Four channels mediate the mechanical aspects of touch
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Although previous physiological and anatomical experiments have identified four afferent fiber
types (PC, RA, SA 11, and SA T) in glabrous (nonhairy) skin of the human somatosensory
periphery, only three have been shown to mediate tactile (mechanoreceptive) sensation.
Psychophysical evidence that four channels (P, NP I, NP I, and NP III) do, indeed,
participate in the perceptual process is presented. In a series of experiments involving selective
masking of the various channels, modification of the skin-surface temperature, and testing
cutaneous sensitivity down to very low-vibratory frequencies, the fourth psychophysical
channel (NP III) is defined. Based on these experiments and previous work from our
laboratory, it is concluded that the four channels work in conjunction at threshold to create an
operating range for the perception of vibration that extends from at least 0.4 to greater than
500 Hz. Each of the four channels appears to mediate specific portions of the overall threshold-
frequency characteristic. Selection of appropriate neural-response criteria from previously
published physiological data and correlation of their derived frequency characteristics with the
four psychophysical channels indicates that each channel has its own physiological substrate: P
channel and PC fibers, NP I channel and RA fibers, NP II channel and SA II fibers, and

NP 111 channel and SA I fibers. These channels partially overlap in their absolute sensitivities, .

making it likely that suprathreshold stimuli may activate two or more of the channels at the
same time. Thus the perceptual qualities of touch may be determined by the combined inputs

from four channels.

PACS numbers: 43.66.Wv, 43.63.Vi [WAY]

INTRODUCTION

Microneurographic recordings from nerves innervating
the glabrous skin of the human hand have isolated four
groups of low-threshold, mechanoreceptive fibers: (a) rap-
idly adapting (RA) fibers; (b) type I, slowly adapting {SA
I) fibers; (¢) type 11, slowly adapting (SA II) fibers; and (d)
Pacinian corpuscle (PC) fibers (Johansson and Vallbo,
1979; for review, see Vallbo and Johansson, 1984). In addi-
tion to possessing different rates of adaptation in their re-
sponses to pulselike mechanical stimuli, the fiber types have
other functional characteristics that help permit classifica-
tion into the four categories. For example, PCs and SA IIs
have large receptive fields that lack distinct borders, while
the receptive fields of RAs and SA Is are smaller but better
defined (Johansson, 1976, 1978). Furthermore, the differ-
ent fiber types seem to have distinct capacities to respond to
specific frequency ranges of vibratory stimuli, as displayed
by the “tuning” properties of isoresponse contours (Johans-
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son ef al., 1982a). This segregation of response characteris-
tics is apparently present beyond the primary afferent level,
extending even to cortical levels (for review, see Dykes,
1983).

In spite of the fact that there appear to be four separate
classes of fibers presumably involved in mediating the non-
painful aspects of taction, psychophysical experiments on
the glabrous skin of human observers have assayed only
three such information channels (Capraro ef al., 1979; Bo-
lanowski and Verrillo, 1982; Gescheider etal., 1985; Verrillo
and Bolanowski, 1986). The P channel, as measured in
threshold experiments, typically operates over the vibre-
tory-frequency range of 40-800 Hz and possesses a U-
shaped threshold-frequency characteristic with a maximum
sensitivity near 300 Hz (for review, see Verrillo, 1975). This
channel is highly sensitive to changes in skin-surface tem-
perature (Bolanowski and Verrillo, 1982) and to changes in
stimulus size and duration (Verrillo, 1962, 1963, 1966b).
Since increases in both the size and duration of a stimulus
preferentially activating the P channel produces decreases it
threshold (Verrillo, 19635, 1968; Craig, 1968), it is conclud
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o4 that the P system is capable of spatial and temporal sum-
pation. The sensory aftribute routinely ascribed to the P
;f}ﬁﬁﬁe} is that of “vibratien” {Talbot ez a/., 1968). It is well
documented that Pacinian corpuscle afferents are the inputs
o the P channel ( Verrillo, 1966a; Mountcastle er al., 1972;
Eo;aﬁowski and Verrillo, 1982).

The non-Pacinian I (NP I) channel {Capraro et al,
§79) is less sensitive to changes in stimulus frequency (Ver-
ilo, 1962, 1968; Gescheider, 1976; Verrillo and Bolan-

owski, 1986} than the P channel and has, at threshold, a
relatively flat response across vibratory frequencies. The NP
{ channel possesses a nominal operating range of vibration
frequencies between 10 and 100 Hz (Labs et al., 1978; Ges-
cheider et al., 1985; Verrillo and Bolanowski, 1986). It ap-

ears not to be affected by variations in temperature (Ver-
dllo and Bolanowski, 1986) nor does it display either
iemporal or spatial summation (Verrillo, 1965; Gescheider,
1976). The sensory attribute ascribed to this channel is that
of “Butter” {Talbot et al., 1968). The physiclogical corre-
jate of NP I is presumably the RA fibers (Lindblom and
Lund, 1966; Talbot er al., 1968; Mountcastle et a/., 1972),
which are believed to innervate Meissner copuscles (Lind-
blom, 1963).

A second non-Pacinian channel, NP I1, the existence of
which was originally proposed by Capraro ez al. (1979), has
been shown by Gescheider er al. (1985) to operate in the
vibratory-frequency range similar to the P channel (i.e., 15~
400 Hz) but at a much lower sensitivity. In their study, the
channel was defined by desensitizing the P channel through
the use of a small stimulus area (i.e., minimizing spatial sum-
mation, see above) and by preventing NP [ from contribut-
ing to the overall threshold-frequency characteristic
through a masking paradigm { Gescheider ez ¢/., 1979; Ges-
cheider et al., 1982; Gescheider et al., 1983). Verrillo and
Bolanowski (1986) similarly have shown the existence of
two separate NP channels in the glabrous skin by using a
small stimulus probe to eliminate contributions to threshold
by the P channel in conjunction with variations of skin-sur-
face temperature. They found a differential effect of tem-
perature on the threshold-frequency response of human ob-
servers, indicating two separate channels. At low
frequencies (12-100 Hz), temperature changes had no ef-
fect on the average sensitivity as expected for the NP I chan-
nel. For stimulus frequencies above 100 Hz, however, tem-
perature had a large effect on the threshold responses.
- Because of the stimulus configuration used in this study, the
high-frequency system must have been NP II. In addition to
being temperature sensitive, NP II is also capable of tempo-
ral summation (Gescheider ef al., 1983). It is not known if
NP IT displays spatial summation. Neither the sensory at-
tribute nor the physiological correlate of NP II is known
Presently, although it is highly likely that SA fibers are in-
volved,

Prior to the present study, the psychophysical evidence
that only three channels apparently contribute to vibrotac-
tile sensation suggested that at least one of the four physio-
logically identified afferent groups does not contribute to
Somatosensory perception. This idea was supported by the
Work of Qchoa and Torebjérk (1983) who found that elec-

1681 J. Acoust. Soc. Am., Vol. 84, No. 5, November 1988

trical activation of individual SA II fibers in human obsery-
ers did not elicit a conscious perception. They pointed out,
however, that perhaps several SA 11 fibers must be activated
or recruited before a sensation can be elicited, a form of spa-
tial summation. Alternatively, they suggest that the SA II
fibers may be responsible, not for perception, but for pro-
prioceptive feedback in motor control (see also, Knibestd],
1975). Contrary to this latter idea are the results of Harring-
ton and Merzenich (1970) who recorded from peripheral-
nerve fibers in the hairy skin of the macaque. They conclud-
od that SA II fibers are involved in mediating the intensity of
tactile sensations. Unfortunately, the glabrous skin of the
macaque contains only three types of response profiles (PC,
RA, and SA; see, for example, Freeman and Johnson,
1682a,b, and Johnson, 1987), supporting the notion that
perhaps only three channels transmit tactile information
from the volar surface of the hand to the somatosensory cor-
tex.

Interpretation of the physiological results relies heavily
on assumptions regarding the neural code used for signaling
peripheral events, but the code for somatosensation has not
been adequately deciphered. It is possible that, even though
afferent fibers may be rigorously excited, unless it is done
with the precise code, the artificially induced activity may
not enter into consciousness. It could then be erroneously
concluded that the activated uniis play no role in mediating
the sense of touch. -

Rather than rely on physiological techniques that re-
quire assumptions of criterion response (Bolanowski and
Verrillo, 1979), we have chosen to use psychophysical mea-
surements to reassess whether a fourth, low-threshold me-
chanoreceptive channel can or does contribute to the sense
of touch. Since the fourth channel, if present, might be ob-
scured by other, more sensitive channels or may operate at
vibratory frequencies not previcusly investigated, we have
measured psychophysical thresholds from 0.4-500 Hz and
have used a forward-masking paradigm, as well as variations
in stimulus dimensions and temperature, to differentiate the
various channels. Since electrical stimulation of SA 1 fibers
apparently produces the sensation of “pressure” {Torebjork
and Ochoa, 1980; Vallbo, 1981; Ochoa and Torebjork,
1983), a static or slowly changing experience, it was expect-
ed that a fourth channel would most likely operate at very
low stimulus frequencies. This notion was also suggested by
the frequency-response characteristics of SA fibers recorded
in macaque peripheral nerve (Freeman and Johnson,
1982b) and by the results of Johansson ez al. (1982a,b) who
recorded activity of all four fiber types in man. Both groups
of investigators found that SA fibers could be driven by low-
frequency vibratory stimulation. o

" The results indicate that a fourth channel does indeed
exist and operates in the vibratory frequency range between
0.4 and 100 Hz. The channel, which we call NP III, has a
sensitivity comparable to that of the NP I channel and is
affected by skin-surface temperature. NP Il does not ap-
pear to have the capabilities of spatial summation. These
facts, together with a reinterpretation of previously pub-
lished psychophysical and physiological data, form the basis
of a four-channel model for the sense of touch.
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I, METHODS
The methods and procedures used in the present study
were similar to those used previously in this laboratory {Ver-
rillo, 1962, 1963, 19635, 1966a—c; Verrillo and Capraro, 1974,
Verrillo and Gescheider, 1977; Bolanowski and Verrillo,
1982; Gescheider er a/., 1985; Verrillo and Bolanowski,
1986). Sinuscidal, vibratory displacements of the skin were
produced with a Goodman’s 390A vibrator under computer
control and applied to the thenar eminence. The displace-
ments were produced around a static indentation of 0.5 mm
and monitored with an electromagnetic, linear-voltage dis-
placement transducer that senses the displacement of the
moving element of the vibrator. Stimuli were applied with
either of two circular contact surface areas, 0.008 and 2.9
cm” and were surrounded by a rigid surface {33 cm?) that
confines the deformations to the area of stimulation. The
contactor surface and surround were separated by a I-mm
gap. The temperature of the skin surface underlying both the
contactor and the surround was controlled during a given
experimental series. The temperature was maintained by cir-
culating water at the appropriate temperature through hol-
low chambers in both the aluminum contactor and sur-
round. A Lauda/Brinkman K-2/R  heating and
refrigeration unit and pump controlled both the water tem-
perature and the circulation flow rate. The contactor and
surround were placed in series such that the water from the
circulating unit first flowed through the contactor and then
through the surround, eventually returning to the circula-
tion unit. The size of the 0.008-cm? contactor did not permit
water to be circulated through it, but, for both contactor
sizes, the skin-surface temperature at both the contactor/
skin interface and the surround/skin interface were always
within 0.5°C. This was monitored by small thermistors
placed either at {2.9-cm? contactor) or next to (0.008 cm?)
the contactor/skin interface. The active surface of the ther-
mistor touched the skin. To monitor the surround/skin tem-
perature, an additional thermistor was also placed at that
junction {see Bolanowski and Verrillo, 1982). Prior to each
testing session, the subject’s hand was allowed to adapt to the
contactor/surround temperature for a period of no less than
10 min. In all, the effects of three skin-surface temperatures
(15, 30, and 40 °C) were investigated.

In one group of experiments, sinuscidal bursts with du-
rations calculated at the half-power points of 700 or 2400 ms
were used as test stimuli. The rise-fall time at the onset and
offset of the stimulus burst was 500 ms when the burst dura-
tion was 700 ms, and 1250 ms for the 2400-ms stimulus.
These durations were chosen to ensure that most of the ener-
gy in the stimulus, regardless of the test frequency used, oc-
curred at the fundamental frequency. This was particularly
important since the vibratory-frequency range investigated
extended from 0.4-500 Hz requiring fairly long-duration
stimuli (see the Appendix). Threshold values are given in
decibels (dB) referenced to 1-zzm peak displacement. For a
second group of experiments, only test stimuli of 700-ms
duration were used, but a conditioning stimulus that pro-
duced forward masking (Gesheider et al., 1979, 1982, 1983}
of the test stimulus was presented first. The masking stimu-
lus was presented for 4 5 (rise-fall times, 30 ms) and was
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followed by a period of 25 ms after which the tegt Stimy]
was presented. No stimulation was present during the 25,
temporal gap. As shown by several investigators (Hame
1979; Gescheider er @/, 1982; Hamer ez al,, 1983y mask; "
occurs only when the masker and the test stimulus EXCite tg
same channel. It is thus possible, depending upon the mas;
ing- and test-stimulus frequencies, to differentiate bet‘vee‘
two channels by masking one of them without affeqing thn
¢ other. For example, if the frequency and intensity of ih:
 masking stimulus is such that it stimulates the same chanpy
;that the test stimulus activates, detection of the test stimulyg
: will be impaired. The amount of masking depends upop fhe
“intensity of the masking stimulus (Gescheider er o/ | 1982,
ﬁf, on the other hand, the masking and the test stimulj acti
! vate different channels, then no masking will occur, Mask.
\ing is defined as a loss of sensitivity in detecting a test stip,
{lus in the presence of a masker, and is expressed s .
i threshold shift relative to the unmasked threshold. By vap,
ing the intensity and frequency of the masking stimulug az;d
the frequency of the test stimulus, it is possible to differep.
tiate any underlying and independent channels. In our ey
periments, the intensities of the masking stimuli are oy
pressed relative to the threshold of the masker, i.e., sensatig
level (SL), and are given in dB referenced to the masking.
stimulus threshold level (dB SL). In each experimental ses.
sion, the detection threshold of the masking stimulos we
determined and the intensity of the masker was set in dB
relative to that value. Thresholds were then measured for
detecting the test stimulus alone. Finally, thresholds for de-
tecting the test stimulus in the presence of the masking stim
ulus were measured. The masking experiments were con
ducted only at 30 °C.

Thresholds were measured by a two-alternative, forced-
choice tracking procedure (Zwislocki e al., 1958} in which
subjects judged which of two sequential intervals of time
contained the test stimulus. Their judgments were signaled
by depressing one of two switches, the response recorded by
computer. The probability of the test stimulus occurring in
one interval versus the other was 0.5. The intervals were
separated in time by 1750 ms. The stimulus intensity wa
increased by 1 dB for every response error and decreased by
1 dB for every three correct responses. In this manner, the
criterion used to determine threshold was 75% correct de-
tection over a period of 3 min, The actual period of stimul
tion was considerably longer than this since the stimulus
intensity was always a suprathreshold level prior 10 zach
test. Nominally, a period of 3-6 min was required before fhe
subject reached the approximate threshold level at which
time the 3-min period of 75% detection.was started. Thresh:
olds were expressed in dB referenced to 1-ym peak displace:
ment. In the masking experiments, the masking stimults
was presented in each of the two observation intervals, and
the subject was required to select the interval that also comr
tained the test stimulus. Every subject was presented with
each test condition three times over several sessions. A (0%
of five subjects, two females (ages 20 and 27} and thres
males (ages 26, 36, and 49) were used. All were well expert’
enced with this type of tactile experiment. Individual resuls
closely follow the group averages. Because of this clos¢ cor-
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ondence, the results are presented as group averages.
he staﬁdaré error of the mean for individual observers’
eshold judgments is, on average, 1.5 dB. The standard
100 of the mean for group estimates are almost identical
il on average, 1.3 dB.

A The vibrotactile-frequency response

Figare 1 shows average psychophysical thresholds ob-
ined for frequencies ranging from 0.4-500 Hz. Skin-sur-
e temperature was held constant at 30 °C. Stimulus dura-
jon Was 700 ms, and the contactor area was 2.9 cm?® The
nasking stimulus was not used. The line through the data
points has been fitted by eye with the error bars depicting the
standard error of the means. Three segments of the curve can
pe discerned. First, there is a low-frequency portion extend-
ingbetween 0.4 and 3.0 Hz which appears frequency insensi-
tive. Second, there appears tobe a middle-frequency portion,
which is frequency dependent, having a slope in displace-
ment-frequency units of about — 5.0 dB/oct. Third, a U-
shaped portion can be seen in the highest frequency range,
tetween the frequencies of 40 and 500 Hz. The slope of the
low-frequency portion of the Uis — 12 dB/oct.

The high-frequency portion of the carve is produced by
the P channel and has the expected shape, sensitivity, and
focation found in many other studies assessing the properties
of this channe! (see the Introduction). The middle-frequen-
¢y portion is probably produced by the NP I channel. Al-
though in previous work from this laboratory NP I appeared
insensitive to frequency, this conclusion may have resulted
from the fact that the lowest frequency investigated was only
12 Hz. Other investigators {Békésy, 1939; Mountcastle ef
al, 19723 have used lower frequencies and have found an
effect of stimulus frequency on sensitivity in this region. The
fact that a breakpoint exists between the low- and middle-

frequency portions of the threshold-frequency characteristic
suggests the presence of two separate channels, one for the
low-frequency portion and a second, probably NP I, for the
middle-frequency part. Since no previous studies have mea-
sured the response of NP [ for frequencies lower than about 2
Hz, however, it is possible that the low-frequency region is
also mediated by NP 1. Masking experiments were conduct-
ed to determine if this was the case.

B. Effects of masking stimuli

In the masking experiments, a frequency of 0.7 Hz was
used as the test stimulus since it falls in the middle of the low-
frequency portion of the threshold-frequency characteristic
of Fig. 1. The frequencies of the masking stimuli were chosen
to selectively affect the other portions of the threshold-fre-
quency characteristic. For example, in the first case to be
presented, the masking stimulus was 40 Hz.

After measuring the threshold of the 0.7-Hz test and 40-
Hz masking stimuli alone, the masking stimulus was pre-
sented at preselected SL levels, and the subject tracked the
threshold for the test stimulus in the masking paradigm.
Five subjects were tested in each condition during two ses-
sions in which each test condition was presented twice. Skin-
surface temperature was maintained at 30°C. Figure 2
shows the average threshold shift as a function of masker
intensity for the 40-Hz masking stimulus. In this and similar
figures to follow, a least-squares analysis was used to fit the
data points (see figure legends for the correlation coefficient
 and slope m) affected by the masking stimulus. This was
done to produce breakpoints between the two segments of
the masking functions, since the exact position of the transi-
tion from no masking to the point of masking was not mea-
sured. In addition to using those points showing an effect by
the masker, in the least-squares analysis, the highest point at
which masking did net occur was also included. A horizon-
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FIG. 2. The effects of a 40-Hz masking stimulus on the threshold of a 0.7-
Hz test stimulus. The lines through the data points from 14- to 38-dB mask-
er level have been fitted by linear regression (r = 1.0, m = 0.46).

tal line was fitted to all of the data points that were unaffect-
ed by the masking stimulus, the point of intersection between
the two straight-line segments thus obtained being referred
to as the breakpoint. Asshown in Fig. 2, masking levels of 0,
6, 10, and 14 dB SL produced no masking of the test stimu-
lus. The horizontal line determined by the data points signi-
fies this fact. This means that the masking stimulus was not
affecting the channel mediating the 0.7-Hz test stimulus. For
masking levels greater than 14 dB SL, however, the masking
stimulus produced threshold elevations above the unmasked
threshold of the test stimulus. The presence of masking
above 14 dB SL indicates that the channel mediating the test
stimulus was being affected by the masking stimulus. A
least-squares analysis of the data from 14 dB SL and above
indicates that the effect of the masking stimulus occurs with
an efficiency (i.e., slope) of 0.46. The breakpoint at 10-dB
SL masking level defines the approximate location of the
threshold at 40 Hz of the channel mediating the 0.7-Hz test
stimulus. Specifically, the channel mediating 0.7 Hz has a
threshold at 40 Hz, which is 10 dB above the 30°C curve
“shown in Fig. 1.

Additional masking experiments were performed at
masking frequencies of 10, 20, and 100 Hz in order to deter-
mine the breakpoints for various masking functions. These
breakpoints, as demonstrated in Fig. 2, define the location of
the channel that in this case mediates the 0.7-Hz test stimu-
lus, at the frequency of the masking stimulus. Average re-
sults from these experiments are shown in Fig. 3. Masking of
the 0.7-Hz test stimulus begins to occur at various intensities
of the masking stimulus, depending on the masker frequen-
cy. For example, masking stimuli at 100 Hz produce mask-
ing of the test stimulus only at masker levels greater than
about 24 dB SL (as defined by the breakpoint ). On the other
hand, masking occurs at very low SL levels of the 10- and 20-
Hz masking stimuli. In each instance, the efficiency of the
masker as it masks the 0.7-Hz test stimulus is approximately

the same (10 Hz, 0.41; 20 Hz, 0.43; and 100 Hz, 0.46) indi-

—

cdting commonality in the channel being masked. The
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FIG. 3. Masking functions ebtained with various masker stimul (10 He ¢
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m==0.46) and with a test stimulus of 0.7 Hz. The breakpoints of theg
curves are plotted as X's in Fig. 4.

¢ 5

breakpoints of the masking {unctions shown in Figs. 2 and3
were used to determine the thresholds of the channel mediat
ing detection of the 0.7-Hz stimulus. Since the masking ex.
periments were conducted only at 30 °C, we have replotted
the threshold-frequency characteristic obtained at this tem-
perature and described in Fig. 1 (i.e., unmasked threshold.
frequency characteristic) into Fig. 4. In so doing, we hawe
eliminated the data points for clarity. In addition, we have
plotted the breakpoints of the masking functions shown in
Figs. 2 and 3 into Fig. 4 and as shown by the X's. The dashed
line (see Fig. 4) connecting the threshold values obtained at
0.7 Hz for the unmasked condition (and for the flat low-
frequency region in general) with the masked thresholds
given by the x's defines, to a first approximation, the func-
tional characteristic of the channel mediating the 0.7-Hz test
stimulus. Since the obtained curve does not follow the over
all threshold-frequency characteristic, a different channel
must be operating in the low-frequency part of the curve
Neither the P or the NP I channels can be mediating the
low-frequency portion of the overall threshold-frequency
characteristic since previous experiments { Gescheider eta{..
1983; Gescheider et al., 1985) have shown that their sensiti-
vities below 2.5 Hz are at least 27 dB above the unmasked
threshold measured here.

To substantiate the independence of this low-frequency
channel (Fig. 4, ---), a masking experiment was performed
in which a 40-Hz masking stimulus was coupled with a 23
Hz test stimulus. Based on previous results (see the Intr¢-
duction), it was reasonable to assume that the 25-Hz tes
stimulus would be detected by the NP I channel. The result
are plotted in Fig. 5. Also shown is the masking functiod
obtained with the same masking frequency but with the 0.7
Hz test stimulus, the resuits replotted from Fig. 2. Note that
masking of the 25-Hz test stimulus occurs at masking l?te?‘
sities as low as 1 dB SL. In this particular case, the function ®
best fit by two segments, one for low-masking levels ( least:
squares fit from 0-8 dB) and a second for the higher Jevels
(least-squares fit from 8-30 dB). Neither segment Operates

g4
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with an efficiency of 0.45, the lower portion possessing an
efficiency of 0.8, while the upper has an efficiency of 0.31.
The masking function is quite unlike that obtained with the
0.7-Hz test stimulus. The lowest point (1 dB 8L) of the 25-
Hz test stimulus/40-Hz masking function has been plotted
in Fig. 4 ( -+ ), since it signifies the point at which the chan-
nel mediating the 25-Hz test stimulus operates. The break-
point, as expected, lies almost directly on the overall thresh-
old-frequency characteristic, indicating that both the
masking and the test stimuli are being mediated by the same
channel { NP 1). Since this does not occur when a0.7-Hz test
is used in conjunction with a 40-Hz masking stimulus, a sep-
arate channel must be responsible for detecting the 0.7-Hz
test. In other words, two independent channels must be de-
termining the psychophysical threshold between 0.4 and 30
Hz: one responsible for signaling detection at 0.7 Hz (and
the flat portion of Fig. 1) and the other mediating threshold

at 25 Hz (and the — 5.0-dB/oct portions of Fig. 1), The -

previously known NP I system is responsible for the 25-Hz
channel. Following previous nomenclature, we call the new-
ly revealed channel NP III

C. Effects of skin-surface temperature
It would be possible to define more precisely the fre-

quency at which detection changes from one channel to the-

other if the two low-frequency channels were differentially
affected by changes in skin-surface temperature. Therefore,
threshold measurements were made at two additional tem-
peratures, 15 and 40 °C. Qther stimulus conditions were
identical to those used previously (Fig. 1, 2.9-cm? contactor
area, 700-ms duration, and 500-ms rise-fall times). The re-
sults from the experiments in which the skin-surface tem-
perature was varied are plotted in Fig. 6, along with the
resuits obtained at 30 °C. The lines through the data points
have been fitted by eye. Temperature clearly has an effect on
the U-shaped portion of all three curves. Increases in tem-
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perature increased both the average sensitivity as well as the
frequency at which maximum sensitivity occurs, the so-
called “best frequency.” The high-frequency portion of the
three curves is produced by the P channel. The significant
effects of temperature on its response profile have already
been described {Bolanowski and Verrillo, 1982). The mid-
dle- and low-frequency portions of the curves shown in Fig. 1
are produced by the NP I and NP III channels. Exclusive of
the P region (40 to 500 Hz), changes in skin-surface tem-
perature have the greatest effect in the region between 1.5
and 4 Hz, that region on all three curves where the sensitivi-
ties of NP I and NP III are believed to merge and cross over.

To determine if temperature had a significant effect on
thresholds below 40 Hz, a two-way apalysis of variance
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(ANOVA) was performed, using the data obtained for stim-
ulus frequencies from 0.4—40 Hz. The results of the analysis
showed that the effect of temperature was highly significant
[F{2,204) == 7.39, p<0.001]. Since the masking experi-
ments show that two separate channels appear to be operat-
ing over this region, two ANOVAs were performed, one for
the frequency range between 2.5 and 40 Hz and the second
for the range between 0.4 and 2.0 Hz. In both instances, the
effects of varying skin-surface temperature proved to be sig-
nificant {2.5-40 Hz, [F(2,120) = 4.08, p <0.01]; 0.4-2.0
Hz, [F(2,84) = 5.2, p< 0.01}}. Ifthe range between 2.5 and
40 Hz 1s mediated solely by the NP I channel, then it is likely
that temperature affects the sensitivity of this channel. Al-
though in previous work from this laboratory (Verrillo and
Bolanowski, 1986} NP I appeared insensitive to tempera~
ture, this conclusion may have resulted from the fact that the
lowest frequency investigated in that study was only 12 Hz.
Similarly, since temperature apparently affects sensitivity in
the frequency range between 0.4 and 2.0 Hz and, if this re-
gion is controiled soley by NP III, then this channel, too,
must be temperature sensitive. The ANQOVAs performed
also showed that the middle-frequency region was strongly
affected by vibration frequency [F(9,120) = 4.08,
p<0.001] as the — 5.0-dB/oct slope found at a temperature
of 30 °C would predict. The low-frequency protions of all
three curves are not affected by stimulus frequency
[F(6,84) = 1.6, p>0.1]. An ANOVA performed on the
data from 0.4 to 40 Hz also showed that frequency has a
significant effect on threshold throughout this range
[F(32,204}) = 72.98, p <0.001]. However, since the interac-
tion between stimulus frequency and temperature on thresh-
olds in all cases was not found to be significant {0.4-40 Hz,
[F(32,204) = 1.36, p>0.10]; 0.4-20 Hz, [F(12,84)
=115, p>025] and 2.5-40 Hz, [F{18,120) = 1.45,
p>0.10]}, itis not possible to determine the exact manner of
the effects of temperature on either NP I or NP 11
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D. Effects of stimulus size and duration

In order to determine if the NP 111 channel is affected by
stimulus size, thresholds were obtained using a 0.008-cm?
contactor area and a skin-surface temperature of 30 °C. Two
stimulus frequencies were investigated (0.5 and 1.0 Hz), and
the thresholds compared to those obtained with the 2.9-cm®
contactor. Spatial summation in NP IIT would be demon-
strated if the smaller stimulus area produced thresholds
higher than the larger stimulus area. When the thresholds
obtained with the smaller contactor (0.5 Hz, 26.7 dBre: I-
um peak; 1.0 Hz, 27.6 dB re: 1-um peak) were compared to
those obtained with the large contactor (0.5 Hz, 27.7 dB re:
1-um peak; 1.0 Hz, 26.4 dB re: 1-um peak ), no differencesin
threshold were evident or statistically significant {0.5 Hz,
[1(4) = 0.51, p>0.5]; 1.0 Hz, [7(4) =063, p>051}
When the 200-Hz test frequency was used, however, thresh-
olds obtained for a contact surface of 0.008 cm? (112 dBre
I-um peak) were considerably higher [z2(4)=86%
p<0.001] than those obtained with the 2.9-cm’ area
( —'15.4 dB re: 1-um peak), a result predicted by the pres-
ence of spatial summation in the P channel. The resultssug
gest that spatial summation is not found in the NP IIT char-
nel.

The effects of stimulus duration on the sensitivity of N P
III was also investigated. Increases in sensitivity for %"
creases in stimulus duration might suggest some form ¢
temporal integration of the stimulus. This was not found
For example, thresholds obtained at 0.4 Hz (27.6 dB 7% b
pm peak) and 1.0 Hz (26.4 dB re: 1-um peak) using St
lus duration of 2500 ms with rise~fall times of 500 ™
showed no statistically significant difference {04 H.Z’
[1(4) = 0.86, p»0.4]; 1.0 Hz, [#(4) =0.15, p> 0.51}.‘;‘
sensitivity when compared to the thresholds obtained ¥!
the 700-ms stimulus (0.4 Hz, 25.6 dB re: 1-um peak; LOH%
28.1-um peak). This finding also confirms that the thres
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1ds obrained at the shorter burst durations were not con-
? ynded BY low-irequency energy components in the stimu-
ou y .

s (€€ the Appendix).

i, DISCUSSION

The results presented indicate that vibratory stimuli can

e detected at frequencies bet}vgen 0:4 and > 500 Hz, 'the
threshold-ffequeney{characte;‘lstic being U shaped fo; high
frequencies and partially sloping for the lower ones (Figs. 1,
4, and 6). The general shape of the characteristic was first
reported by Békésy (1939) and later by Verrillo (1963,
1966a~c), using methods similar to those used here, except
that they did not control skin-surface temperature. The ma-
jor difference between this and the earlier studies, when con-
sidered in conjunction with previous experiments from our
Jaboratory (e.g., Capraro ef al., 1979; Bolanowski and Ver-
rillo, 1982, Gescheider eral., 1985; Verrillo and Bolanowski,
1986), is that we conclude that there are probably four sepa-
cate channels mediating the sense of touch. The present
study also shows that the previously unknown fourth chan-
nel operates at low-stimulus frequencies. Békésy (1939) and
Verrillo (1963), on the other hand, postulated a two-chan-
nel {duplex) model for vibrotaction based on their early psy-
chophysical results.

The fourth channel, called NP 111, appears to operate in
the frequency range from 0.4 to > 100 Hz and has an average
sensitivity similar to that of the NP I channel (see Fig. 4). As
with NP 1, NP III does not possess spatial summation. The
presence of NP III was determined by masking studies
{Figs. 2 and 3) in which masking stimuli were paired with a
0.7-Hz test stimulus. The procedure elevated the thresholds
of P, NP 1, and NP II for the purpose of defining NP IIL
When the masking stimuli were intense enough to mask NP
111 also, a power relationship between masking intensity and
threshold shift of the test stimulus was found. The efficiency
(i.e., slope; see Gesheider et al., 1983) at which this occurred
was approximately 0.44 as determined by least-squares fit to
the data. It is important to note that all four masking func-
tions obtained with the 0.7-Hz test stimulus (Figs. 2 and 3)
have the same masking efficiencies, providing additional evi-
dence that the same channel (NP III) was mediating detec-
tion of the 0.7-Hz test stimulus in each case. In contrast to
this, Fig. 5 shows that pairing a masking stimulus of 40 Hz
with a test stimulus of 25 Hz produces a very different mask-
ing function. This is expected since both the 25-Hz test stim-
ulus and the 40-Hz masking stimulus, even at very low
masking levels, are mediated by the same channel. NP I is
known to have a masking efficiency of approximately 0.8
{Gescheider et al., 1983). The lower portion of the function
obtained with the 40-Hz masker, combined with a 25-Hz test
stimulus (Fig. 5) has a slope equal to 0.81, indicating that
this portion of the masking function is indeed produced by
NP 1. The upper portion of the 40-Hz masking-, 25-Hz test-
stimulus condition could be due to the 25-Hz test stimulus
being detected by either the P, NP II, or NP III channels.
The P and NP 11 channels have masking efficiencies of 0.62
(Gescheider ef al., 1983) and 0.9 (Gescheider er af., 1983),
respectively, Since the upper portion of the masking function
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has a slope of 0.31, it is unlikely that the P or the NP II
channels themselves are detecting the test stimulus but that
this is being done by NP IIL It is also possible, however, that
the other channels are sequentially mediating the test stimu-
lus for increases in masker-stimulus intensity. In other
words, the 0.31 efficiency calculated may be the result of
these other channels contributing to this segment of the
masking function in a complicated way.

The experiments in which skin-surface temperature was
varied (Fig. 6) indicate that temperature can have a signifi-
cant effect on threshold sensitivity over most of the frequen-
cy range investigated. Exclusive of the P-channel effect al-
ready described and discussed by Bolanowski and Verrillo
(1982), temperature seems o affect thresholds mediated by
both NP I and NP III. The fact that the NP I channel is
affected by changes in skin-surface temperature is inconsis-
tent with the report of Verrillo and Bolanowski (1986).
However, since they only investigated frequencies above 12
Hz, the effect of temperature in their study could have gone
unnoticed.

Since there appear to be four separate channels involved
in signaling the sense of touch, previous physiological results
suggesting that only three fiber fypes are involved (e.g., Kni-
bestdl, 1975; Ochoa and Torebjérk, 1983) must be reevalu-
ated. The fact that repetitive, electrical stimulation of SA II
fibers apparently does not evoke a sensation (Ochoa and
Torebjork, 1983) suggests that the fibers in their study were
not stimulated appropriately. Failure to evoke a sensation
could either be a result of an improper impulse pattern or the
fact that only a single SA II fiber is activated, perhaps an
insufficient number (Ochoa and Torebjdrk, 1983). When
reevaluating previous physiological results, it would be quite
useful, for the purposes of modeling, to correlate each psy-
chophysically defined channel with its underlying physio-
logical substrate, Of primary importance in both instances is
the need to select the appropriate neural code used by each
fiber group to signal detection of a stimulus (Bolanowski
and Verrillo, 1982). The fact that artificial activation of indi-
vidual fibers may produce a perceptual response { Torebjork
and Ochoa, 1980; Vallbe, 1981; Ochoaand Torebjork, 1983)
may be misleading since it does not prove that the imposed
stimulus is the code used by the nervous system. In fact, the
sensations evoked by such stimulation have been reported to
feel somewhat unnatural (Ochoa and Torebjork, 1983).

In general, previous reports on the response of peri-
pheral nerve fibers to vibratory stimulation usually present
frequency-response curves in which the intensity of the stim-
ulus needed to achieve a predetermined response criterion is
plotted as a function of vibration frequency. Only two crite-
ria are usually used: one neural impulse per stimulus cycle
(entrainment) or one neural impulse per stirnulus burst.
They do not describe what happens to the shape of the fre-
quency response as a function of changes in response criteria
(e.g., Lindblom and Lund, 1966; Talbot er al., 1968; Mer-
zenich and Harrington, 1969; Tapper ez al., 1972; Mountcas-
tle et al., 1972; Pertovaara and Hamaéldinen, 1981; Freeman
and Johnson, 1982a). In fact, the reason that an entrainment
criterion was initially used in the literature on the topic was
that it produced frequency-response characteristics of peri-
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pheral fibers that qualitatively mimicked threshold-frequen-
¢y responses obtained {rom human observers (e.g., Mount-
castle er al., 1972). Unfortunately, no reports show intensity
characteristics relating afferent neural responses to stimulus
intensities at specified frequencies with sufficient sampling
points to ascertain the effects of response criterion on the
shape of the frequency characteristics (but see Bolanowski
and Zwislocki, 1984},

Some of the most carefully conducted research has been
on the macaque monkey used as a model for man. However,
as Johnson points out (Freeman and Johnson, 1982a,by;
Johnson, 1987), the macaque apparently has only three
types of response profiles and the SA-unit profile cannot be
subdivided. Thus it may not be advantageous to use these
data since they may not give a complete description of the
mechanisms used by the human somatosensory systemw.
Aside from the fact that there may be a species difference
between macaque and man, recent developments in micro-
neurography make it possible to use physiological results
obtained from humans as correlates to the psychophysical

results presented here. At present, the most complete study”

assessing single-unit responses to vibratory stimull in hu-
mans is that of Johansson et al. (1982a). They reported their
results as equiresponse contours in which stimulus intensity
was held constant at various levels, stimulus frequency var-
ied, and the number of impulses per cycle recorded. They did
this over a stimulus-frequency range of 0.5-400 Hz and for
all four fiber types. We replotted their data as intensity char-
acteristics, relating firing rate to stimulus intensity and by
interpolating and extrapolating their data when necessary,
we were then able to construct isoresponse contours across
stimulus frequency. Choosing appropriate response criteria
as discussed below, we then fitted the neurophysiclogical
results to a four-channel, psychophysical model. The results
of the analysis to be described are given in Fig. 7; the specific
neurophysiological-response characteristic correlated with
each psychophysically determined channel. Each panel of
the figure refers to only one channel [ (a), NP I; (b}, P; (¢),
NP II]; and (d), NP II].

The RA units, and by inference the NP I channel [see
the Introduction; Lindblom, 19635; Talbot er a/., 1968 and
Fig. 7(a)], are apparently able to signal a threshold event
with a single neural impulse on a single fiber (Hensel and
Bowman, 1960; Vallbo and Johansson, 1976). This has been
supported by experiments using electrical stimulation of RA.
fibers by Torebjork and Ochoa (1980), Vailbo (1981), and
Ochoa and Torebjérk (1983). Thus the neural code for a
threshold event in the NP I channel may, in fact, be a single
impulse per stimulus burst. This is consistent with the fact
that NP I does not display temporal summation, a phenome-
non requiring at least two impulses to demarcate the dura-
tion of a stimulus. The upper curve in Fig. 7(a) shows the
average (n = 8) frequency response of RA fibers as reported
by Johansson et a/. (1982a), but using a criterion of one
impulse/stimulus. The data points on the physiological
curve in this and the subjacent panels of Fig. 7 are interpola-
tions and/or extrapolations of the data of Johansson et al.
{1982a). The curved lines have been fitted by eye. Also
shown in Fig. 7(a) is the frequency characteristic of the NP I
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channel, a portion (12-130 Hz) of which was take
Verrillo and Bolanowski (1986) with the lower g,
aspect (2.5-12 Hz) based on the results presenteg ab
this study {see Figs. 1 and 4). The shape of the 1w, .
are similar. The average sensitivity of the RA unpj “;WQ
ever, is 18 dB less sensitive than the psychophysica) r"eso
This disparity may be explained by differences ip stimté
conditions and the fact that average data were used i, 4
structing the physiological curve. As Mountcastje o
{1972 and Bolanowski and Zwislocki (1984) haye sho &
the range of sensitivities for mechanoreceptors cay y,
large as 20 dB. Thus the most sensitive RA fiber, wng
would be considerably more sensitive than the averag
would be mediating threshold. Aside from this Cconside,
tion, Verrillo (1979) has shown that the presence of ap g
either at or near the place of stimulation can sigmﬁCame
(10-15dB) increase the sensitivity of the NP I channel, y,
present experiments, as well as most of the previous g
from our laboratory, were performed with the use of a tigid
surface that surrounded the stimulus probe. This stimyly
configuration introduces two large circular edges, one atthe
boundary of the surround and the other at the contacty,
producing increased sensitivity of NP I. Johansson erg]
(1982a) did not use a surround in their experiments and, a3
consequence, the sensitivities that they measure for the kg
population would be expected to be much less than that
found psychophysically. Indeed, Jobansson ez al. (1982)
have shown that the presence of an edge in a stimulus pro-
duced greater responses in RA fibers than the flat, smooth
surface used in their companion study (Johansson et d,
1982a) on which our analyses are based.

Unlike NP I, the P channel [see Fig. 7(b)] is capablesf
temporal summation. Since increases in stimulus duration
can lower detection thresholds, the neural code used by theP
channel must incorporate a method by which stimulus dur
tion is signaled. A single impulse-per-stimulus event cannot
do this. Therefore, at least two impulses per stimulus must be
required on a single Pacinian fiber for a threshold event to be
perceived. Furthermore, as Van Doren {1985) has pointed
out, a criterion based on entrainment similarly cannot be
used by the P channel, again because of the constraint of
temporal summation. That is, lengthening the duration of 2
stimulus that is already producing a threshold event signaled
by entrainment will not lower the intensity required for thal
entrainment. Lastly, Verrillo (1971) has shown that
changes in stimulus rise time do not change threshold levels.
Since Pacinian fibers are known to discharge at higher %"
stantaneous rates for increases in the onset velocity of ramp”
like stimuli (Iggo and Ogawa, 1977}, it is unlikely that 8
firing-rate code is used.

Verrillo ( 1965) has shown that the P channel can sign®
detection of a 100-Hz stimulus burst of 20-ms duration. T
duration and the rise-fall times that he used allowed fOflz
cycles of vibration at 100 Hz with the amount of enetgy m
the stimulus concentrated at 100 Hz. Forintense mechani
stimulation, Bolanowski and Zwislocki (1984) have show?
that the near-maximal firing rates that can be achieve n
isolated Pacinian corpuscles in response to 100-Hz vibre”
tions correspond to 2 spikes/stimulus cycle. Thus a thres
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old event can be signaled by as little as 4 spikes/stimulus,
Based on this fact and that at least two impulses/stimulus
are required, we suggest that the code used by the P channel
for stimulus detection may be between two and four im-
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pulses/stimulus. The top curve in Fig. 7(b) isa replot of the
results of Johansson er @ (1982a) using a four impulse/
stimulus for average (n = 4) PC responses. The actual
shape of the curve is not significantly affected by using a
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criterion based on either a lower {2 and 3) or higher {5 and
6) number of impulses/stimulus, although higher numbers
{ > 7} do change the shape of the curve considerably. Also
plotted is the psychophysical result of Bolanowski and Ver-
rillo (1982) showing the frequency response of the P chan-
nel measured with a skin-surface temperature of 30°C and a
2.9-cm” contactor surface. Based on previous reports indi-
cating that the P channel is mediated by PC afferents (see
the Introduction), it is not surprising that the shape of the
physiological and psychophysical curves are similar. How-
ever, the best frequency, overall sensitivity, and low-fre-
quency {10-100 Hz) slopes of the two curves are not the
same. The third curve in Fig. 7(b) represents results ob-
tained from isolated Pacinian corpuscles, its significance de-
scribed below.

The difference in the location of the best frequencies and
possibly the sensitivity of the PC and P curves of Fig. 7(b)
may be due to the fact that Johansson e ¢/. (1982a) did not
contral the skin-surface temperature that can be as low as
20°C for relaxed, sedentary human subjects (Bolanowski
and Verrillo, 1982; see also Hardy and Bard, 1974). Lower
temperatures decrease both the sensitivity and best frequen-
¢y of the P channel (Bolanowski and Verrillo, 1982). The
curve obtained for Pacinian corpuscles and shown in Fig.
7{b) provides an example of this. The curve was generated
by averaging the stimulus intensities, at each stimulus fre-
quency, required to produce a fixed-criterion response in six
Pacinian corpuscles isolated from cat mesentery and main-
tained at 33 °C (unpublished results of Bolanowski, 1981,
but see Bolanowski and Verrillo, 1982). This temperature
was chosen since the actual temperature of Pacinian corpus-
cles, in situ, probably lies between core temperature (37 °C)
and the temperature of the skin surface, in this case, 30 °C.
Unlike the PC fiber data, the Pacinian corpuscle experi-
ments monitored activity only during the central 200 ms of a
300-ms burst, that is, in the steady state. The specific crite-
rion that we used to generate the average Pacinian corpuscle
curve was four impulses per the 200-ms assessment period.
There is fairly good correspondence between the best fre-
quency of the psychophysical and Pacinian corpuscle curves
and the sensitivity of the Pacinian corpuscle curve is greater
than that found for the PC fibers.

" Several other factors can explain the differences in the
sensitivity of the psychophysical and PC fiber curves, aside
from the fact that corpuscles can vary in their overall sensi-
tivity by 20 dB { Bolanowski and Zwislocki, 1984 ). One such
factor is the presence of spatial summation in the P channel.
For example, the psychophysical results were obtained with
a contactor surface of 2.9 em?, which could substantially
increase the sensitivity of this channel over that found in
single unit recordings as a result of the central nervous sys-
tem integrating responses from adjacent Pacinian corpus-
cles. A second possibility is that Johansson er al. (1982b)
may not have stimulated the most sensitive region of an indi-
vidual unit’s large receptive field.

The other apparent discrepancy between the P channel
and the PC fiber curves shown in Fig. 7(b) is that there is a
difference in the low-frequency (10-100 Hz) slopes of the
two curves. It is well known, however, that the P channel
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exhibits temporal summation (Verrillo, 19653, 4 e
mediated phenomenon (Zwislocki, 1960). A measum
Verrillo (1965) and Zwislocki (1960), temporal gy
will impart a 3-dB/oct increase in sensitivity for imrma
stimulus frequency. Since the psychophysical resmtsie;
this centrally mediated effect, this curve shoulg have ;1
frequency slope that is 3 dB/oct steeper thap that 5
physiclogically for peripheral fibers. The slope of th:
chophysical curve, as calculated between 20 ang 1001,
— 12 dB/oct. The low-frequency slope of the pe o
measured between 20 and 100 Hz, is — 9 dB/get, On g
other hand, the Pacinian corpuscle data show g __ 12
oct slope. It is possible that the manner in which theg, latt
data were collected (i.e., in the steady state, see above)
factually introduced an additional — 3-dB/oct slope.
note that the difference in the low-frequency slopes .
physiological and psychophysical data that resyjss frog
temporal summation requires that the psychophysica| ch
nel exhibit temporal summation. Temporal summatigy
not a property of the NP I channel and Fig. 7(a) shows g
the psychophysical and physiological curves are fairly pary
lel. The NP II channel (see below) does exhibit tempg;g
summation, and the physiological and psychophysig
curves [see Fig. 7(d)] differ by the expected amount.
The NP III channel [see Fig. 7(¢) ] is functional dowa
to very low frequencies. Since several tnvestigators { Vallyy
1981; Ochoa and Torebjork, 1983) have shown that eleciry
cal activation of SA I fibers produce *pressure” or a verg
low-frequency sensation, it is likely that they are the sub
strate for NP III. Because NP III does not display spatig
summation, it is likely that the coding used to signal thresh-
old in this channel occurs on a single fiber. Ochoa and Toreb
jOrk (1983), in fact, have indicated that a sensation can bs
produced by activating a single SA I fiber. They also fourd
that several impulses were needed for the sensation to occu
We replotted the average (n = 5} results of Johansson et ¢
(1982a) using several different criterion responses: im-
pulses/cycle, impulses/stimulus, and impulses/s, and con-
pared them to the shape of the NP III channel found in this
study [shown as the dashed line in Fig. 7(¢) ]. The shape of
NP 11 is based on the breakpoints of the masking function$
obtained with the 0.7-Hz test stimulus (see Fig. 4) and t?’
flat portion of the overall threshold/frequency characteri-
tic shown in Fig. 1. The best fit to the psychophysical funt”

" tion occurs when an impulse/s code is used, in this cast 08

impulses/s, although using higher firing rates simply lowes
the overall sensitivity of the physiological curve withou
changing its shape. The other criteria produce frequén
characteristics that are U shaped with best frequencies new
0.5 Hz, quite unlike the shape found for the sensitivity of tht
NP III channel. Thus the response criterion of this systen
may be an impulse rate at or higher than 0.8 impulses/s
Since the P, NP 1, and NP III channels are protd!
mediated, respectively, by the PC, RA, and SA I fiber types
by elimination NP II [see Fig. 7(d)] must be mediatefi F’Y
SA. 11 fibers. Since SA II fibers possess spontanecus activitf
(Knibestsl, 1975; Tohansson et al., 1982a), it is unlikety 0%
a low firing rate or a small number of impulses/stim¥ “i
burst could act as the neural code for threshold in this cha#
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ael since Ochoa and Torebjork (1983) have indicated that
g 11 fibers cannot produce a sensation even when driven to
ather high repetition rates, it is possible that the code re-
quirement is several fibers being activated at one time or a
qatistical change in the firing rate distribution. In reference
1o the latter idea, the repetitive pattern of activation used by
ochoa and Torebjork (1983) may not have had significance
for this channel. Since NP I displays temporal summation
(Gescheider ef /., 1985), a criterion of one impulse/stimu-
jus burst cannot be the appropriate code. At the present
time, it 18 not possible to determine whether several SA 11
ghers must be activated at the same time for a threshold
event to take place, since it is not known whether NP I 1s
capable of spatial summation. Similarly, the results of Jo-
nansson et af. (1982a) do not give the temperal pattern of
setivity produced by the SA II fibers in response to their
stimulation. Thus it is impossible to analyze their results
using a stochastic process {e.g., variance) as a criterion re-
sponse. 1tis clear that, since SA I fibers possess spontaneous
activity, a substantial increase in firing above this baseline
may be required for a threshold event. As a first approxima-
tion in trying to fit the psychophysical results and in order to
overcome the effects of spontaneous activity, we selected a
firing rate criterion of 5 spikes/s and plot the average
(n=3) results in Fig. 7(d). The other curve {---) shows the
NP II channel as measured psychophysically by Gescheider
er al. (1985; 15-150 Hz) and Verrillo and Bolanowski
{1986; 100500 Hz). The correspondence between the two
curves is excellent. Plots of the SA IT response profiles for
response criteria of impulses/stimulus or even impulses/cy-
cle produce frequency-response characteristics that do not
match any of the psychophysically determined channels, in-
cluding NP II1.

The complete psychophysical model is given in Fig. §
and is a composite of the work presented here, as well as that
reported in previous publications from this laboratory (see
discussion in relationt to Fig. 7). Figure 8 shows four chan-
nels with partially overlapping sensitivities that combine to
mediate tactile perception. It is important to realize that the
absolute sensitivity at a particular frequency as measured
psychophysically will normally be determined by the chan-
nel having the lowest threshold, this being a function of the
stimulus conditions: stimulus size, duration, skin-surface
temperature, as well as other factors such as body site and
static indentation. This is demonstrated by replotting the
data points of Fig. 1 into Fig. 8.

For the stimulus conditions used here, the P channel
determines threshold between about 35 and 300 Hz, which s
consistent with the findings and predictions of Verrillo
(1963, 1966a, 1968). The sensitivity of this channel is U
shaped and its low-frequency slope ( — 12'dB/oct) ensures
that, even if vibrations below [0 Hz are sufficiently intense,
the P channel will be activated, A second channel, NP I, has
its maximum sensitivity, regardless of stimulus duration or
size (see the Introduction), between about 3 and 100 Hz.
The low-frequency portion of the NP I characteristic ex-
tends to low frequencies with a stope of about — 5.0dB/oct.
Since the NP I channel is much less sensitive at vibratory
frequencies greater than 35 Hz than is the P channel, it is
ineffective in mediating threshold in this range. NP II, given
the stimulus.conditions of this study, is not readily apparent.
Its operating-frequency range, as ascertained by Gescheider
et al. (1985), is similar to the P channel, although its sensi-
tivity is considerably less, Of course, if a small contactor had
been used exclusively in this study, the P channel would have
been desensitized to such a degree that the overall threshold-

FIG. 8. The four-channel model of
I vibrotaction showing the threshold-
frequency characteristics of the var-
ious channels: = « =, PC;« -, NP I; -
—-—, NP II; and ~— NP IIl See text
for discussion regarding origin of
- data. Data points superimposed on
the model are repiotted from Fig. 1.
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frequency characteristic would have extended to higher fre-
quencies along the NP I/NP I curves as shown by Verrillo
and Bolanowski {1986). The low-frequency slope of the NP
{I channe! (about — 6 dB/oct) makes it important to note
that, like the other channels, NP II can be activated by vibra-
tory stimuli occurring at suprathreshold levels. Lastly, NP
I operates from very low frequencies to frequencies greater
than 100 Hz. We have not, as yet, determined the full capa-
bilities of NP 111, although it is clear that it can be excited by
vibratory stimuli over a considerable range of stimulus in-
tensities and frequencies.

The significance of the psychophysical model and its
physiological substrate is that a single channel alone may
stgnal the threshold event, depending upon the frequency of
stimulation. However, and more importantly, at certain fre-
quencies (e.g., 2.0~4.0 and 35 Hz), more than one channel
may be stimulated, even at threshold-level intensities. In
fact, probability summation between the channels may be
occurring at those frequencies where two or more channels
have the same threshold value. There are also regions in the
intensity-frequency space of Fig. 8 where muitiple channels
can be activated with stimuli that are only slightly above the
psychophysical threshold. A typical exampie of this would
be a 35-Hz sinusocidal stimulus, or a more complex stimulus
with an energy component at 35 Hz, which has an amplitude
greater than 40 dB re: 1.0-um peak. Because of the substan-
tial overlapping of sensitivities of the four channels, the mod-
el has considerable importance for the understanding of both
physiological and psychophysical results obtained with non-
sinusoidal stimuli having broad-frequency spectra {e.g.,
pulse, ramp, noise). These complex stimuli would generally
activate several channels at the same time, making it impor-
tant to take into account each channel’s response when at-
tempting to explain perceptual phenomena in terms of phys-
iological mechanisms. Clearly, mechanical stimuli used in
physiological experiments where psychophysical responses
are not obtained may be activating an ensemble of units, thus
preventing the experimenter from truly ascertaining the ex-
act code used at the somatosensory periphery. Discussions
of experiments dealing with suprathreshold stimulus condi-
tions must consider the possibility that perceptual qualities
with an intensive component (e.g., itch, tickle, texture) may
be a result of all four channels being stimulated at the same
time and not merely the result of activity in a single channel
supposedly encoding intensity (Werner and Mountcastle,
1965: Mountcastle, 1967; Harrington and Merzenich, 1970;
Kruger and Kenton, 1973; but see, Knibestdl and Vallbo,
1980; Mei et al., 1983; Johnson, 1983; Poulos er al., 1984).

Lastly, the model suggests that, at suprathreshold lev-
els, the code for perceptual quality may be considerably
more sophisticated than had been previously realized, re-
quiring that several channels contribute information for this
purpose. In other words, fundamental qualities like “pres-
sure,” “flutter,” and “‘vibration” may combine to form the
many sensory attributes ascribed to the somatosensory sys-
tem. One implication of the four-channel model is that, be-
fore a true understanding of the manner in which sensory
experiences such as “roughness,” “softness,” or “intensity”
{among myriad other atiributes) can be achieved, it may be
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necessary to establish, across all receptor types, the Crites

response (psychophysically and physiologically) that g

nais a sensory event in both single and multiple Chﬁnnnl:
The development of multichannel stimulation techniq;h‘
may also be necessary to appropriately engage the fe%igi?
channels, especially for the purposes of devising py Gsthe;
devices as surrogate inputs for vision and audition. ¢
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APPENDIX

Spectral analysis showed that the energy spectrum o
the test-stimulus waveform is approximated by

Fn/Ty = {cos[0.4077(n— 1)/T]
—cos{1.407mn — 1)/ T1}/n* —2n+1

+ {cos[0.4077(n + 1)/T]

—cos[1.407m(n + 1)/ T 3/n* +2n+1,

where T is the period of the fundamental frequency and
—~ o0 <1 < . The first, second, third, and fourth harmoni¢
frequency components have amplitudes, respectively, thil
are: 22.7, 34, 41.8, and 54 dB smaller than that of the funda
mental, indicating that the results are not affected by the
high-frequency components of the stimulus. For the subh‘fﬁ'
monics, however, a substantial 0-Hz component can be 1
troduced as the carrier frequency (ie., test-stimulus fre-
quency) approaches very low frequencies. The spects:
analysis indicated that, for the frequencies used in the study:
the harmonic components below the fundamental freqﬁen?y
did not have an amplitude component greater than the furr
damental. For example, at 0.7 Hz, the largest such comp®
nent occurred at 0 Hz and was 4 dB lower in amplitude that
the fundamental. Thus detection by the observer was totb*
fundamental frequency and not confounded by subfa
monic frequency components spuriously introduced_by the
stimulus parameters. Additional assurance that S?‘muiusr
artifact was not responsible for the results was prO‘_"d i
the use of the 2500-ms test stimulus that substantially
creases the 0-Hz component of the spectrum. The rest o
obtained were the same as those found for the 700-ms !
stimulus (see Sec. II).
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