2001); however the underlying concept remains unchallenged in its superiority (Fuh et al. 2003). This
is especially true for the “method of constant stimuli” where stimulus values are fixed, as in Semmes-
Weinstein filaments. Human psychometrics has discarded non-staircase constant stimulus methods, in
favour of exploring variations within the accepted paradigm of up and down stimulus application (Garcia-
Pérez 1998; Shen 2013).

Both staircase and non-staircase methods have been proposed to measure mechanical sensitivity in
laboratory rodents. Non-staircase repetitive methods typically address the frequency of responses to sub-
or supra-threshold stimulus, aimed at sorting animals into allodynic/non-allodynic or hyperalgesic/non-
hyperalgesic (Detloff et al. 2010). However, it is preferable to avoid such dichotomization which may at
once lead to a loss of relevant information and to an oversimplification of the data (Cohen 1983).
Moreover, adopting pre-established pain/non-pain bins seems to favour a circular degradation of the
method, justifying poor threshold quantification, which in turn blunts the sorting of experimental animals.
Conversely, staircase methods do not detect a normal or abnormal index of sensitivity according to pre-
established definitions, but rather allow derivation of an actual threshold estimate for the purpose of
quantifying mechanositivity. It is also worth considering that monofilaments evoke withdrawal without
aversive pain (Wu et al. 2010; Rigaud et al. 2011). Thus, while we acknowledge that a quantitative change
in estimated threshold may be referred to altered mechanosensation, and then be used to define group
cutoffs, a leftward shift of the estimate should be considered as distinct from a qualitative change to
nociception.

4.2 How many steps make a staircase?

Given the staircase as a preferred paradigm, the question arises: how many individual hair applications
should be made per test run (i.e. to contribute to the creation of each data point). It may not be simply the
case that more applications per animal create inherently more accurate estimates, because a change in the
subject’s behaviour part way through a single testing session is likely to confound analysis (Klein 2001;
Friind et al. 2011) and the more testing is carried out, the more likely it becomes that habituation will
occur. Between testing sessions, Chaplan et al. (1994) found a threshold reduction in control rats following
daily testing for three days, comprising a total of up to 81 filament applications per paw. Repetitions
adequate to the requirements of statistical sampling and the ethical benefit of using animals to elicit a



maximum of data must be balanced against behavioural consistency, habituation, and the patience of the
investigator.

Dixon considered the application preceding a first change of response, which signals the first change of
staircase direction, to be the critical point from which applications should be counted. He used the prime (‘)
to differentiate between total applications per sequence, and applications minus the lead-in. For example,
the sequence “oooxxoxo” contains N’=8 tests, where ‘ denotes a full count of all hair applications in the
string. The same sequence is also meaningfully described as N=6 (note absence of ‘), discounting the same-
direction steps preceding the test immediately prior to the first direction change. This is because tests after
the first direction reversal are likely to be nearer the 50% point, and form a distinct part of the chain for the
purposes of Dixon’s analysis. Regardless of the N’ count, N=6 satisfied his convergence model, and was
found to be adequate for chemical dose (LDs) estimation (Dixon 1965, 1980).

Comparing monofilament staircase lengths, Detloff et al. (2010) suggested N’=10 (i.e. a total of ten
applications irrespective of reversals of direction) to be adequate in rats, and preferable to Dixon’s N=6.
Bonin et al. (2014) developed their SUDO method, with a time saving reduction to N’=5 combined with an
adjustment factor, capable of reproducing closely rat and mouse thresholds estimated using Dixon’s N=6.
To reach N’=10, the increase in sampling beyond N=6 is generally slight, and accommodates the
confounding case in which no reversal of staircase direction occurs during the first five steps.

Of course, to stipulate an absolute N’ implies some prior knowledge of a likely region for a, but this is not
unreasonable in the laboratory environment. Dixon (1965) showed that N=6 (and by extension SUDQO’s
N’=5) is adequate to estimate median lethal dose (LDsp). We do not argue a special case for 50%
withdrawal; however the greater variability inherent in behavioural interpretation may need to be reflected
in staircase length. In reality, the number of applications required to estimate with reasonable confidence is
specific to each subject under test. That is to say, N(peay is itself a function of B. Ideally, in-test recalculation
of a running threshold will allow every staircase to be stopped once a predetermined confidence value for
threshold estimate is reached.

The flexibility of modern analysis (see Section 5.3) allows testing with any given N’ with any known stimulus
strengths applied regardless of sequence. Therefore, step sizes might start off at greater than single
intervals early in a testing sequence, diminishing later to single hair steps in order to refine the estimate
after some reversal is observed (Cornsweet 1962). Thus tactile thresholds may be approached more
efficiently (Dyck et al. 1993; Berquin et al. 2010).

4.3 Rats vs mice: a note on passive foot lifting

An up-down method for estimating mechanical sensitivity in laboratory animals was first applied to rats
(Chaplan et al., 1994) and subsequently mice (Malmberg et al. 1997). Although conventional psychometric
principles likely apply to both models, species differences exist which impinge on staircase testing.

In rats especially, increasingly stiff filaments may be applied until such a time as the weight-bearing foot is
lifted passively by the force of a stimulus which yet elicits no withdrawal behaviour. In adult Sprague—
Dawley rats, Detloff et al. (2010) estimated the frequency of passive lift at approximately 1 in every 60
filament applications. There is a lack of consensus concerning what to do with these events. Some authors
have considered them to be positive responses (Pogatzki et al. 2002) or have retested the same hair after
waiting (Detloff et al. 2012). It is also common practice to set the first passive lifting stiffness as an upper
cutoff for the withdrawal estimate, generally at around 10% of animal weight, variously 15g stimulus



(handle mark 5.18) (Chaplan et al., 1994) up to 28.8 g in adult male rats (Hamity et al. 2010) and even 100 g
(handle mark 6.10) (Detloff et al. 2012).

The problem, then, is where on the response curve (example in Figure 1) these passive lifting events might
lie. The only way to gather evidence for this is to keep testing around or below the passive lifting point: if
repeated measures with the next-lightest hair also very rarely evoke any response, clearly the 50% estimate
should lie to the right of this point. Otherwise, the passive lift is of less concern because sampling is feasible
from both sides of a (50 % withdrawal) and so curve-fitting can go ahead (see next section). Therefore, in
rats responding to a series of retests with a consistent passive lift and no withdrawal, care should be taken
to test the next lightest hair repeatedly and the numbers of responses and non-responses recorded. In this
way, special cases in which the passively lifting stimulus needs to be recorded as the estimate are strongly
contained.

Finally, it should be noted that the upper lapse rate (see Figure 1) may be greater than expected in rats
prone to passive lifting and so, to limit bias, a reasonably inflated estimate should be fed into subsequent
analyses (Prins 2012). Flexible curve fitting systems do require some responses as well as some non-
responses, but a limited number of either does not preclude threshold estimation (see following section).
Similarly, in the case of a superbly sensitive animal, an initial response to the lightest available stimulus may
also be considered as a mirror of the passive lifting situation; it does not necessarily prevent meaningful
data gathering. Ultimately, it is possible to set a minimum threshold value as a cutoff.

5 Analysis of staircases

To generalise empirical data, a model equation may be fitted mathematically, and estimates then derived
for various meaningful parameters. With nonlinear relationships such as paw withdrawal, it is usual first to
choose a model then to apply an iterative fitting process. Curve fitting by maximum likelihood estimation
(MLE) applies the dogma that parameters can be estimated from a sample of a Gaussian distribution (Fisher
1922). Although not unchallenged (Foster and Bischof 1991), MLE persists as a psychometric standard; it
underpins Dixon’s and other methods discussed below.

5.1 Dixon’s modified analysis
The model most used for von Frey data was developed by Dixon (1965) for toxicological estimation of LD
by staircase analysis. It employs the following equation:

LDso=xs¢+kd Equation 3

Where x; is the log of the final dose applied in the staircase, d is the step size, and k refers to a lookup table
of values calculated by MLE from the Gaussian cumulative distribution (see Section 5.2). This was well
suited to longhand pen-and-paper calculation, and met a basic need for dose-response estimation. An
innovation by Chaplan et al. (1994) was to combine Equations 2 and 3 such that Dixon’s lookup tables could
be used to estimate 50% g threshold in von Frey experiments.

Dixon’s (1948) staircase protocol remains useful for data collection, but there are limitations inherent in the
analysis (Dixon, 1965) as follows:

1) Dixon specified equal sized steps (in log units), and his analysis assumes constant steps, expressed as d in
Equation3. This became é in Chaplan’s modified method, defined as mean difference (Chaplan et al. 1994).
However, usable means differ between e.g. the range of hairs applied per animal, or the mean of the
experimental testing range (in our animals frequently 14% variability of 6 from per-animal range), or



perhaps the entire hair set (see Table 1 & Fig 2). The up-down method was intended for instances where
log steps could be accurately applied, for example serial dilutions in toxicity testing. Dixon states clearly
that while log stimulus gradient may deviate from standard deviation (SD) by as much as 50% (i.e. the slope
should lie between 2/3 SD and 3/2 SD), the steps should be equal. Modern monofilament sets contain
uneven steps, but this analysis method sees only the final hair value; an estimate of mean step size (8) sets
the entire test range. Therefore applying the Dixon-Chaplan method to von Frey hairs forces an over- or
under-estimation of every calculated 50% threshold. This is avoidable by analysis methods which manage
individual stimulus values for each hair.

2) The lookup tables do not extend to any start run of five or more values without reversal (e.g. ooooox...).
For such instances, and also for test runs where N>6, either data must be discarded or else a separate
equation is provided (Dixon 1965). However, the concordance between values derived from the two
equations appears to be poor. Where animals are refractory to staircase testing, for example responding
frequently to the lightest hair (handle mark 1.65) or passive foot lifting, an arbitrary value must be assigned
(see Section 4.3); otherwise alternative analysis methods must be sought.

3) Adjacent experimental sequences and their resulting threshold estimates are not always internally
consistent. For example, depending on step size (i.e. mean interval throughout the set versus mean interval
across the hairs applied), values for “oxooxo” and “oxooox” can cross over one another so that “oxooxo”
(which logically implies a more sensitive state) produces a withdrawal estimate higher than “oxooox”
(which logically implies less mechanosensitivity). In other words, the calculated threshold estimates
resulting from a similar pair of sequences become logically inverted relative to one another. Such
inconsistencies depend on the step size which, contrary to Dixon’s founding assumption, is not equal across
the range and may fluctuate as a constant between different test sequences.

5.2 Probability distributions: model choices

Fitting a mathematical function to real-world data represents a science in itself and in this respect the
following paragraph is far from exhaustive. The purpose here is to provide an overview of mathematical
models that are often applied to psychometric data, in order to foster a rational choice of analytical
method and curve fit. An excellent and accessible tutorial for readers unfamiliar with estimation methods is
available (see Myung 2003).

Before fitting a sigmoid function to psychometric data, an estimate of parameters (o, B, and asymptotic
values, Fig 1) can be made by Bayesian inference (Kuss et al. 2005). Once these parameters are estimated,
curve fitting by MLE routines may then be applied without the risk, for example, of generating impossible
negative estimates (Wichmann and Hill 2001a). How then to choose the best mathematical model to fit the
psychometric function? In a broad sense, any model should approximate to the real data distribution.
However, as no “correct” data shape is known, even when a model fits the data well, it may not represent
well the underlying process, thus yielding poor parameter estimates. The chosen model should combine
goodness of fit in specific cases with the possibility to apply that model for fitting all data of the same kind
(Myung 2003). At this juncture, several common models compete for favour:

The logistic function and the Gaussian cumulative are both symmetrical about the centre of the Y-axis, and
therefore carry an advantage in fixing a to the 50% point, at least where lower and higher asymptotes
reach 0 and 100 (or upper and lower lapse rates are set equally, as in Fig 1). Choosing between Gaussian
and logistic models is often a matter of convenience in psychometrics (Tiest and Kappers 2011).
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The Weibull function is effectively a family of curves (defined by shape parameters), used widely in
engineering as well as psychometrics. It explicitly lacks assumptions, its appeal being the widest likely
applicability of the simplest equation (Weibull 1951). Indeed in the case of von Frey, a “correct” model to fit
is unknown. However, Weibull’'s 50% point may diverge from a (Strasburger 2001), requiring interpolation
to estimate 50% withdrawal.

The Poisson distribution is classically applied to rarely (but constantly) occurring events and is
recommended for use where the variance is approximately equal to the mean (Forbes et al. 2011).
However, it has been used to model flashed light response parameters for visual psychometrics (Hecht et
al. 1942).

Nonparametric methods are immune to the effects of heteroscedasticity and poor model selection, but
require larger datasets to implement and so are not likely to be useful for individual animal von Frey
analysis (Zychaluk and Foster 2009).

5.3 Software for estimating curve parameters

Ideal software for our purposes should compute all stimulus information in order to maximise usefulness of
each test (Pentland 1980) and thus minimise animal numbers. Where animals are either too sensitive or
unresponsive for strict staircase data collection, input should allow for this (see for example Section 4.3). It
should allow some flexibility of fitting different models and parameter estimates with reasonable priors,
and be capable of estimating a at the 50% point (for backwards-compatibility with past studies).

Much free software for threshold estimation is available (Harvey 1997; Wichmann and Hill 2001a; Miller
and Ulrich 2004; Peirce 2007; Zychaluk and Foster 2009). Of these, Psychofit (Harvey 1997) has already
been recommended for monofilament testing (Milligan et al. 2004) and used to estimate sensory
thresholds in rats (Milligan et al. 2000, 2005) and humans (Linschoten et al. 2001). It can fit the Gaussian
function, which underlies the Dixon method modified by Chaplan (1994), and is also easy to use; therefore
we recommend it here. Other software may supercede it; curve-fitting routines are under constant
development for Matlab (MathWorks, Inc.) and the R-project (GNU public license). PsychoPy (Pierce 2007)
is powerful, uses an intuitive GUI, and is programmable to run flexible adaptive staircases; but it does not
readily accommodate pre-defined stimuli, as in the case of monofilament sets.

The Psychofit program is available at http://psych.colorado.edu/~lharvey/html/software.html. Raw data

are input by means of a text file included with the download; Milligan et al. (2004) show an example
modified for von Frey, which we reproduce and extend in our Supplementary Material. Note that input is
not limited to the x and o Markov chain; rather any number of hair applications can be made at any
stimulus level and in any order. This allows for flexibility of step size, and also for nearest-hair repeat tests
in cases of passive foot lifting or extreme responsiveness. Preset “flags” of 1 or 0 switch on and off the
available curve models, and also turn on parameters such as a and B estimation. Excellent instructions for
using Psychofit are in Milligan et al. (2004, pp 84-86). We may add that starting estimate of a should be
adapted to reflect the data, and that when inputting the data filename, the .txt extension is required for
the program to recognise the input file (which needs to be stored in the same folder as the executable
program).

5.4 Subsequent statistics: analysing experimental groups

Whatever presumed function relates W to paw withdrawal, it appears to fit a logarithmic approximation, or

equally an exponent of approximately 1 (see Section 2.1). The intervals between Semmes-Weinstein

monofilaments are approximately logarithmic steps (Fig 2), and it is essential that withdrawal estimates are
11



handled in their log state to avoid bias across the range (Mills et al. 2012). The insight of Mills and
collaborators is of particular interest especially when von Frey testing informs pharmacology, for two main
reasons: 1) Graphical representations of drug responses are right-shifted in linear scale; thus misleading
EDs, values are produced unless log-scale axes are properly used. 2) Expressing threshold values in log
brings information derived from animal studies closer to clinical observations, therefore favouring a correct
translation of experimental findings into clinical settings. Once statistical comparisons are made, it is
through habit that paw withdrawal estimates may be converted to grams. For comparison with previous
studies, it may be safest to convert grams into log values and not vice versa.

Are withdrawal estimates from multiple animals best analysed by parametric or non-parametric means?
This is usually the first question posed by statisticians regarding any dataset, but there exists in the
literature on esthesiometers some confusion. Theoretically, we may distinguish between the
discrete/continuous nature of the filament range, and the discrete/continuous nature of estimates of a.
Ideally the hairs should be discrete tests, while the stimulus they aim to model is continuous. But do the
discrete stimuli act effectively as narrow bins, or rather as samples from a continuous spectrum of
overlapping, normally distributed curves? And, once raw stimuli are transformed into response and an
estimate of a (generally by parametric curve fitting routines), might these derived data then be compared
by standard parametric statistics?

Short staircases clearly sort animals into a smaller number of discrete bins, while longer test runs dilute this
effect as bins become narrower. Yes-no test categories are nominal, but estimates of a represent interval-
type data (regardless of bin size) and so, up to this point, there exists no theoretical barrier to comparing
group means of staircase-derived withdrawal estimates by parametric tests (Mills et al. 2012). Beyond
these criteria, if the population distribution is not theoretically normal, or if the actual sample fails a
normality test, then clearly a non-parametric comparison must be performed.

5.4.1 Pooling data - how far to go?

Most commonly, a threshold is estimated per animal. We may then calculate mean and variance within a
study group for standard statistical analyses (“fit-then-pool”). Yet the plantar surface of a foot is treated as
if homogenous; in whole-body models plantar surfaces are typically combined into one, either as a mean of
left and right paws or by pooling data. The commonest diabetic neuropathy, for example, is symmetrical
(Llewelyn 2003; Aring et al. 2005; Bansal et al. 2006). In lateralised neuropathy models, data from left or
right might rationally be pooled. Thus crystallises a question: Is it best to restrict curve fitting to per-animal
estimates of withdrawal threshold, or to estimate threshold from one function fitting data pooled from
several animals (“pool-then-fit”)?

To combine hair applications within a group and fit one psychometric function to several animals avoids the
problem of small data sets giving relatively poor estimates of a (Wallis et al. 2013). Also if the number of
animals within a group is low, the reliability of standard deviation as a measure of variance is also poor
(Foster and Bischof 1991; Kingdom and Prins 2010). The preferred method of estimating error from whole-
group pooled data is the bootstrap method, using Monte Carlo simulations of repeated sampling from the
data set. This does not give variability of the parameter within the external population, rather the
variability of estimation; its advantage is that a significance of difference between groups may be estimated
(Foster and Bischof 1997; Wichmann and Hill 2001b). The disadvantages are that if threshold genuinely
varies between individuals, B may be underestimated, while a combination of intra-animal and inter-animal
error, known as “overdispersion”, causes underestimates of variance by analyses based on classical
functions such as the Gaussian or logistic (Bi and Ennis 1996). A pool-then-fit approach can incorporate
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overdispersion using a beta-binomial distribution (Ennis and Bi 1998; Young-Xu and Chan 2008). Comparing
overdispersed pooled experimental groups using the beta binomial is beyond the scope of this paper; for
such packages see for example ‘VGAM'’ and ‘aod’ at http://cran.r-project.org/.

6 Future directions

There have been additions to the battery of behavioural tests available and which overlap with von Frey.
We may reasonably ask whether von Frey may be out of date. For example, automated gait analysis using
the Catwalk system (Noldus Information Technology) represents an elegant method for assessing the
extent of loaded contact between paws and a glass floor (Vrinten and Hamers 2003). It works well with
unilateral lesions which change the gait, and in this scenario correlates well with von Frey, but might be less
sensitive to bilaterally elevated pain resulting from systemic changes. Also, what is measured is subtly
different; not a single-point external stimulus which may reveal a leftward-shifted curve (sensitisation),
rather a willingness to weight bear.

A more closely related development has been the addition of an electronic force transducer to a point
stimulus. The resulting devices are commercially available in two forms: a mechanically advancing probe,
which records time to withdrawal along with force applied at the moment of withdrawal (dynamic plantar
aesthesiometer), and a handheld nylon stimulator of fixed diameter which the investigator advances
manually, and which records applied force (marketed as Electronic von Frey) similar to a spring-gauge
algometer (Wallas et al. 2003). In a human clinical setting, traditional von Frey may be slower to apply and
less repeatable than handheld electronic von Frey (Tena et al. 2012). In rats, electronic von Frey was
reported to be more sensitive, but by comparison against a poor method which attributed withdrawal
threshold to the lightest Semmes-Weinstein filament to evoke any response (Vivancos et al. 2004). In a
comparison using three established neuropathic pain models, von Frey hairs applied with the Dixon-
Chaplan method detected differences in all models, whereas a dynamic planter aesthesiometer fared less
well, presumably due to postural change (Nirogi et al. 2012).

What may be overlooked in comparing methods is that the underlying premise of electronic von Frey
represents a classical psychometric paradigm quite different from staircase testing, namely the “ascending
method of limits” (Gescheider 2013). Handheld electronic hairs might usefully be developed to standardise
application time; the underestimated extent to which stimuli accrete towards a response is discussed
above (Section 3.4). Beyond cost/benefit (de Sousa et al. 2014), innovations need be assessed against older
methods in biologically and statistically comparable ways in order to identify which methods save time or
improve repeatability, and whether they are in fact testing comparable stimuli.

Monofilament testing retains appeal for clinical use in humans (Jerosch-Herold 2005; Keizer et al. 2008); it
may be that continued improvement to von Frey brings rewards without financial burden. Routines such as
Parameter Estimation by Sequential Testing (PEST) and QUEST exist to create idealised staircases, in which
accumulating response data are used to predict the best intensity for each successive stimulus (Pentland
1980; Watson and Pelli 1983; Linschoten et al. 2001). This level of efficiency lends itself to continuous
variables, and has been used to test rodent olfaction (Clevenger and Restrepo 2006). For PEST or QUEST to
be applied via a mechanical stimulus would represent a clear improvement; what is more, the duration of
application could be controlled. The operator may advantageously be blinded to the applied stimulus
forces, thus removing one source of bias. What is more, testing could be stopped in each animal or group
as soon as a predefined confidence limit was reached.
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7 Summary of recommendations

Behavioural data will reflect the variability inherent in animal and experimental models. Consequently, it is
important that testing itself does not contribute unnecessarily to variance, and thus to using unnecessary
animal numbers to achieve confidence limits. Considering von Frey’s test, Table 2 emphasises fundamental
considerations which may readily improve methodology.
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Figure legends

Figure 1: Example of a Gaussian cumulative function fitted to von Frey staircase data; a dose-response
curve, or a psychometric function of the animal/observer? Fitted by MLE (Harvey, 1997) to combined data
from 42 mice tested with von Frey filaments (each point shows proportion of responses per hair). a = point
of inflection, here fixed to the 50% withdrawal point by equal lapse rates and the symmetry of the Gaussian
function. B= gradient at a where the function becomes linear. y = lower lapse rate, at which subjects show
a withdrawal response when tested with zero stimulus, or where the investigator records a withdrawal
when there is none. § = lapse rate at top of function (false negatives). Note: a and B estimation applied
here for best fit; for best a, we concur with Milligan et al. (2004) in leaving B unflagged.

Figure 2. Magnitude of theoretical and measured steps between hairs; measures derived from Table 1.
Ordinal numbers from complete Semmes-Weinstein set. Y-axis shows buckling force intervals in log units
(by Equation 2). Interval between handle marks of 1% — 2" filaments is above the scale (=0.71). Curly
brackets show region of successive small steps where a hair may be removed. Coefficient of variation
revealed greatest improvement in the absence of 9™ and 13" hairs (marked 4.17 and 4.93); see Section 3.2
for details.

Figure 3. Flow chart for testing by the up-down, or staircase, method. The output is a Markov string of
responses and non-responses. Step sizes may be varied (adaptive staircase testing), starting as larger steps
then diminishing as a central value is approached, where each stimulus value is known and threshold
estimation method is suitably flexible.
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Table1

Table 1. Comparison of published and measured stimulus strength for complete sets of Semmes-
Weinstein monofilaments. Our measurement is mean of 10 repetitions (method after Levin et al.,
1978) performed by one operator (MB); repetitions showed homoskedasticity. In a comparison of
co-authors (MB, FF, CS) calibrating hairs 2.36 through 4.17, mean difference between us was 1.33 %
(data not shown). Exponential series are shown in grey text; all other values are properly
comparable (see Mills et al., 2012 on the importance of using log values).

Theoretical or supposed values Observed values
Ordinal: Handle Target force | Measured by | Measured
full set mark (not converted Levin (1978), by us,
filaments equivalent Equation 2 converted converted
to target Equation 2 Equation 2
force)
1 1.65 1.903 1.602 1.893
2 2.36 2.301 1.973 2.340
3 2.44 2.602 2.531 2.621
4 2.83 2.845 2.959 2.876
5 3.22 3.204 3.049 3.202
6 3.61 3.602 3.328 3.575
7 3.84 3.778 3.750 3.718
8 4.08 4.000 3.990 3.984
9 4.17 4.146 4.199 4.108
10 4.31 4.301 4.267 4.295
11 4.56 4.602 4.449 4.576
12 4.74 4.778 4.497 4.724
13 4.93 4.903 5.025 4.861
14 5.07 5.000 5.230 4.935
15 5.18 5.176 5.270 5.119
16 5.46 5.415 5.348 5.342
17 5.88 5.778 5.865 5.676
18 6.1 6.000 5.937 5.859
19 6.45 6.255 6.132
20 6.65 6.477 Off scale




Table2

Table 2. Summary of Recommendations

Recommendation

Advantage

Operators should be blinded to
experimental group

Reducing confirmation bias

Operator ideally constant per
experiment

Reducing variability due to operator sex,
odour, and experience

Remove 9" and 13" hairs (marked 4.17
and 4.93) from standard von Frey set

Reducing bias of poor step selection
(especially to assist Chaplan’s method)

Standardise time per application (2 sec in
recent clinical guidelines)

Assisting comparability within and
between datasets

Test by a staircase method, starting from
mid-range (e.g. hair 3.22 mice, 4.31 rats).

Concentrates on dynamic region,
optimising contribution of each stimulus

Selection of adequate staircase length
and “adaptive testing” can be flexible

Preventing excessive testing,; avoiding
dogmatism as thresholds become clear

Thresholds should be calculated and
analysed using log stimulus values

Avoiding bias across the range

Use suitable software (e.g. Psychofit) for
curve fit and threshold estimation

Flexible analysis using all available data
and minimising noise

Where possible, pool responses/non-
responses per datapoint (e.g. per animal)

Improves curve fit without masking true
variance
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