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Receptor Encoding of Moving Tactile Stimuli in Humans. II. The Mean 
Response of Individual Low-Threshold Mechanoreceptors to Motion 
Across the Receptive Field 
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The mean firing rate evoked in 70 cutaneous, low-threshold 
mechanoreceptors in the human median, radial, and inferior 
alveolar nerves by stimulus motion across the skin was 
quantitatively studied. Moving stimuli, controlled for velocity, 
direction, and length of skin traversed, were provided by a 
servo-controlled motor that carried a brush across the re- 
ceptive field. Each unit was studied with stimuli delivered at 
multiple velocities from 0.5 to 32 cm/set in at least two 
opposing directions. 

A power function provided an excellent description of the 
MFR-versus-velocity relationship. The exponent n was in- 
terpreted to reflect the receptor’s sensitivity to changes in 
stimulus velocity, and the multiplicative constant c, the pre- 
dicted response to stimuli moving at 1.0 cm/set. The fast 
adapting mechanoreceptors exhibited higher sensitivity to 
stimulus velocity than the slowly adapting mechanorecep- 
tors. The mean velocity at which the fast adapting units were 
predicted to first respond to movement was also higher. 

Estimates of n, c, or both differed significantly for stimuli 
delivered in opposing directions for more than 70% of the 
mechanoreceptors. No direction of motion consistently led 
to power function parameters with higher values so as to 
suggest a “preferred” regional direction of motion for the 
entire population. Neither the directional difference in n nor 
c could be attributed to directional differences in the forces 
applied across the receptive fields. These findings suggest 
that information about velocity and direction is represented 
in the mean firing rate responses evoked in the population 
of mechanoreceptors activated by a moving tactile stimulus. 

[Key words: human, microneurography, tactile stimuli, re- 
ceptor encoding, motion, velocity discrimination, directional 
sensitivity] 

Early studies demonstrated that movement across the receptive 
field is most effective in evoking activity in cutaneous low- 
threshold mechanoreceptors (in man and subhuman primates; 
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Vallbo and Hagbarth, 1968; Hagbarth et al., 1970; Whitsel et 
al., 1972; Jarvilehto et al., 1976; Vallbo et al., 1979). These 
studies also suggested that the mean-firing-rate response of in- 
dividual mechanoreceptors represents information about the 
velocity and direction of movement. This hypothesis, however, 
has never been systematically evaluated for human subjects. 

To this end, and to better appreciate the contribution of in- 
dividual afferents to the population-encoding of information 
about moving tactile stimuli, we quantitatively studied 70 slow- 
ly and fast adapting mechanoreceptors in the median, radial, 
and inferior alveolar nerves of man. Natural movement across 
the receptive field was provided by a tactile stimulator that 
moved a small brush across the receptive field at a constant 
velocity in a specified direction. To determine whether velocity- 
and direction-dependent variability in each neuron’s response 
could be attributed to concomitant velocity- and direction-de- 
pendent variability in the forces applied across the receptive 
field, the brush was equipped with transducers to sample the 
normal (indenting) and tangential (compressing and stretching) 
forces applied across the skin. 

In the preceding companion paper (Edin et al., 1994), it was 
demonstrated that many mechanoreceptors (particularly the 
slowly adapting units) discharge in a remarkably consistent 
manner upon replication of the same moving brush stimulus to 
the receptive field. The discharge was shown to not only reflect 
indentation of the skin, but also lateral skin compression and 
stretch. Moreover, the mechanoreceptors were shown to display 
differences to stimuli that move at different velocities and di- 
rections and that apply different forces across the receptive fields. 
The most notable difference to variation in stimulus velocity 
and direction was shown to be in the intensity of the discharge 
and spatial discharge pattern, respectively. In response to dif- 
ferent forces applied across the receptive field, most mecha- 
noreceptors exhibited changes in discharge intensity or in the 
degree to which the details of the spatial discharge pattern were 
made evident. It was argued that the details of the discharge 
patterns evoked in the population of excited receptors were 
likely not used by the CNS to infer information about direction 
and velocity of movement across the skin. Rather, the discharge 
intensity was presented as a plausible information-bearing at- 
tribute of the stimulus-evoked response. 

In this paper, we further examine the capacity ofthe discharge 
intensity (viz., of the stimulus-evoked mean firing rate) of in- 
dividual mechanoreceptors to encode information about stim- 
ulus velocity. Emphasis is placed on the identification of vari- 
ations in the velocity-encoding capacities that can be attributed 
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to differences in the units’ adaptational properties, the peripheral 
distributions of the nerves, and the forces applied across the 
receptive fields. Of secondary emphasis is the impact of changes 
in the direction of stimulus motion and of the total area of skin 
contacted by the moving stimuli. 

Materials and Methods 
The reader is referred to the companion article for in-depth descriptions 
ofthe neurophysiological recording technique, delivery of moving tactile 
stimuli across the skin, sampling of the forces applied to the receptive 
field, and the general experimental protocol (Edin et al., 1994). Briefly 
summarized, single-unit recordings were obtained from mechanorecep- 
tors in the median, radial, and inferior alveolar nerves using the mi- 
croneurographic technique described by Vallbo and others (Vallbo and 
Hagbarth, 1968; Johansson and Olsson, 1976; Johansson et al., 1988). 
After each unit was isolated, calibrated nylon monofilaments were em- 
ployed to locate the skin position of lowest mechanical threshold and 
to define the threshold force. The total region of skin over which the 
unit was responsive to four times the threshold force defined the re- 
ceptive field (RF). Based on RF size, adaptation properties, presence of 
spontaneous activity, and regularity of evoked response, all units were 
classified as SAI, SAII, FAI, FAII, or FA-hair using standard criteria 
(Knibestiil and Vallbo, 1970; Vallbo and Johansson, 1984; Edin, 1992). 
All fast adapting units were grouped into a common (fast adapting, 
“FA”) category. This is because only two fast adapting units were not 
classified as type I, and their responses to moving stimuli were similar 
to those of the FAI units. A total of 93 cutaneous mechanoreceptors 
were isolated and classified. 

Moving tactile stimuli were delivered across the RF by a brushing 
stimulator used previously in neurophysiological and psychophysical 
studies (Whitsel et al., 1972; Essick and Whitsel, 1985a,b, Essick et al., 
1988, 1990, 199 1 a,b). The stimulator device consisted of a servomotor 
and controlling electronic circuitry. The motor shaft rotated a brush 
across the skin. Each stimulus trial consisted of a brush movement over 
a thin Teflon plate taped to the skin. A 1.4 cm x 1.4 cm aperture in 
the plate was centered over the RF of the afferent under study and 
defined the precise area of skin to receive the stimuli. Stimuli were 
provided by one of four brushes which differed in apparent stiffness and 
delivered different normal and tangential forces to the skin. Approxi- 
mately 90% of the data were obtained with either a brown or relatively 
stiffer white brush. About 88% of these data were obtained with the 
bristles extended 2-3.5 mm through the aperture. Given these condi- 
tions, the brown and white brush typically delivered normal forces of 
2 1.8~67.6 mN and 15 1-257.2 mN, respectively. In addition to differ- 
ences in force, the area of skin contacted by the two brushes also differed. 
As a result, the stress applied by the white brush was approximately 4.5 
times that applied by the brown brush. 

In order to monitor the normal and tangential forces applied to the 
RF, the mechanical interface between the shaft of the motor and the 
brush was equipped with strain gauges. To allow accurate timing of the 
period during which the brush was in contact with the skin, two pairs 
of infrared light-emitting diodes (IREDs) and fast-responding photo- 
sensitive plates were mounted on the edges of the stimulus aperture. 
For all analyses reported in this article, forces are expressed as values 
averaged over the period during which the brush bristles contacted only 
the skin. 

An MS-DOS operated 386 stimulus delivery system was used to 
control stimulus sequence, velocity, and direction. Randomized blocks 
of moving stimuli were typically delivered at five or seven velocities 
from 0.5 to 32 centimeters per second (cm/set) in each of two opposing 
directions (clockwise and counterclockwise). Interstimulus intervals were 
4-6 set in length. Blocks of trials were repeated 4-10 times. The data 
from each series of blocks constituted a run. 

After each experiment, the individual nerve spikes were inspected 
using previously described algorithms (Edin et al., 1988). The spike 
trains were then sorted by velocity and direction for each run. For every 
spike train (i.e., stimulus trial), values for 48 variables were extracted 
and written to an ASCII file. These variables included information about 
the number of stimulus-evoked spikes, mean and peak firing rates, 
duration of stimulus-evoked activity, spontaneous activity, normal and 
tangential forces, as well as descriptive information about the unit stud- 
ied, its RF and conditions of stimulation. Mean firing rate was calculated 
as the number of stimulus-evoked spikes divided by the duration of the 
activity. Peak firing rate was defined as the reciprocal of the shortest, 

stimulus-evoked interspike interval. For units that were spontaneously 
active, stimulus-evoked firing rates were adjusted by subtraction of the 
background firing rate. 

All statistical analyses were performed on an IBM compatible 486 
computer using SAS software (SAS Institute Inc., 1988). For the ques- 
tions addressed in this article, descriptive statistics and plots of the 
relevant variables were first examined. Analyses ofvariance, covariance, 
or linear regressions were then performed. The residuals of analyses of 
variance and covariance were checked for normality, and logarithmic 
transformations of the data were undertaken when indicated. Accord- 
ingly, geometric means and standard deviations (rather than arithmetic 
means and standard deviations) are reported below for values that were 
distributed log normally. Significant effects were subsequently investi- 
gated with t tests and the Ryan-Einot-Gabriel-Welsch multiple range 
test as dictated by the number of means to be compared. 

Results 

The response of each mechanoreceptor to stimulus motion oc- 
curring at multiple velocities (median number equaled 7) in 
each of two opposing directions were obtained. Ten units were, 
in addition, studied with opposing directions delivered along a 
second orientation across the RF, orthogonal to the first. More- 
over, 16 units were studied with more than one brush or bristle 
extension against the skin. And 15 units were stimulated through 
more than one aperture so as to vary the total area of skin 
exposed to the moving brush. All together, 12,323 trials of sin- 
gle-unit data were collected. Force data were available for 62 
of the 70 quantitatively studied units. 

Eflect of velocity on mean neural response 

The human data analyzed in this article consisted of 152 runs, 
each of which contained the neural response to multiple veloc- 
ities for two opposing directions of motion. Most of the RFs of 
mechanoreceptors in the median and radial nerves were stim- 
ulated with seven velocities (six octaves from 0.5 to 32 cm/set). 
In contrast, most of the RFs of mechanoreceptors in the inferior 
alveolar nerve were stimulated with five velocities (viz., those 
used in previous psychophysical studies of human direction 
discrimination: 0.5, 2, 6, 12, and 32 cm/set; Essick et al., 1988, 
199 la). Thus, the range of velocities employed in the present 
study was narrower than those employed in monkey and cat 
experiments (Whitsel et al., 1972; Young et al., 1978; Franzen 
et al., 1984; Greenspan, 1992) but encompassed that used by 
human subjects to explore and discriminate the texture of rigid 
grooved surfaces (e.g., range l-25 cm/set, Lederman, 1974; 
mean 11.5-l 8.5 cm/s, peak 18-29 cm/set, Morley et al., 1983; 
range 2.5-l 5 cm/set, Sinclair and Burton, 199 1; see also Meyers 
et al., 1958, and Lamb, 1983a). Over the velocity range tested, 
the human data were grossly similar to that reported for the 
monkey and cat. 

As an example, Figure 1 displays spike train raster plots from 
two runs. The RF of the FAI unit whose data are shown was 
located on the glabrous, proximal phalanx of the index finger 
and was stimulated with brush strokes moving proximal-to- 
distally (P - D) and distal-to-proximally (D + P). Figure 1A 
depicts the first four spike trains evoked at each velocity and 
direction by the white brush; Figure lB, by the brown brush. 
Note that the responsivity of the unit to the white brush was 
appreciably greater than it was to the brown brush. All data 
obtained from this unit with stimuli moving in the distal-to- 
proximal direction are graphically summarized in Figure 2. Fig- 
ure 2A depicts the number of spikes; Figure 2B, duration of 
activity; Figure 2C, mean firing rate; and Figure 20, peak firing 
rate. Note that,as velocity increased, the number of stimulus- 



850 Essick and Edin - Receptor Encoding of Moving Tactile Stimuli in Humans 

A 
0.5 cm/s 

1 .O cm/s 

2.0 cm/s 

4.0 cm/s 

8.0 cm/s 

16.0 cm/s 

32.0 cm/s 

B 
0.5 cm/s 

1 .O cm/s 

2.0 cm/s 

4.0 cm/s 

8.0 cm/s 

16.0 cm/s 

32.0 cm/s 

C 
0.5 cm/s 

1 .O cm/s 

P+D White brush 

P+D Brown brush 

1 set 

P+D D+P 

Figure 1. The response of an FAI unit to seven different velocities of stimulus motion. The response to brush strokes moving proximal- to-distally 
(P - D; spike trains on the left) and distal-to-proximally (D + P; spike trains on the right) is shown. The data in A were obtained with the white 
brush; in B, with the brown brush. C, Example of actual nerve signals for each direction for each brush for two stimulus velocities. 

evoked spikes and duration of stimulus-evoked activity de- 
creased (see Figs. 1, 2A,B). In contrast, as illustrated by Figure 
2, CD, the mean firing rate and peak firing rate increased. The 
peak firing rate increased less dramatically and exhibited greater 
variability than the mean firing rate. The trends illustrated in 
Figure 2 were typical of all units we studied with one exception: 
that is, some FA units responded poorly to the lowest velocities 
of stimulus motion (see Fig. 3). As will be argued in the dis- 
cussion, these units that responded poorly to the lowest veloc- 
ities attest to a physiological diversity in the population of fast 
adapting mechanoreceptors. 

The quantitative relationship between the discharge rate of 
individual cutaneous afferents and the velocity of natural brush- 

ing stimuli applied across their RFs has been reported for the 
monkey (Whitsel et al., 1972; Young et al., 1978; Franzen et 
al., 1984) and cat (Greenspan, 1992) hairy hindlimb. In these 
studies a power function adequately described the relationship 
between the discharge rate and the velocity (mean RZ = 0.89 
over the velocity range 0.7-75 cm/set, Young et al., 1978; mean 
RZ = 0.984 over the velocity range 1.17 and 50 cm/set, Green- 
span, 1992). Although Whitsel and colleagues initially charac- 
terized the discharge rate of the afferents by their peak firing 
rate (Whitsel et al., 1972; Young et al., 1978), mean firing rate 
was later found to be a less noisy and a more sensitive indicator 
of stimulus velocity (Franz&r et al., 1984). 

To characterize.the impact of variations in stimulus velocity 
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Figure 2. Plots of four measures of the neural response to stimuli moving D - P over the receptive field of the FAI unit whose spike train raster 
plots are shown in Figure 1. A, Geometric mean (& 1 SD) number of stimulus-evoked spikes versus stimulus velocity. B, Geometric mean (f 1 SD) 
duration of stimulus-evoked activity versus stimulus velocity. C, Geometric mean (+ 1 SD) mean firing rate versus stimulus velocity. D, Geometric 
mean (k 1 SD) peak firing rate versus stimulus velocity. Data obtained with a brown brush (open squares) and a relatively stiffer white brush (open 
circles) are illustrated. All axes are scaled logarithmically. 

on the neural response in a manner similar to that of the previous 
investigators, we extensively studied the relationship between 
the mean firing rate and stimulus velocity. First, each of the 
152 runs of data that contained the ‘neural response to more 
than one stimulus velocity was divided into two datasets (one 
for each opposing direction of motion). Linear regression tech- 
niques were then applied to the logarithms of the mean firing 
rate (MFR) and velocity (VEL) to obtain the best fit to the model: 

MFR = c (VEL - a)“, (1) 

where c is the multiplicative constant, namely, the predicted 
MFR at 1.0 cm/set when a is zero, a is a threshold constant, 
and n is an exponent reflecting the sensitivity of MFR to changes 
in stimulus velocity (see Essick et al., 199 1 b). Estimates of the 
stimulus-evoked MFRs were obtained from only the above- 
background component of the discharge (9 of the 17 sponta- 
neously active units exhibited biphasic responses, that is, a 
discharge increase followed by a decrease). Cases for which es- 
timates of the mean firing rate could not be obtained at the 
lowest or highest velocities of stimulus motion were not included 
in the analyses (i.e., when less than two spikes were evoked by 
the stimuli). Moreover, for 29 of the 304 datasets, a fit could 
not be obtained because the stimulus conditions were such that 
less than two spikes per stimulus were evoked at all velocities 
of motion. For most datasets (viz., 262 of the 275) the estimate 
of the parameter a was not significantly different than zero at 
the 0.05 level: accordingly, estimates of c, n, and R2 were re- 
calculated with this parameter of the model removed: 

MFR = c . VEL”. (lb) 

Overall, a power function provided an excellent description of 
the MFR-versus-velocity relationship (the median R2 was 0.988; 
the tenth percentile was 0.938). To illustrate, five datasets that 
vary in goodness-of-fit to a power function are shown in Fig- 
ure 4. 

Since some units responded poorly to the slowest movement, 
the velocity v,, below which less than one impulse per second 
(imp/set) would have been evoked, was estimated as follows. 
By setting MFR to 1.0 imp/set, and representing the velocity 
at which this discharge rate is evoked by v,, the logarithmic 
transformation of Equation 1 becomes 

log 10(l) = 0 = log,,(c) + n.log,,(v, - a) (14 
j v = 10-10~lw)~N + a. (2) 

Because the mean firing rate saturated at velocities less than the 
highest studied for only 9 of the 70 mechanoreceptors (6 FA 
units and 3 SAII units), an upper velocity above which no in- 
formation about changes in velocity was made available, was 
not calculated. 

Effect of velocity on mean neural response cannot be attributed 
to variations in the averaged force applied across the RF 

In previous animal studies, a soft brush was employed as the 
stimulus instrument and delivered about 5 gm wt of force at all 
velocities (Whitsel et al., 1972; Franzen et al., 1984; Greenspan, 
1992). This conclusion was derived from measurements ob- 
tained from a transducer positioned to emulate the skin field. 
In the present experiments, the mechanical interface between 
the shaft of the motor and the brush was equipped with two 
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Figure 3. Geometric mean number of stimulus-evoked spikes versus 
stimulus velocity for the six FA mechanoreceptors that responded most 
poorly to the slowest velocities of stimulus motion (see curves below 
horizontal dashed line). Four units were located in the median nerve 
(open squares); one unit, in the radial nerve (open diamond); and one 
unit, in the inferior alveolar nerve (solid triangle). These units exhibited 
the steepest mean firing rate-versus-velocity relationships. For com- 
parison, data from Figure 2A (solid circles) have been replotted. 

orthogonally positioned pairs of strain gauges to empirically 
measure the forces applied both normally and tangentially to 
the skin surface during each stimulus period. Consistent with 
the measurements made by other investigators, the brown brush 
delivered normal forces within the vicinity of 5 gm wt (see 
Materials and Methods). Careful analysis, however, revealed 
small but statistically significant (p < 0.05) variations in the 
normal (tangential) forces applied across the RF in 60% (80%) 
of the 197 data sets for which force data were available. Given 
the reliability at which the same force was applied upon repli- 
cation of the same stimulus (see Edin et al., 1994), even small 
variations in the forces among velocities were statistically sig- 
nificant. The pattern of variation in the forces varied from run 
to run. On the average, however, the normal force tended to 
decrease and the tangential force tended to increase with stim- 
ulus velocity. 

One hypothetical explanation for the power function rela- 
tionship between MFR and velocity of stimulus motion is that 
it reflected concomitant, systematic and uncontrolled variations 
in the forces applied across the RF. This possibility was eval- 
uated as follows. First, for each dataset, we calculated Pearson’s 
correlation coefficient for the associations between (1) log MFR 
and log VEL (hereafter referred to as rmrrvsve,), (2) log MFR and 
log normal force (rmrrvrnrorce , ) and (3) log MFR and log tangential 
force (r m r “S I orce I f ). Given the null hypothesis that velocity-depen- 
dent variations in the mean firing rate were due solely to con- 
comitant variations in the normal force applied to the RF, then 
rmFr vI nf0orce should equal rmfr vI Ye,. Similarly, given the null hy- 
pothesis for the tangential force, then rmfr vs ,rOrce should equal 
r mFr vI Ve,. To test these hypotheses, the correlation coefficients 
were plotted as shown in Figure 5, A and B. As illustrated, the 
magnitudes of the correlations of MFR with the normal and 
tangential forces not only failed to match the magnitude of the 
correlations of MFR with velocity, but their directions were not 
always the same (i.e., the correlations with force were positive 

for some datasets and negative for others). Thus, the empirically 
measured forces do not vary as a function of stimulus velocity 
in a manner consistent with the power function relationship 
between mean firing rate and velocity. 

Class- and nerve-related diferences in the efect of velocity on 
the mean neural response 

For 67 of the mechanoreceptors, the MFR-versus-velocity re- 
lationship was studied with stimuli moving across the 1.4 cm 
x 1.4 cm aperture oriented parallel to the longitudinal axis of 
the hand or transversely across the face. With the aperture po- 
sitioned in this manner, the stimuli moved proximal-to-distally 
and distal-to-proximally on the hand, or lateral-to-medially (L 
+ M) and medial-to-laterally (M + L) on the face. Power func- 
tions were fit to the averaged data of 65 of the 67 mechanore- 
ceptors. For two units, power functions could not be fit to the 
data because less than two spikes per stimulus, on the average, 
were evoked at all velocities in each of the two opposing direc- 
tions of motion. Moreover, power functions could be fit to the 
data obtained in only one direction for two additional units. 

To evaluate class- and nerve-related differences in the effect 
of velocity on the mean neural response, estimates of n, c, and 
v, were first calculated based on all the data available for each 
mechanoreceptor. The cumulative distributions of the values 
are shown in Figure 6. Three major observations are readily 
made upon inspection of these plots. First, the FA units ap- 
peared to exhibit the greatest sensitivity to changes in stimulus 
velocity (in column of plots to the left, note that the solid curves 
are displaced to the right of the dashed and dotted curves). 
Second, the velocity at which the units first responded to the 
moving stimuli appeared to be higher for the FA than for the 
SA units (in column of plots to the right, note that the solid 
curves are displaced to the right of the dashed and dotted curves). 
And third, stimuli moving at 1 .O cm/set appeared to evoke the 
greatest responses in the mechanoreceptors of the inferior al- 
veolar nerve (in middle column of plots, note that the curves 
in the bottom row are displaced to the right of those in the 
middle and top rows). 

To statistically investigate these possibilities, the estimates of 
n, v, , and c were subjected to analysis of variance to determine 
whether there were differences among nerves or among units of 
different classes. The analysis confirmed that the geometric mean 
estimate of n for the FA mechanoreceptors (0.77) statistically 
exceeded the estimates for the SAI (mean n = 0.49) and SAII 
(mean n = 0.45) mechanoreceptors (p < 0.002). This finding is 
interpreted to imply that the population of FA units was more 
sensitive to changes in stimulus velocity than either population 
of SA mechanoreceptors. To illustrate, a 4.4-fold increase in 
stimulus velocity was required to double the population re- 
sponse of the SA units. In contrast, stimulus velocity had to 
increase only 2.5 times to double the population response of 
the FA mechanoreceptors. 

Analysis of the parameter v, confirmed that the FA units were 
less responsive, on the average, to the lowest stimulus velocities 
(p < 0.000 1). Specifically, the median (maximum) v, was 0.39 1 
(6.47), 0.002 (0.395), and 0.004 cm/set (0.538) for the FA, SAI, 
and SAII mechanoreceptors, respectively. That these differences 
between the SA and FA units indicate notably different capac- 
ities to encode information about stimulus velocity is illustrated 
by Figure 7. This figure provides a scatter plot of the estimates 
of n versus the estimates of v,. Note that although the data points 
from the SA and FA units overlap, they are represented pre- 
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Figure 4. Figure 4. Five datasets are shown to illustrate the adequacy of a power function model to describe the mean firing rate-versus-velocity relationship. Five datasets are shown to illustrate the adequacy of a power function model to describe the mean firing rate-versus-velocity relationship. 
The degree to which each dataset fit the model is expressed by the R* value indicated to the right of the curve. The datasets were chosen to illustrate The degree to which each dataset fit the model is expressed by the R* value indicated to the right of the curve. The datasets were chosen to illustrate 
the Doorest fits (viz., the 2nd and 10th percentile R2 values), an average fit (viz., the 50th percentile RZ value), and the best fits (viz., the 90th and the poorest fits (viz., the 2nd and 10th percentile R2 values), an average fit (viz., the 50th percentile RZ value), and the best fits (viz., the 90th and 
95td percentile R2 values). 

dominantly at different regions on the graph. Moreover, whereas 
n and v, vary independently for the SAs (see circles), this is not 
the case for the FAs (see triangles). Specifically, for the FAs, 
higher values of v, were associated with greater values of IZ. This 
suggests that the FA units which were most sensitive to changes 
in velocity were the least responsive of all units to the slowest 
moving stimuli. Considered together, these observations pro- 
vide unequivocal evidence that the SA and FA mechanorecep- 
tors represent two different peripheral encoding processes for 
tactile motion. 

Analysis of the estimates of the parameter c confirmed that 
the units in the inferior alveolar nerve were, on the average, 
more responsive to stimuli moving at 1 .O cm/set than the units 

in the median and radial nerves (p < 0.002; arithmetic mean 
c was 37.3, 15.5, and 23.8, respectively). Analyses of the pre- 
dicted mean firing rates for stimuli moving at 8.0, 16.0, and 
32.0 cm/set further revealed that the greatest and least responses 
were evoked in mechanoreceptors in the inferior alveolar and 
median nerves, respectively, over the entire range l-32 cm/set. 
At the higher velocities (viz., 16.0 and 32.0 cm/set), large class- 
related differences were also observed: the FA mechanorecep- 
tors exhibited the greatest responses; and the SAII mechano- 
receptors, the least. Moreover, over the range l-32 cm/set, the 
mean firing rate response of the SAII mechanoreceptors varied 
the least among the three nerves from which recordings were 
made. 

. 

r log(mean firing rate) vs. log(velocity) 

Figure 5. A, Correlation coefficient between log mean firing rate (MFR) and log normal force (r,,,f, vI nforcc ) plotted as a function of the correlation 
coefficient between log MFR and log velocity, VEL (r,,,r,v,v,, ) B, Correlation coefficient between log MFR and log tangential force (rmfrvrIrorrr) plotted 
as a function of the correlation coefficient between log MFR and log VEL (r,,,fr vI vc, ). 
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Finally, we asked to what extent the parameter c could be 
reliably employed as a measure of the overall relative respon- 
sivity of a mechanoreceptor. That is, to what extent could one 
expect a mechanoreceptor that exhibited a high MFR at 1 .O cm/ 
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Figure 7. Scatter plot of n versus v,. Each open circle summarizes the 
data from one SA unit; each solid triangle, one FA unit. The data from 
the one FA-hair mechanoreceptor studied is encircled; from the one 
FAII mechanoreceptor studied, enclosed by a square. Note that both 
axes are scaled logarithmically. 

set to exhibit relatively high MFRs at all velocities? If c rep- 
resents a meaningful among-unit measure of responsivity, its 
relationship to MFR should be well described by a line passing 
through the origin for every velocity of stimulus motion. This 
was found not to be the case due to the reciprocal nature between 
c and n, particularly for the fast adapting mechanoreceptors (Fig. 
8). As a result, the units that responded most poorly at 1 .O cm/ 
set (i.e., that provided the lowest values of c) exhibited the 
highest values of n. At the highest velocities, the firing rate of 
these units exceeded the firing rate of the units that were more 
responsive at 1.0 cm/set. Accordingly, the usefulness of the 
parameter c as a relative measure of responsivity to tactile mo- 
tion is most appropriately limited to that observed for velocities 
approximating 1 cm/set. 

Class- and nerve-related dlxerences in n, v,, and c cannot be 
attributed to variations in the averaged forces applied across 
the RF or in the thresholds of the mechanoreceptors 

One hypothetical explanation for the class-specific differences 
in n and v, , and regional differences in c is that they reflect the 
presence of biases in the data. This possibility exists because 
(1) different brushes and brush extensions were employed to 
study mechanoreceptors of different nerves, (2) the different 
brushes and brush extension delivered different normal and 
tangential forces across the RF, and (3) the threshold of the 
mechanoreceptors located in different nerves varied significantly 
(Edin et al., 1994). It was possible to analyze if the class- and 
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Figure 8. Scatter plot of c versus n. Each open square summarizes the 
data from one SAI unit; each open circle, one SAII unit; each solid 
triangle, one FA unit. Note that the abscissa is scaled logarithmically. 

nerve-related differences were due to these confounding factors 
because force data were available for all but eight of the mech- 
anoreceptors. Specifically, the analyses of variance described in 
the previous section ofthis article was repeated with the addition 
of covariates to adjust for differences in the forces applied by 
the stimuli and in the thresholds of the mechanoreceptors. Thir- 
ty-six different covariates were explored, but only the three that 
accounted for the most variability in the data are described 
below. These three each represented a “normalized stimulus 
force,” that is, the logarithm of the ratio of the stimulus force 
and the threshold force (thres) of the individual mechanorecep- 
tor. The stimulus forces considered were the normal force 
(nforce), the tangential force (tforce), and the resultant force 
(rforce). The resultant force was calculated as the vectorial sum 
of the normal and tangential forces. The three covariates were 
labeled log(nforce : thres), log(tforce : thres), and l&-force : 
thres). 

Reanalysis of the exponents n with the addition of one of the 
three covariates revealed that the estimates were affected by the 
normalized effective force: 12% and 8% of the total variability 
in (log) n could be accounted for by variability in lo&force: 
thres) and fog(rforce : thres), respectively. The covariate 
lo&force : thres) did not explain a statistically significant per- 
centage (5%) of the variability. The relationship between n and 
each covariate is exemplified by the plot of (log) n versus 
log(tforce : thres), shown in Figure 9A. As suggested by the plot, 
both linear and quadratic terms were required for the analysis 
of covariance. That is, (log) n tended to decrease with lo&force : 
thres) up to a value of approximately 1.5 and to remain relatively 
constant thereafter. Since data from the SA and FA mechano- 
receptors were relatively uniformly distributed with respect to 
lo&force : thres), bias due to different forces and thresholds was 
predicted to be minimal. In accord with this prediction, the 
analyses of covariance confirmed the earlier findings: The pro- 
portional increase in MFR with velocity was greater for the FA 
mechanoreceptors than for the SA mechanoreceptors. Due to 
appreciable overlap of the data from SA and FA mechanore- 
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Figure 9. A, Scatter plot of estimates of n versus estimates of the 
normalized effective tangential force. The solid curve describes the re- 
lationship between the two variables by which the mean estimates of n 
for different nerves and classes were adjusted. Each open circle represents 
the data from one SA unit; each solid triangle, data from one FA unit. 
Both axes are scaled logarithmically. Note that the four highest values 
ofthe exponent were obtained from FA mechanoreceptors in the median 
nerve. Eight units were not represented in these analyses since force 
data were not available. B, Scatter plot of estimates of c versus estimates 
of the normalized effective tangential force. Format similar to that em- 
ployed for Figure 9A. Note that the vertical axis is scaled linearly and 
that the symbols depict the nerve from which the data were obtained 
(open squares, median nerve; open diamond, radial nerve; solid triangle, 
inferior alveolar nerve). C, Scatter plot of estimates of v, versus estimates 
of the normalized effective tangential force. Format as in Figure 9A. 

ceptors, this finding should be interpreted as applicable to the 
population response rather than the response ofthe average (i.e., 
typical) unit. In addition to the effect of mechanoreceptor class, 
the effect of nerve attained statistically significance. This was 
due to reduction in the error variance afforded by the covariates. 
The adjusted mean estimate of n for units in the median nerve 
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Figure IO. Figure 10. Geometric mean firing rate (MFR) versus stimulus velocity for 2 of 16 mechanoreceptors studied with more than one brush condition Geometric mean firing rate (MFR) versus stimulus velocity for 2 of 16 mechanoreceptors studied with more than one brush condition 
to vary the magnitude of the forces delivered across the receptive field. The trends shown by the data in A were characteristics of most units; that to vary the magnitude of the forces delivered across the receptive field. The trends shown by the data in A were characteristics of most units; that 
is, MFR ,increased with force but the exponent of the power function (viz., slope of line) remained unchanged. A “medium extension” was defined is, MFR ,increased with force but the exponent of the power function (viz., slope of line) remained unchanged. A “medium extension” was defined 
as 2-3.5 mm of bristle extension through the aperture when unimpeded by the skin; a “short extension,” as 2-3.5 mm of bristle extension through the aperture when unimpeded by the skin; a “short extension,” l-2 mm. B, Data from exceptional (SAII) l-2 mm. B, Data from exceptional (SAII) 
unit that exhibited force-dependent variation in n. Both axes are scaled logarithmically, and the best-fitting line has been drawn through each unit that exhibited force-dependent variation in n. Both axes are scaled logarithmically, and the best-fitting line has been drawn through each 
dataset. 

exceeded that for the units in the inferior alveolar nerve (p < 
0.05). However, examination ofthe adjusted mean for each class 
revealed that this effect was largely due to exceptionally high 
values observed for the FA mechanoreceptors in the median 
nerve (see Fig. 9A). 

Reanalysis of the multiplicative constants c with the addition 
of the covariates revealed that the estimates were affected by 
the normalized effective force: 2 l%, 16%, and 13% of the total 
variability in c could be accounted for by variability in log(tforce : 
thres), lo&force : thres), and lo&force : thres), respectively. The 
relationship between c and each covariate is exemplified by the 
plot of c versus log(tforce : thres), shown in Figure 9B. As sug- 
gested by the plot, only a linear term was required for the analysis 
of covariance. That is, c tended to increase linearly with in- 
creases in the normalized effective force. All three analyses of 
covariance confirmed that the mean estimate of c for mecha- 
noreceptors located in the inferior alveolar nerve exceeded the 
mean estimate for the median nerve. Given that the mean value 
of c was greater for units in the inferior alveolar nerve than the 
median nerve and that the RFs of the former were mostly in 
hairy skin, we questioned whether units in hairy skin were, in 
general, more responsive to stimuli moving at 1 .O cm/set than 
units in the glabrous skin. To answer this question, the data 
were reanalyzed for an effect of skin type (glabrous versus hairy) 
rather than for an effect of nerve. The effect of skin type reached 
statistical significance (in all analyses, p < 0.03). Specifically, 
the adjusted mean estimates of c for units distributing to hairy 
skin were 65% greater than the adjusted mean estimates for 
units distributing to glabrous skin. These findings suggest that 
(1) the mechanoreceptors innervating the perioral region were 
more responsive to stimuli moving at 1.0 cm/set than those 
innervating the skin of the hand, and (2) mechanoreceptors with 
hairy skin receptive fields were, in addition, more responsive 
than those with receptive fields on glabrous skin. Accordingly, 
the mechanoreceptors with hairy perioral receptive fields were 
the most responsive units. 

In contrast to what was found for the exponent n and the 
constant c, no covariate investigated accounted for a statistically 
significant percentage of the variability in the estimates of v,. 

The term log(tforce : thres), however, approached statistical sig- 
nificance (p < 0.11). A scatter plot of the estimates of v, versus 
log(tforce : thres) is shown in Figure 9C. Since the data for both 
classes of mechanoreceptors are relatively uniformly distributed 
with respect to the normalized effective forces, bias due to dif- 
ferent forces and thresholds must be minimal. Accordingly, the 
finding that v, was higher for the FA mechanoreceptors than for 
the SA mechanoreceptors was accepted. 

Efect of averaged force on the sensitivity and responsivity of 
individual mechanoreceptors 

The findings of the previous section suggest that the sensitivity 
of the individual mechanoreceptor to changes in stimulus ve- 
locity (as assessed by the parameter n) and its responsivity to 
moving stimuli (as assessed by the parameter c) may vary as a 
function of the forces applied across the RF. Since 16 mecha- 
noreceptors were studied with more than one brush or brush 
extension against the skin, this possibility was investigated. 

Visual inspection suggested that the parameter c, but not n, 
was often affected by changes in the brush employed to obtain 
the data. For example, the FA mechanoreceptor whose spike 
train data are shown in Figure 1 was studied with two brushes 
at two extensions each. The data obtained with the four brush 
conditions and the best-fitting power functions are shown in 
Figure 10.4. The ratio of the resultant forces delivered by the 
four brush conditions was 1 .O: 1.6:6.9:8.7. Importantly noted, 
each increment in force evoked multiplicatively greater firing 
rates at every velocity, which generated parallel-positioned data 
sets (see Fig. 10A). Thus, the parameter c increased with force 
but the parameter n did not. To evaluate the consistency of this 
observation among the 14 units for which force data were avail- 
able, the dependency of (log) n and c on each of lo&force: 
thres), log(tforce : thres), and log(rforce : thres) was statistically 
evaluated. 

Analysis of the exponents n indicated that this parameter of 
the power function did not vary with the different forces applied 
by the different brushes and brush extensions (p values >0.29 
for normal, tangential, and resultant forces). Although this find- 
ing may appear to contradict the curvilinear relation between 
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n and the covariates reported in the previous section of text, 
this is not the case. Specifically, for the previous among-unit 
analyses, the range of values for each covariate exceeded 2 log 
units (i.e., the maximum value exceeded 100 times the mini- 
mum value; see Fig. 9A). In contrast, use of more than one 
brush or brush extension to study the response of the same 
mechanoreceptor resulted in much smaller changes (the normal 
force typically varied 3.9-fold; the tangential force, 3.1 -fold; and 
the resultant force, 3.4-fold). Thus, it cannot be determined from 
the existing data whether larger changes in force (on the order 
of 1-2 log units) would have affected the exponent of the power 
function. Data from only one of the 16 mechanoreceptors was 
indeed exceptional. Figure 10B illustrates the MFR-versus-ve- 
locity relationship for this SAII unit whose RF was located on 
the dorso-radial distal forearm. The normal, tangential, and 
resultant forces differed only 4.1-fold, 2.7-fold, and 3.6-fold, 
respectively. Yet the exponent n observed with the lower forces 
(viz., brown brush) was 54% greater than that observed with 
the higher forces (viz., white brush). 

Finally, analysis of the multiplicative constants c indicated 
that the responsivity of the individual mechanoreceptor to stim- 
ulus motion at 1 .O cm/set did increase with the forces applied 
by the different brushes and brush extensions (p values co.03 
for normal, tangential and resultant forces). Moreover, this effect 
was readily observed in the individual data of 11 mechanore- 
ceptors. 

Directional d$erences in the eflect of velocity on the mean 
neural response-opposing directions of stimulus motion 
The data for the 67 mechanoreceptors studied with stimuli mov- 
ing parallel to the longitudinal axis of the hand or transversely 
across the face were examined to determine whether the MFR- 
versus-velocity relationship differed for the two opposing di- 
rections ofmotion. Specifically, the following model was applied 
to the data of every run: 

log(MFR) = a, + a, .log(VEL) + a, .DIR 
+ a,.log(VEL).DIR + error, (3) 

where DIR indicates the direction of stimulus motion, (a, + 
a, ‘DIR) equals c and (a, + a,.DIR) equals n of Equation lb 
for both directions of motion. Type I sums-of-squares were used 
to evaluate the statistical significance of the estimates of a, to 
a., in sequential order. A level of p 2 0.05 was interpreted to 
imply that the estimate was significantly different than zero. 
Accordingly, a significant estimate of a, was interpreted to imply 
that the multiplicative constant c differed for the two opposing 
directions of motion. Similarly, a significant estimate of a4 was 
interpreted to imply that the exponent n differed for the two 
opposing directions. A total of 97 runs of data were analyzed. 
Only one run of data was available for 46 units and more than 
one run for 19 units. 

It was discovered that c and n differed significantly by direc- 
tion for 60% and 33% of the units, respectively. Both a, and a4 
were significant for some units. Accordingly, 72% of the mech- 
anoreceptors exhibited statistically significant, directional dif- 
ferences in c or n or both. For 92% of the units, the effects of 
direction were consistently observed in every run of available 
data. 

Second, we questioned whether either of the two opposing 
directions across the skin of the hand or face consistently lead 
to higher estimates of n or c. Analysis of variance indicated that 
neither of the two opposing directions resulted in greater sen- 

sitivity to changes in stimulus velocity on the hand (p > 0.4) 
or on the face (p > 0.6). Moreover, neither of the two opposing 
directions resulted in greater responsivity to stimuli moving at 
1.0 cm/set on the hand (p > 0.1). On the face, only one class 
of mechanoreceptors (the SAII units) was consistently more 
responsive to stimuli moving lateral-to-medially than to stimuli 
moving medial- to-laterally (geometric mean difference = 8.9; 
p = 0.053). 

Third, we questioned whether the magnitude of the direc- 
tional differences in n and c varied among mechanoreceptors of 
different nerves and classes. It was found that the difference in 
n (geometric mean = 0.041; log SD = 0.68) did not vary by 
nerve or class (p > 0.45). In contrast, the difference in c varied 
by nerve (p < 0.011) and by class (p c 0.007; see Fig. 1 IA). 
The difference was greater for units in the radial nerve (geometric 
mean = 4.9) and the inferior alveolar nerve (6.5) than for units 
in the median nerve (1.3). In addition, the difference was greater 
for the SA units (geometric mean = 5.3 and 6.0 for the type I 
and type II units, respectively) than for the FA units (1.4). As 
illustrated by Figure 1 lA, the FA units in the median nerve 
exhibited the smallest directional differences (p -C 0.036). The 
responsivity of the SAs of the hairy skin of the hand and those 
of the skin of the perioral region was particularly sensitive to 
direction of movement. Considered together, these findings are 
interpreted to imply that many low-threshold mechanoreceptors 
distributing to the skin of the hand and face respond differently 
to opposing directions of stimulus motion across their receptive 
fields. However, motion across neither direction on the hand 
or face consistently led to power function parameters with higher 
values so as to suggest a “preferred” regional direction of mo- 
tion. 

Nerve- and class-related directional dlrerences in responsivity 
cannot be attributed to directional d&erences in the averaged 
forces applied across the RF 
One hypothetical explanation for the nerve- and class-specific 
directional differences in the estimates of c is that they parallel 
differences in the forces applied across the RF. This possibility 
exists because changes in force most often resulted in changes 
in the responsivity of the units to stimulus motion (see Effect 
of averaged force on the sensitivity and responsivity of indi- 
vidual mechanoreceptors, above). Moreover, it could not be 
assured during data collection that precisely the same force would 
be delivered in each of the two opposing directions of motion. 
This is because we attempted to study all mechanoreceptors that 
were isolated, regardless of the location of their RFs. As illus- 
trated in Edin et al. (1994), the afferents often supplied cutaneous 
regions that were curved or exhibited surface irregularities due 
to their proximity to joints, nails, the vermilion border or the 
corner of the mouth. In contrast to psychophysical experiments, 
it was not always possible to position the brushing stimulator 
so that the longitudinal axis of the brush was perpendicular to 
the test site, and the excursions of the bristles in the two opposing 
directions appeared “symmetrical,” that is, identical except for 
their directions. Thus, the possibility that directional differences 
in force that resulted from these unavoidable and nonideal brush- 
to-skin relationships were responsible for the significant direc- 
tional differences in the power function parameters was inves- 
tigated. 

First, the magnitudes of the directional differences in the nor- 
mal, tangential and resultant forces available for the 87 (of 97) 
runs were each analyzed to determine whether they could ex- 
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Figure Il. A, Geometric mean (+I SE) magnitude ofthe directional d@erence in c for each class of mechanoreceptor in each of the three nerves. 
The mean differences for the radial and inferior alveolar nerves statistically exceeded that for the median nerve. Moreover, the mean differences 
for the SA units exceeded that for the FA units. B, Geometric mean (+ 1 SE) magnitude of the directional difference in the resultant force for each 
class of mechanoreceptors in each of the three nerves. The mean difference for the median nerve statistically exceeded that for the inferior alveolar 
nerve. 

plain the findings presented in the above section. If directional 
differences in force could account for the apparent greater di- 
rectional sensitivity of SA units in the radial and inferior al- 
veolar nerves, then the magnitude of the differences was pre- 
dicted to be greater for these subgroups of neurons. Analysis of 
the data revealed that the geometric mean magnitude (and 75th 
percentile) of the directional difference in the normal, tangential 
and resultant forces were 6.0 (12.5), 11.6 (27.9), and 7.9 mN 
(19.7), respectively. The magnitude of the directional differences 
in the tangential force did not vary among nerve (p > 0.32) or 
class (p > 0.27). The magnitudes of the normal and resultant 

40 - 

$ 20- 
5 
I 
z 

0’ 
b o- 
5 

e 

. . . . . . 
0 

A 

Figure 12. Directional difference in multiplicative constant c plotted 
versus directional difference in the tangential force applied across the 
receptive field. Each unit is represented by a symbol to depict the nerve 
from which it was recorded. Note that the directional asymmetry in 
responsivity to stimulus motion cannot be attributed to gross differences 
in the tangential force applied in the two opposing directions across the 
RF. 

forces did vary among nerve (p < 0.0001 and p < 0.05, re- 
spectively) but not among classes of mechanoreceptors (p > 
0.10 andp > 0.57, respectively). Importantly, in contrast to the 
prediction, the magnitude of the directional differences in these 
forces was greater for units in the median nerve than for units 
in the radial and inferior alveolar nerves (see Fig. 11B). For 
example, the directional difference in the resultant forces varied 
from 15.3 mN (geometric mean) for the median nerve to 5.3 
mN for the inferior alveolar nerve. Since units of the inferior 
alveolar nerve, unlike units of the median nerve, were only 
studied with the brown brush, we attributed this difference in 
large part to use of different brushes. In support of this conclu- 
sion, it was subsequently determined that the geometric mean 
(interquartile range) magnitude of directional difference in the 
resultant force from use of the white and brown brush was 12.2 
mN (7.3-25.1) and 6.1 mN (2.7-l 7.3), respectively. 

To further investigate whether directional differences in n and 
c could be attributed to directional differences in the normal, 
tangential, and resultant forces applied across the RF, we ex- 
amined the correlations between these two variables and their 
logarithms. In no case could more than 10% of the variability 
in the directional difference in either n or c be attributed to 
variability in the directional difference in force applied across 
the RFs. To illustrate, Figure 12 shows the values for the di- 
rectional difference in c plotted as a function of the directional 
differences in the tangential force. Clearly, the among-unit vari- 
ability in the directional difference in the tangential force did 
not underlie the among-unit variability in the responsivity to 
the two opposing directions. Given the effect of sizable changes 
in stimulus force on c (see Effect of averaged force on the sen- 
sitivity and responsivity of individual mechanoreceptors, above), 
the lack of effect observed in this analysis was attributed to the 
relatively small differences in the forces delivered in the two 
opposing directions. Specifically, the normal, tangential and re- 
sultant forces differed in the two directions on the average by 
only 0.1 &fold, 0.50-fold, and 0.20-fold, respectively. These 
variations in the forces are much smaller than those shown 
earlier in this article, to impact significantly on c (i.e., 3.9-fold, 
3.1 -fold, and 3.4-fold, respectively). 
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Figure 13. Polar plots for the estimates of n, c, and /@-force : thres) obtained from the 10 mechanoreceptors studied with opposing directions 
of stimulus motion at two orthogonal orientations across the receptive field. A illustrates the data from the median nerve units; B, the radial nerve 
units; and C, the inferior alveolar nerve units. The data from all mechanoreceptors in each nerve are superimposed. Bold line segments connect 
estimates from units that differed significantly in at least one of the four directions. Force data were not available for one unit studied in the radial 
nerve. 

Directional d@erences in the eflect of velocity on the mean 
neural response-orthogonal directions of stimulus motion 

In the previous two sections of text, it was shown that neither 
of the opposing directions of motion parallel to the longitudinal 
axis of the hand or transversely across the face represents a 
“preferred” direction of motion for mechanoreceptors inner- 
vating these skin regions. To extend this finding, we reexamined 
the data of the 10 mechanoreceptors which were, in addition, 
studied with stimuli moving transversely across the hand or 
parallel to the longitudinal axis of the face. Three of the units 
were located in the median nerve, four in the radial nerve, and 
three in the inferior alveolar nerve. Six were SA units and four 
were FA. More than one run of data was available for six of the 
units in at least one of the two orthogonal orientations. 

First, repeated measures analyses of variance were performed 
on the estimates of (log) n and c for each nerve. It was found 
that five and four units exhibited dissimilar values of n and c, 
respectively, at some direction(s) of stimulus motion (at p < 
0.05). To illustrate, polar plots for the estimates of n (column 
to the left), of c (middle column), and of log(rforce : thres) (col- 
umn to the right) are shown in Figure 13. From the column of 
plots on the right, it can be seen that directional differences in 
n and c were unlikely due to grossly different forces applied 
across the RF: with only one exception, the resultant force did 
not differ significantly among directions. 

Inspection of the polar plots of the estimates of n and c sug- 
gests that no one direction of motion over the hand or face 
consistently led to greater values so as to suggest a preferred 
regional direction of motion. This was confirmed by the statis- 
tical analyses. Specifically, (log) n did not vary significantly with 

direction for the units in the median nerve (p > 0.53) radial 
nerve (p > 0.96), or inferior alveolar nerve (p > 0.46). Similarly, 
c did not vary significantly with direction for the units in the 
median nerve (p > 0.66) radial nerve (p > 0.52) or inferior 
alveolar nerve (p > 0.83). Considered together, these limited 
data are consistent with and extend those described in the pre- 
vious two sections of this article. Specifically, mechanoreceptors 
often exhibit small, but statistically significant, directional dif- 
ferences in the parameters of the power function that describes 
the mean firing rate-versus-velocity relationship. Accordingly, 
information about the orientation and direction of stimulus 
motion must be available in the aggregate response of the total 
population of mechanoreceptors activated by a moving tactile 
stimulus. However, no one direction on either the hand or face 
appears to represent a preferred regional direction of motion 
for all mechanoreceptors. 

The eflect of velocity on the mean neural response is 
uninfluenced by the area of skin stimulated. 

In the present study most of the data was obtained with the RF 
centered within a 1.4 cm x 1.4 cm aperture, cut into a thin 
Teflon plate. The dimension of the brush perpendicular to the 
direction of movement was approximately 1.3 cm. As such, 
each brush stroke simulated a rectangularly shaped object, whose 
width exceeded the diameter of the RF, moving completely 
across the RF. Fourteen mechanoreceptors in the inferior al- 
veolar nerve were studied not only with their receptive fields 
exposed to the stimuli through the 1.4 cm x 1.4 cm aperture, 
but also through one or more aperture(s) of smaller dimensions. 
Four of these units were classified as SAI; five, SAII, and five, 
FA. In addition, one SAI mechanoreceptor in the radial nerve 
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Figure 14. Plot of estimates of n (A) and c (B) versus the total area of 
skin exposed to the moving stimuli. The data from each mechanore- 
ceptor are joined by lines. Data from slowly adapting mechanoreceptors 
are indicated by open circles; from fast adapting mechanoreceptors, by 
solid triangles. All data shown were obtained from the inferior alveolar 
nerve. 

was stimulated without the use of an aperture. In all cases, the 
entire RF was exposed to the brushing stimuli (i.e., no part of 
the RF was ever masked by the Teflon plate). However, by 
reducing the aperture plate dimensions, less skin surrounding 
the RF was contacted by the moving bristles. The reduction in 
area was most often achieved by a reduction in both the length 
and width of skin traversed. Moreover, since the aperture plate 
was taped to the skin, the extent to which the RF could be 
displaced vertically or laterally was reduced. 

To find out if changes in the area of skin exposed had an 
impact on the MFR-versus-velocity relationship, the estimates 
of n and c were plotted as a function of the area of skin exposed 
to the stimuli. As illustrated in Figure 14, the estimates were 
independent of the area of skin exposed. Only two mechano- 
receptors provided grossly different estimates of n in response 
to a change in the area of skin (the units whose data are rep- 
resented at the very top and bottom of Fig. 14A). Repeated 
measures analysis of variance revealed that neither sensitivity 
to changes in stimulus velocity (log n; p > 0.58) nor responsivity 
at 1.0 cm/set (c; p > 0.48) was consistently impacted by this 
variable. This finding was confirmed for both the SA and FA 
units. These findings are interpreted to imply that the encoding 
of stimulus velocity by individual mechanoreceptors is rela- 
tively unaffected by the extent to which the skin surrounding 
the RF is contacted by the moving bristles. 

We then questioned whether the magnitude of directional 
differences in n and c was impacted by the area of exposed skin. 
The geometric mean magnitude of the directional difference in 
n and c was 0.04 and 7.75, respectively. Neither the magnitude 
of the directional difference in n nor c varied as a function of 
the area of skin exposed (p > 0.18 and 0.62, respectively). These 
analyses suggest that the capacity of the individual mechano- 
receptors to signal opposing directions of motion is also unaf- 
fected by the extent to which the skin surrounding the RF is 
contacted by the stimuli. 

Discussion 
Natural stimuli that move across the skin sequentially activate 
cutaneous low-threshold mechanoreceptors along the path of 
motion. As a result, information about velocity and direction 
of movement is provided by the successive occurrences of ac- 
tivity in spatially discrete sets of afferents (i.e., by an across- 
fiber spatiotemporal code; Whitsel et al., 1972; see also Gardner 
and Palmer, 1989; Essick et al., 1991a). That the spatiotem- 
porally distributed information is perceptually important is sug- 
gested by the deficits in direction discrimination observed in 
patients with peripheral nerve injuries after regeneration (e.g., 
see Bender et al., 1982; Essick et al., 1990). In these patients 
stimulus-encoding by individualafferents may be minimally im- 
paired, but there is commonly a loss of mechanoreceptors and 
of somatotopic order (Dykes and Terzis, 1979; Terzis and Dykes, 
1980; Hallin et al., 1981; Mackel et al., 1983; Ochset al., 1989). 
Nerve-injured patients who cannot discriminate direction of 
tactile motion, however, can often discern direction of skin 
stretch (Bender et al., 1982). In this case, information about 
direction may be provided by the selective activation of direc- 
tion-specific populations of mechanoreceptors surrounding the 
skin area supplied by the injured nerve. 

The analyses presented in this article were prompted by the 
demonstration that individual mechanoreceptors in monkeys 
and cats respond differentially to different velocities and direc- 
tions of surface-parallel motion (Whitsel et al., 1972; Young et 
al., 1978; Lamb, 1983b; Franz& et al., 1984; Ray et al., 1985; 
Goodwin and Morley, 1987a,b; LaMotte and Srinivasan, 
1987a,b). These observations suggest that information about 
the velocity and direction is available from the discharges of 
the population of mechanoreceptors activated by a moving tac- 
tile stimulus (viz., by a within-fiber code or one that does not 
depend on either the spatial locations of the receptive fields or 
their spatiotemporal sequence of activation). In the preceding 
companion article (Edin et al., 1994), it was argued that the 
patterns of discharge could not likely contribute to this hypo- 
thetical code. First, the same spatial pattern is evoked by dif- 
ferent velocities of motion. Second, the spatial patterns do not 
reflect direction per se but rather mechanical events accompa- 
nying skin compression, indentation, and stretch. As a result, 
patterns evoked by stimuli moving precisely in the same direc- 
tion may differ as a result of subtle differences in skin tension 
or in other nonobvious differences in the manner the skin is 
stroked. 

In this article we show that the intensity of discharge (viz., 
mean firing rate) is a plausible information-bearing attribute of 
the discharge. To summarize, a reliable monotonically increas- 
ing relationship between an afferent’s mean firing rate and stim- 
ulus velocity is observed. Moreover, the relationship is reliably 
altered by changing the direction of stimulus motion, although 
the nature and magnitude of the alteration cannot be predicted 
on the basis of the skin region supplied or of mechanoreceptor 
class. In a subsequent report, we will show that the intensity of 
discharge sufficiently supplies relatively simple artificial neural 
networks with the information needed to unambiguously specify 
the direction and velocity of motion. 

The MFR response of individual cutaneous mechanoreceptors 
does not encode information about stimulus velocity 
independently Gf the forces applied to the RF 

A natural moving stimulus, such as the brush, evokes a highly 
complex, time-varying sequences of horizontal, vertical and shear 
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stresses in the skin. As velocity is increased, the faster rate of 
change in stimulus components to which the receptors are par- 
ticularly sensitive must effect the higher empirically observed 
discharge rates. The power function relationship between mean 
firing rate and velocity implies that a change in velocity by a 
constant ratio (i.e., constant number of log units) results in a 
change in the mean firing rate by a constant ratio (i.e., constant 
number of log units). In the present study it was demonstrated 
that an increase in the applied force most commonly results in 
an increase in both the number of spikes and discharge rate over 

the entire range of velocities employed. This observation has 
not been reported previously for brushing stimuli, but a similar 
finding has been reported for sinusoidally moving gratings ap- 
plied to the glabrous digital skin of monkeys (Goodwin and 
Morley, 1987b). 

For 14 units studied with more than one brush or brush 
extension, the normal force was always within the range 2.2- 
40.0 gm wt. In contrast to the multiplicative constant c, the 
exponent n of individual mechanoreceptors was, with only one 
exception, invariant with respect to a three- to fourfold change 
within this force range. Since subjects employ greater forces to 
discriminate the texture of rigid grooved surfaces (e.g., 17-l 72 
gm wt, Lederman, 1974; 85-210 gm wt, Morley et al., 1983; 
50-200 gm wt, Sinclair and Burton, 199 1; see also Lamb, 1983a), 
it was concluded that the exponent does not vary over the range 
of force characteristic of light touch. Accordingly, an afferent’s 
mean firing rate is anticipated to change by the same proportion 
in response to the same change in velocity. One interpretation 
is that sensitivity to change in stimulus velocity remains in- 
variant over this range of force (an interpretation consistent 
with power function analyses). Proportional changes, however, 
do not reflect equal differences in the intensity of discharge. For 
example, in the present study a three- to fourfold increase in 
force usually resulted in a higher value of c. Thus, for such 
increments in force, greater differences in the mean firing rate 
were evoked by the same pair of velocities. 

These findings indicate that information about stimulus force 
and velocity are both encoded within the mean-firing-rate re- 
sponse of individual mechanoreceptors. As a result, unique 
combinations of higher-force/lower-velocity stimuli and lower- 
force/higher-velocity stimuli evoke the same mean discharge 
rate. To illustrate, 105 imp/set were evoked in the FA mech- 
anoreceptor discussed earlier by D -+ P stimuli moving at 8 
cm/set (with the white brush) and at 16 cm/set (with the brown 
brush; see Figs. 1, 2). The averaged resultant forces applied by 
these two stimulus conditions were 19 1 mN and 29 mN, re- 
spectively. That information about velocity and the applied 
force can be disambiguated even at the single unit level is made 
evident upon inspection of the figures. Specifically, the higher- 
force/lower velocity stimulus evoked three times the number of 
spikes and the duration of activity was three times longer than 
for the lower-force/higher velocity stimulus. Similar observa- 
tions were made from the other mechanoreceptors studied with 
more than one brush or brush extension. This leads us to con- 
clude that attributes of the neural response other than the mean 
firing rate contribute importantly to an afferent’s representation 
of movement across its receptive field. 

Class-related dlferences in the effect of velocity on the mean 
neural response 
In agreement with several other studies, our data show that 
sensitivity to change in stimulus velocity varies appreciably 

among cutaneous mechanoreceptors (Whitsel et al., 1972; Young 
et al., 1978; Franz& et al., 1984; Greenspan, 1992). Whitsel 
and colleagues (1972; Young et al., 1978) reported that the 
exponent of the best-fitting power function varied from 0.21 
and 0.81 with no apparent relation to mechanoreceptor class. 
A comparable range of values was found by Greenspan (1992), 
but the values were shown to differ among classes of mecha- 
noreceptors. 

Our data exhibit striking similarities to that of Greenspan 
(1992). First, the sensitivity of the human SA mechanoreceptors 
(mean n = 0.49 and 0.45 for SAI and SAII units, respectively) 
was comparable to that found in the cat (mean 0.46). Second, 
the highest values of n were exhibited by FA mechanoreceptors. 
Third, both the populations of human and feline FA mecha- 
noreceptors exhibited a broad range of sensitivities to change 
in stimulus velocity. In the cat, the range of sensitivities was 
shown to reflect the contributions of multiple subclasses of af- 
ferents which display different sensitivities to vertical-displac- 
ing, indenting stimuli (see Burgess and Perl, 1973, and Horch 
et al., 1977). With brushing stimuli Greenspan found that the 
guard-hair type I (G,) and fast adapting field type I (F,) units 
responded poorly to the slowest velocities, responded vigorously 
to the highest velocities, and exhibited the greatest exponents 
(mean 0.72 for F,; 0.54 for G,). Comparatively, the G,,, and F,, 

units (both are fast adapting) responded more vigorously to 
;he slowest velocities responded less vigorously to the highest 
velocities, and exhibited lower exponents not unlike those of 
the SAI units (mean 0.43 for G,,,; 0.39 for F,,,). A similar finding 
had been reported earlier by Ray et al. (1985) who demonstrated 
that sensitivity to the velocity ofa moving air-jet stimulus varied 
among subclasses of feline guard-hair afferents. 

The population of FA mechanoreceptors sampled in the pres- 
ent study clearly defined a similar continuum based on the re- 
sponses to surface-parallel moving stimuli. To illustrate, many 
FA units exhibited exponents similar to those of the SA units 
(see triangles that overlap with circles in Fig. 7). Other FA units 
exhibited distinctly higher exponents, and these units were pre- 
cisely those (1) which responded most poorly to the slowest 
velocities (see triangles to the far right of Fig. 7) and (2) from 
which only a few spikes could be evoked at any velocity (see 
Fig. 3). 

Knibestijl(l973) found that the responses to controlled, ver- 
tically indenting stimuli in FA mechanoreceptors supplying the 
glabrous skin of the human hand defined a continuum with 
striking similarities to that of the present study. Specifically, at 
one end of the continuum, units were found “with a low velocity 
threshold, rather low sensitivity and low maximal frequency 
capacity;” at the other end of the continuum, units “with rather 
high velocity thresholds, high sensitivities and relatively high 
maximal frequencies” (pp 4491150). Moreover, only a few spikes 
were evoked in the latter at any velocity of indentation (see Fig. 
8 of Knibestiil, 1973). 

Nerve-related d@erences in the effect of velocity on the mean 
neural response 

No prior study has addressed whether mechanoreceptors sup- 
plying different body regions exhibit different capacities to en- 
code information about tactile motion. Although the greatest 
velocity sensitivity (viz., n) was exhibited by FA afferents in the 
median nerve, grossly comparable distributions of sensitivities 
were observed in all three nerves studied. In contrast, the dis- 
charge rates of the mechanoreceptors in the inferior alveolar 
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nerve exceeded those of the median nerve over the entire range 
l-32 cm/set. This difference could not be explained by differ- 
ences in stimulus force applied across the receptive fields and 
in their thresholds, but was likely due to differences in skin 
compliance. It was observed during the experiments that the 
brown brush was highly effective in indenting the perioral skin 
and always evoked appreciable discharge activity. In contrast, 
it was sometimes ineffective in evoking activity in mechano- 
receptors supplying the glabrous hand. Our additional obser- 
vation that the mechanoreceptors supplying hairy skin were, in 
general, more responsive than those supplying glabrous skin 
may similarly be attributed to greater strain produced in the 
receptive fields of the former (see Pubols, 1982). 

Directional d#erences in the eflect of velocity on the mean 
neural response 

Previous studies of human low-threshold mechanoreceptors have 
only provided anecdotal reports of directionally selective (Jar- 
vilehto et al., 1976) and orientation-selective (Hagbarth et al., 
1970) responses to motion across the receptive field. In this 
study we found that over 70% of the mechanoreceptors exhib- 
ited statistically significant directional differences in the param- 
eters of the power function that described the MFR-versus- 
velocity relationship. Responsivity, as assessed by c, was 
particularly influenced by direction of motion for the SA mech- 
anoreceptors innervating the back of the hand and the perioral 
region. Importantly, the increased directional selectivity of these 
groups of mechanoreceptors was not due to greater directional 
differences in the forces applied across their receptive fields. No 
direction of motion consistently led to estimates with higher 
values so as to suggest a preferred regional direction of motion. 

In contrast to the paucity of human data, an appreciable 
amount of work regarding the directional selectivity of low- 
threshold mechanoreceptors in animals has been published. 
Whitsel et al. (1972) reported that the response of 58 mecha- 
noreceptive afferents supplying the monkey hairy hindlimb 
showed little directional preference when compared to that of 
many primary somatosensory cortical neurons. More recently, 
with the same mode of tactile stimulation employed by Whitsel 
et al. (1972) and in the present investigation, Greenspan (1992) 
observed that most mechanoreceptors supplying the feline hairy 
skin exhibited different response rates to opposing directions of 
stimulus motion along the proximo-distal axis of the hindlimb. 
Rigorous quantitative techniques comparable to those used in 
the present study were employed. Moreover, neither direction 
of motion was consistently preferred (but see Brown and Iggo, 
1967). 

Directionally selective responses (Looft, 1986; Goodwin and 
Morley, 1987b; LaMotte and Srinivasan, 1987a,b) and orien- 
tation-selective responses (e.g., LaMotte and Whitehouse, 1986) 
in monkey and feline mechanoreceptors evoked by rigid tex- 
tured surfaces moved across the RF have received extensive 
study (see Greenspan, 1992, for review). Particularly noteworthy 
is the finding ofGoodwin and Morley (1987b) that the direction- 
selective responses of mechanoreceptors supplying the monkey 
digital skin are not artifactually generated by asymmetries in 
the position of the stimuli (viz., the precise area of skin con- 
tacted) in relation to the RF center. By rotating the digit over 
a range of 80” with respect to the stimulus surface, these inves- 
tigators demonstrated that neither the presence (or absence) of 
directional response asymmetry, nor the preferred direction of 
motion, was usually affected by the position of the RF center 

in relation to the area of skin contacted. This suggests that 
although the magnitude of response to a moving tactile stimulus 
may diminish with distance from the RF center, mechanore- 
ceptors continue to differentially signal opposing directions of 
stimulus motion. 

Unique patterns of discharge and different discharge inten- 
sities evoked in individual mechanoreceptors by different di- 
rections of skin stretch, as well as by different directions of real 
motion across the skin, have been attributed to nonisotropic 
skin properties and asymmetric positioning of the receptor end- 
organs (LaMotte and Whitehouse, 1986; Goodwin and Morley, 
1987b; Edin, 1992). That skin stretch may not be necessary for 
evoking asymmetric directional responses in individual affer- 
ents is evidenced by use of novel modes of tactile stimulation 
which minimize horizontal (lateral) skin strain. Using a discrete, 
vertically directed air jet, Ray et al. (1985) demonstrated that 
opposing directions of motion across the RF of feline guard- 
hair afferents evoke unique patterns ofdischarge, one being most 
often a “simple reversal” of the other. The detailed patterns of 
discharge were thought to reflect the spatial distribution of re- 
ceptor terminals within the RF, and are not observed for stim- 
ulus objects that cover larger areas of the RF or apply greater 
forces to the skin (the air jet delivered about one-tenth of the 
normal force applied by a soft brush). More recently, Gardner 
and colleagues studied the response to Optacon-simulated 
movement (Gardner and Palmer, 1989). Specifically, adjacent 
rows of miniature probes, positioned perpendicularly to the skin 
surface and separated by - 1 mm, were successively activated 
to emulate an edge moving across the RF. For 25% of the FAI 
mechanoreceptors, an additional spike was evoked in one of the 
two opposing directions studied. These subtle differences were 
attributed to the interactions that describe the manner in which 
information from multiple terminal endings is integrated (i.e., 
to lateral facilitation and postspike facilitation). Importantly 
noted, the directional differences in the discharge reported by 
Ray et al. (1985) and Gardner and Palmer (1989) result in no 
and relatively minor directional differences, respectively, in the 
mean firing rate compared to those observed with stimuli that 
impart notable lateral forces to the skin, such as a brush. 

The effect of velocity on the mean neural response is 
uninfluenced by the area of skin stimulated 

Edin and Abbs (199 1; Edin, 1992) recently demonstrated that 
both fast and slowly adapting mechanoreceptors in human hairy 
skin respond to minute degrees of skin stretch up to 8 cm from 
the RF. This suggests that a relatively large population of af- 
ferents is likely stimulated by natural objects moving across the 
skin. In all published psychophysical studies conducted with a 
moving brush, however, the skin field tested has been restricted 
by an aperture plate similar to those employed in the work 
reported in this paper. Although the effect on subjects’ percepts 
of stimulus velocity is unclear (e.g., see Essick et al., 1991b), 
changes in the length/width of skin contacted have been shown 
to have a profound effect on percepts of stimulus direction (Es- 
sick and Whitsel, 1985b; Essick et al., 1990, 1991a). 

The experiments reported in this and the companion paper 
(Edin et al., 1994) during which the aperture size was reduced 
sought to determine the effect of the restriction on the individual 
afferent’s stimulus-encoding properties. In the companion pa- 
per, it was shown that reducing the aperture size had either little 
effect on the stimulus-evoked discharge or altered those com- 
ponents evoked by the brush when in contact only with the skin 
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surrounding the RF. In this article, it is shown that minimizing 
and restricting movements of the skin surrounding the RF do 
not alter either the estimates of n and c or directional differences 
in n and c. This suggests that when moving stimuli are delivered 
directly to the RF, the extent to which the stimulation extends 
beyond the RF boundaries has a negligible effect on the indi- 
vidual afferent’s stimulus-encoding properties. These findings 
importantly imply that changes in psychophysical performance 
observed with brushing stimuli delivered through apertures of 
different sizes are not due to alterations in the stimulus-encoding 
properties of the individual afferents. In a subsequent report, 
we will compare the capacities of individual mechanoreceptors 
and human subjects to discriminate moving tactile stimuli that 
vary in velocity and in direction. Analyses will be employed to 
further clarify the contribution of the responses evoked in in- 
dividual afferents to hypothetical population-encoding schemes 
for moving tactile stimuli in humans. 
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