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IT WAS OUR PURPOSE in the studies described in
this paper to combine two experimental
designs which differ remarkably in method,
and in their historical and conceptual de-
velopment, but which in a larger context
have as a common aim the understanding of
sensory performance and its relevant neural
mechanisms (30). Electrophysiological stud-
ies, particularly with the method of single-
unit analysis, can now provide precise mea-
sures of the neural encoding in first-order
nerve fibers of the parameters of peripheral
stimuli, and of the successive relay and trans-
formation of that neural replication from
periphery to cerebral cortex. They have so
far provided little understanding of those
cerebral mechanisms which, operating upon
the transformed replication of the peripheral
event in the primary receiving areas of the
cerebral cortex, are thought to lead to sub-
jective sensory experience and its overt be-
havioral counterparts. Psychophysical stud-
ies, on the other hand, seek to establish
lawful relations between those experiences
and certain physical aspects of the stimuli
which evoke them. The results of these quanti-
tative measures of the sensory performance of
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the intact, behaving organism are therefore
of the first importance for sensory neurophys-
iology, for they establish: 7) the dynamic
range required of the input on the afferent side
of the system to account for the output—the
measured sensory capacities; 2) the informa-
tion about the stimulus which must be pre-
served in the initial encoding to account for
the over-all information transmitting capac-
ity of the nervous system in a particular
sensory sphere; and 3) a basis for determining
which of the many codes available to the
pulse-operated input system may be of func-
tional significance in the sensory performance
measured. It is thought that a continued cor-
relation of the results of these two types of
studies will set the limits and establish some
of the parameters to be expected of that
higher order neural mechanism intervening
between initial cortical display and sensory
experience, referred to above.

Ideally, the two types of observation should
be made in the same organism at the same
time. Given the demands of the single-unit
method when applied in its quantitative
form, and particularly the desired level of
control of stimulus parameters, this is not
yet possible for somesthesis. For the present
we have made the assumption that what
monkeys and humans feel with their hands
is in principle the same, and that neuro-
physiological observations made in the one
may with some validity be correlated with
psychophysical measures in the other, given
a precise identity of experimental design in
the two cases.
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We have chosen to study vibratory sensi-
bility, which has so often engaged the atten-
tion of experimental psychologists (5, 9, 18,
24, 27; for older literature see 4). Vibratory
sensibility is a derived form of mechanorecep-
tion which depends for its unique and readily
identifiable character upon the time-varying
property of stimuli adequate to evoke it. It
thus opens for study the problem of neural
coding in the temporal as well as the spatial
and intensive domains. We have delivered
regularly oscillating mechanical stimuli to
the glabrous skin of the hands of human
subjects, and measured the frequency-inten-
sity threshold function, and the subjective
magnitude estimation of the intensity of the
oscillation. In an exactly similar design we
have examined the neural activity evoked in
large myelinated mechanoreceptive afferent
nerve fibers innervating the glabrous skin
and some deep tissues of the hands of mon-
keys. In that which follows, these results
are presented and relevant correlations put
forward which we believe explain the be-
havioral capacity of the first in terms of the
dynamic encoding properties of the latter.

METHODS
Stimulation

The mechanical stimulator used in these experi-
ments controls the axial movement of small Lucite
probes, of diameters 0.5-3 mm, having a contact
surface ground to approximately 1/3 of a sphere.
The basic stimulator, described elsewhere (12, 29),
includes power amplifiers and feedback circuitry
to make the axial displacement of the probe tip re-
produce accurately the time course of an input
waveform. This displacement is independent of
the mechanical resistance encountered over the
experimental range. Rack-and-pinion and uni-
versal-joint devices allow orientation of the probe
normal to the curving surface of the fingers and
hand over a +45° range from the vertical.

Input waveforms to the stimulator were derived
from two sources. The first was a step generator
constructed so that its output voltage increased
linearly at controlled rates of rise to a preset level,
and was held constant for a preset duration. The
second input source was a function generator whose
sinusoidal output was algebraically summed with
the step-generator output at the input to the stimu-
lator. The amplitude of each source could be ad-
justed before summing.

The stimulus pattern which was used for all ex-
periments, both on monkey and on man, is shown
diagrammatically in Fig. 1. A sinusoidal displace-
ment was superimposed on a stepwise indentation
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of the skin. The step’s rise time was 30 msec—more
rapid indentations led to tissue damage. Its ampli-
tude was 930 u, and its duration typically 1,400
msec. The rest position of the probe was approxi-
mately 370 u awdy from the surface of the skin so
that the first part of the movement was in air,
and the skin was indented by about 560 u. The rest
position in relation to the surface of the skin was
checked frequently and adjusted when necessary
so that stimulus conditions would be constant
throughout the study of a fiber, which for many
lasted 3 hr. A 370 u step of short duration was used
as a check stimulus. The rest position was adjusted,
when necessary, so that the check stimulus just
evoked one impulse in the fiber being studied.
This proved to be a more precise control than visual
observation of contact point. In any event, ran-
dom variations in the rest position rarely exceeded
10 p. This proved inconsequential, for tests showed
that variations of the total step indentation by 50~
100 u had no effect upon the responses to the super-
imposed sinusoids, although larger changes did so.
In the human experiments rest position was
checked by adjusting the check stimulus to evoke a
barely perceptible sense of contact. When, in the
animal experiments, more than one point in the
receptive field was being studied the one-spike test
was inadequate, and the rest position for each
point was adjusted under microscopic control
(16X) so that the check stimulus appeared just to
touch the skin.

Sinusoidal stimulation always began 200 msec
after the onset of the step movement; its frequency
and amplitude were experimental variables. The
duration of the period of sinusoidal stimulation
varied somewhat with sine-wave frequency. The
function generator was gated on for a period of 930
msec, at the end of which it completed the cycle
then in progress. Thus the period of sinusoidal
stimulation could be longer by nearly one cycle
than the gating period. At low frequencies (e.g., 2
cycles/sec) this caused the period of actual sinus-
oidal stimulation to exceed the standard step dura-
tion of 1,400 msec; for these it was lengthened to
1,800 msec.

Although the output of the mechanical stimula-
tor is linearly related to input voltage at low fre-
quencies, there is severe attenuation at high ones.
The estimates of sine-wave amplitudes expressed
in microns are based upon repeated optical cali-
brations of the entire system at each frequency
used, over the whole intensity range of stimuli de-
livered.

The initial phase of sinusoidal movement was al-
ways the one shown in Fig. 1, a withdrawal from
the skin. This constancy of the initial phase is im-
portant in the analysis of the data. The movement
of the stimulus probe tip lagged behind the driving
voltage; it represented a significant fraction of one
cycle only at frequencies above 50 cycles/sec. The



THE SENSE OF FLUTTER-VIBRATION

Computer
Time Reference

Sine Wave
to Stimulator

Stimulator
Output

Corrected
Time Reference

303

Phase Lag
\ of Stimuator |

Impulse Generation

|
|
|
|
|
|
1
|
|
|
|
|
|
|
and Conduction :
|
|
|
|
|
|
|
|
|
1
|
|
|
|
|
|

——————

—_—————-——————— e —— ————— — ¢}

Impulse Detection

Fic. 1. Diagram showing factors producing phase lag between skin stimulation and recorded nerve impulses.
All data recorded in the series of experiments described in this paper have been corrected for the initial phase
lag between the source sine wave and movement of the mechanical stimulator, but not for any other sources
shown here. Black dots represent an arbitrary instant, chosen for illustration, when a generator potential might
be initiated in the nerve ending. Computer recognition of a response would occur only after an action potential
is generated, conducted to the recording electrode, and detected by the differential amplitude discriminator.
At high frequencies of the stimulating sine wave this delay may be long enough to cause an impulse to be ana-
lyzed with respect to a stimulus cycle later than the one which caused its generation. None of the observations or
interpretations of this paper depend upon knowledge of the precise relation between impulse and that specific

generating sine wave.

lag was measured at each frequency so that cor-
rections could be made in data analysis. It is im-
portant to note, however, that there are other
sources of phase lag between the stimulus and the
recorded response which cannot be readily cor-
rected for (see Fig. 1) and which make it difficult
to derive valid inferences from the observed phase
relations between stimulus and response. None of
the analyses described or the conclusions reached in
that which follows depend in any way upon the
phase relations between stimulus and response.

Animal experiments

Fifty-two median nerve preparations in monkeys,
Macaca mulatta, weighing 2.8-3.5 kg were used.
Anesthesia at the level of areflexia was induced and
maintained by intravenous sodium pentobarbital.
Rectal temperatures were maintained at 38 +1 C,
palmar and forearm skin temperature was usually
at 30-34 C, but in some experiments was main-
tained at 36-38 C. The forearm was fixed by an
ulnar clamp, with the hand positioned palm up-
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ward in a bed of Plasticine. A skin-flap pool in the
middle of the forearm was first filled with Krebs
solution, and the palmaris longus muscle removed
to expose the median nerve. The nerve was freed
from surrounding tissue and placed over a dissect-
ing plate. Its attached connective tissue was re-
moved and the perineural sheath opened by micro-
dissection, thus freeing the natural bundles of nerve
fibers. The Krebs solution was replaced by Fisher’s
C.P. mineral oil. Individual bundles were severed
proximally and small filaments further divided un-
til the action potentials of a single fiber were un-
questionably identified. Filaments were lifted onto
a silver-wire electrode: the second electrode was
placed on adjacent grounded tissue. Conventional
a-c amplifiers were used. For measurements of
conduction velocity the nerve dissection was made
in the upper arm, fibers isolated and identified us-
ing physiological stimuli to their receptive fields,
and the nerve stimulated electrically at the wrist.

Upon isolating a single mechanoreceptive fiber,
its receptive field was determined using small glass
probes to deliver gentle stimuli, under 16 X micro-
scopic observation. For many the fields were
mapped onto photographs of the hand, previously
prepared, in which each dermal ridge was clearly
identifiable. The response properties of each, the
basis for classification of the mechanoreceptive
afferents innervating the glabrous skin, were de-
termined using the stimulator described above, for
hand-delivered stimuli frequently gave equivocal
results concerning discharge properties, though
with them one could identify with certainty the
field of cutaneous termination of a fiber. Fibers se-
lected for detailed quantitative studies had fields
located on the glabrous skin, but not extending to
the margin of the nail bed, nor overlying skin
creases at the interphalangeal joints, nor in a region
difficult to immobilize, such as the finger webs. The
receptive fields had to be accessible to a normal ap-
proach by the probe tip descending from above.
Fibers rejected for quantitative study by reason of
field location differed in no other property from
those accepted. For each fiber studied the 2-mm
probe tip was oriented to cover symmetrically the
cutaneous receptive field, which as the data of
Table 3 show were usually less than 2 mm in diam-
eter, on the fingers. For Pacinian afferents the skin
site was chosen at which a high-frequency stimulus
entrained the discharge of the fiber, at lowest in-
tensity.

Both the animal and the frame carrying the
stimulator were fixed upon a heavy table mechani-
cally isolated from the surround, and particular at-
tention was paid to maintaining a stable spatial re-
lation between probe tip and hand.

Data collection

Once a fiber was isolated, its field determined,
and its functional class established, a rapid survey
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was made of its response at different intensities, for
a number of frequencies. For this preliminary
“tuning curve’ no permanent records of the neural
responses were made. By visual inspection of the
record displayed on a storage oscilloscope, trace
synchronized with onset of each sine wave, the
amplitude of the sine wave required to elicit 1 im-
pulse/cycle was determined. Comparison of these
results with the more precise determination de-
scribed below proved that this could be done with
considerable accuracy, though the observer usually
accepted ‘“‘perfect following” at a criterion later
shown to correspond with probabilities slightly less
than 1.0 that an impusle did in fact occur for every
stimulus cycle. Such tuning curves were determined
by visual inspection alone for a total of 103 fibers.
For 30 of these, more detailed studies of the fre-
quency-intensity neural-response relations were
made by converting the experimental data to digi-
tal form at the time of collection, using a LINC
computer. The laboratory interface used with the
computer included a differential amplitude dis-
criminator (13), Schmitt triggers for detecting
transitions on lines transmitting electrical signs of
stimulation, storage registers for preserving the de-
tected information until read by the computer, and
a timing system for measuring the intervals be-
tween events.

In these experiments data collection was broken
into series of 16 or more replications of the standard
stimulus pattern, for any selected frequency and in-
tensity of the sinusoidal component. Four kinds of
data event reached the computer via three trans-
mission lines: nerve impulses, the initial and termi-
nal transitions of the step stimulus, and positive-
going zero crossings of the square-wave output of
the function generator. These last gave a reliable
synchronization signal in fixed phase relation to
each cycle of the sine-wave stimulus (see Fig. 1). A
code for every event which occurred between the
onset of step stimulation and its ending was re-
corded, together with the interval of time between
it and the immediately preceding event. Time in-
tervals were measured with a resolution of 125
usec.

The data collected during each stimulus were
stored on magnetic tape during the rest period be-
tween stimuli (typically 3.6 sec) so that almost the
full capacity of the computer’s memory was avail-
able for storing the response to each stimulus. Since
the stimulus waveform was stereotyped and the re-
sponse consisted exclusively of a series of discrete
events, the data stored on magnetic tape constitute
a complete description of the experimental results.
Analogue tape records of the data were occasion-
ally made to preserve a description of the quality of
the nerve impulse being studied, and the certainty
of its isolation from other signals: isolation was con-
tinually monitored throughout all data collection
periods by visual inspection.
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In order to provide an immediate basis for
modifying experimental plans, interval histograms
or cycle time histograms (see below) were often
plotted immediately after each set of stimuli. Most
analyses were, however, performed later.

Data analysis

All of the digitalized data from the monkey ex-
periments were screened by two simple graphic
analyses: an interval histogram and the cycle time
histogram. For each, only that part of the neural
response which occurred between the first and the
last minima of the source sine wave (Fig. 1) was
analyzed. Usually data for a series of 16 replications
of the stimulus pattern were lumped together for
analysis. When the sine-wave frequency was high,
however, analyses were cut short at the point of
arithmetic overflow in the LINC computer.

Both of these analyses were intended to show the
relation between the neural response and the sinus-
oidal component of the stimulus. The interval
histogram, which shows the frequency distribution
of the interspike intervals of various durations,
permits the recognition in the response of multiples
and submultiples of the stimulus frequency. The
cycle time histogram, which shows the frequency
distribution of occurrence times of nerve impulses
with respect to the ‘“start” of the sine-wave cycle
reveals the degree of phase-locking even when the
over-all nerve impulse firing frequency is below the
sine-wave frequency.

The cycle time histogram is similar to the
“folded” histogram of Rose et al. (15). The exten-
sive coding of the sinusoidal stimuli and our data
lists made the generation of this histogram simple.
The list was examined until the first sine-wave
cycle code was encountered. The times of occur-
rence of nerve impulses occurring between that
cycle code and the next one were plotted with re-
spect to the time when the first code was recorded,
impulses occurring between the second and the
third code were entered with respect to the second
code, etc.

Neither of these screening analyses provides any
information about the time course of the responses
throughout the period of sinusoidal stimulation.
This information was obtained: /) from conven-
tional impulse occurrence time histograms (com-
monly called poststimulus time histograms) the
abscissas of which spanned the entire period of the
step stimulation and 2) from graphs of the instan-
taneous frequency function. Since the independent
variable, time, of the instantaneous frequency func-
tion is expressed in discrete uniform increments, it
is possible to derive the mean value for each specific
time period in a number of replications, thus gen-
erating the average time course of the changes in
nerve impulse frequency for all responses to a par-
ticular kind of stimulation.

Finally, several simple numerical analyses were
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performed to answer specific questions about the
data. These will be described in the text. Most of
the analyses discussed were carried out on the
LINC computer. Occasionally data were trans-
ferred to an IBM 7094 for further analysis.

Many of the illustrations for this report are direct
products of the LINC computer, graphs, particu-
larly histograms, being more accurately drawn
using the Calcomp plotter than would be possible
manually.

Psychophysical experiments

All the subjects were healthy adults, five male
and five female, not recently engaged in manual
work. Each was seated comfortably, right hand and
fingers embedded in a large block of Plasticine.
Stimuli were delivered to the pads of the distal
phalanges of index or middle fingers, except for the
experiments with cutaneous anesthesia, when the
thenar eminence was chosen. We found local
iontophoretic cocainization to be much more effec-
tive here than on the finger pads. A 1,000 cycles/
sec signal delivered through earphones masked
the faint hum of the mechanical stimulator.

Estimates of threshold for recognizing movement

METHOD 1. The step indentation of the skin was
maintained constantly for 30-60 sec, as the inten-
sity of the superimposed sine wave was raised
smoothly through and above threshold, and then
decreased to and below threshold. Five upgoing
and five downgoing passes were made during each
indentation and threshold determined, for each
frequency (7). The subjects were asked not to
make estimates of pitch and to ignore the pitch
change with intensity (26). Downgoing thresholds
were regularly slightly lower than upgoing, and the
former appear on the graphs of Fig. 2.

METHOD II. The step indentation and the duration
of the sine wave were identical with those used in
the animal experiments, 1,410 and 930 msec, re-
spectively. For each step indentation the subject
was asked to answer, yes or no, whether he felt an
oscillatory component in addition to the step
indentation. Successive stimuli were delivered at
6/min or 12/min and the intensity of the sine wave
increased or decreased step by step from one
stimulus to the next. With this method we noted no
differences in threshold depending upon the direc-
tion of change in intensity in a series of stimuli. The
stimulus frequencies examined in each subject were
2, 5, 10, 20, 40, 60, 100, 150, 200, and 300 cycles/
sec.

The iontophoretic method used for anesthetizing
the dermis and epidermis of the skin selectively
was similar to that described by Rein (14). A 29,
solution of cocaine in 809, alcohol was the anes-
thetic agent. A few drops of 1/1,000 adrenaline
HCI were added to each 100 ml of the solution.
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The back of the hand rested in a small bath of
Ringer solution, which served as one electrode.
The second, a small rectangle of gauze, soaked with
cocaine solution, was held firmly on the thenar
eminence. A current of 0.2-0.5 ma/cm? gauze was
passed for 8-12 min, and was progressively in-
creased as anesthetization of the skin developed.
Our criterion for dermal anesthesia was the in-
ability to appreciate light tactile stimuli, or pin-
pricks. Anesthesia lasted for about 1 hr.

Estimate of magnitude of the sinusoidal stimulus

Two series of experiments were carried out on
five and four subjects respectively, all of whom
were familiar with the stimulus paradigm and the
imposed task. Each observer had sufficient pre-
liminary training to identify the sinusoidal com-
ponent of the stimulus separately from the step in-
dentation. Each was asked to rate the relative
amplitudes of the sine-wave components in each of
a series of 80 stimuli, presented at intervals of 10
sec, and arranged in a nearly random order as re-
gards sine-wave amplitude. At the commencement
of the series each subject was presented with three
stimuli with an amplitude roughly in the middle of
the amplitude range to be covered, and each was so
informed. The subject called a number after each
stimulus indicating his subjective estimate of the
relative intensity of the sine-wave component.
Most subjects used scales ranging from 0 to 15-20;
no directions concerning scaling were given. In-
tensity sequences were examined at 40 cycles/sec
and at 250 cycles/sec which, it will be seen, ap-
proximate the frequencies of maximal sensitivity
for the two mechanoreceptive afferents responsive
to sinusoidal stimulation. At 40 cycles/sec the in-
tensity range was from O to 385 u; at 250 cycles/sec
from 0 to 120 u. These ranges were limited by the
power characteristics of the function generator. In
each series 16 equal intensity steps were presented
on 5 occasions each.

EXPERIMENTAL OBSERVATIONS
1. Human sense of flutter-vibration

THRESHOLD INTENSITY-FREQUENCY FUNCTION.
In these experiments we wished to compare
the results of psychophysical experiments in
man with those of neurophysiological ones
in monkeys. It was therefore necessary that
the two sets of experiments be made under
as exactly similar circumstances as possible.
This was especially so for the threshold inten-
sity-frequency function, which has been
shown to vary with the locus and area of the
skin stimulated (17, 31), skin temperature
(28), the age of the subject, the duration of
the stimulus (21), contactor size, and the
presence or absence of free surround (19, 20,
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22), etc. We have therefore repeated this
measurement in our own experimental para-
digm, and held conditions and parameters
identical in the human and the monkey
experiments. In our first experiment stimuli
were delivered to the glabrous skin of the
thenar eminence; step indentations of the
skin of long duration were delivered, and the
amplitude of a superimposed sine wave
slowly increased and decreased until five
upgoing and five downgoing threshold esti-
mates had been made for each subject, for
each frequency tested (METHOD I, p. 305).
Downgoing thresholds were routinely slightly
lower than were upgoing ones, and they are
plotted by the lower curves of Fig. 2. The
results for a single subject are given to the
right, the means for 10 to the left. The func-
tion is not monotonic with regard to fre-
quency; in the log-log coordinates of Fig. 2
it is fitted adequately by 2 straight lines of
different slopes. The variation in the identi-
fication of threshold was always much less
for a single subject than for all considered
together. We did not test frequencies above
300 cycles/sec extensively; the threshold
function is known to rise again steeply for
higher frequencies, a fact which we have
confirmed.

The double-limbed functions shown in
Fig. 2 are paralleled by the subjective ex-
periences of our subjects. That is, each re-
ported and we ourselves confirmed that as
the frequency shifts through the range from
40 to 80 cycles/sec, at comparable intensities
relative to threshold for each frequency
tested, there is a remarkable change in the
sensation experienced. For the range 5-40
cycles/sec the stimulus is felt as a light flutter
of the skin which can be localized accurately.
As the frequency of stimulation shifts from
60 to 80 cycles/sec, and above, the sensation
changes to one of vibratory hum, seems to
shift deep within the hand, and is less accu-
rately localized. For this reason we suggest
that this quality of somesthesis be designated
flutter-vibration, rather than vibration.

This duality of the sensory experience and
the double-sloped functions of Fig. 2 sug-
gested that the sense of flutter-vibration
might be served by two sets of afferent fibers,
one innervating the glabrous skin and sensi-
tive in the low range of frequency, the second
terminating in deep tissues and sensitive in
the high range. That this may indeed be the
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FIG. 2. Relation between the amplitude of a sine-wave oscillatory movement of the skin and the human thresh-
old for the perception of movement, at a series of different frequencies, measured by MeETHOD 1. Stimuli de-
livered to the glabrous skin of the thenar eminence of the hand. Points on the graphs to the left are the means
for 10 observers, those to the right for a single one. Cutaneous anesthesia by cocaine iontophoresis elevated the
thresholds for perception of low-frequency stimuli (2-40 cycles/sec) by factors of 5 to 10; sensitivity to high-
frequency oscillation was little affected by skin anesthesia. The se bars on the graphs to the left refer to the
total dispersion of all observations by all subjects. Dissociation by cutaneous anesthesia of the double limbed
threshold function suggests that the sense of flutter-vibration on the hand is served by two sets of primary
afferents, one terminating in the glabrous skin, the other in deeper tissues.

case is indicated by the fact that these two
qualities can be dissociated by local anesthesia
of the skin. The experiment described above
was repeated after cocaine iontophoresis had
rendered the glabrous skin insensitive to
light mechanical stimuli and to pinpricks.
The results are given by the upper curves of
Fig. 2, which show that skin anesthesia had
no effect on sensitivity to high-frequency
stimuli, but elevated the thresholds in the
low-frequency range by factors of 5-10.

An alternative interpretation of the result of this
experiment is that no dissociation is produced, but
that high frequency vibration is more efficiently
transmitted from anesthetized to sensitive skin than
is low, and that both flutter and vibration sensed
on the palmar skin surface of the hand are served
by sets of afferents terminating in the glabrous
skin. Indeed, the natural period of the skin—the
region of the lowest merchanical impedance—is
about 200 cycles/sec, although the impedance
curve is broadly tuned (17). However, several facts
support the interpretation given above, some of
which will be documented in later sections of this

paper: /) no afferents terminating in the glabrous
skin are sensitive to high frequency oscillation in
the range of intensities required to match the hu-
man threshold function curve; 2) deep tissues bared
of skin are sensitive to high frequency vibration; 3)
an afferent fiber type ending in deep tissue is ex-
quisitely sensitive to high frequency vibration; and
4) there is a subjective shift from superficial to deep
in the perceived location of the stimulus with up-
ward shift in stimulus frequency.

A large number of the mechanoreceptive
afferents from the glabrous skin which we
observed innervated the finger pads. In
order to obtain a more direct comparison
with neurophysiological findings, we re-
peated the experiment in humans, this time
delivering stimuli to the finger pads, using
METHOD 1I (p. 305), the stimulus pattern
illustrated in Fig. 1, which was also used in
all animal experiments. The results ob-
tained are shown by the middle curve of Fig.
3, in which the curve for the thenar eminence
is also reproduced (upper) for comparison.
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FIG. 3. Comparison of different frequency-intensity
threshold functions for the perception of oscillatory
movement. The upper curve is reproduced from Fig.
2, for stimuli delivered to the thenar eminence, and
was determined using METHOD I (see METHODS section
of text). Lower curve plots the results of measurements
made with this same method, but with stimuli de-
livered to the distal pad of the middle finger (5 sub-
jects), while the middle curve indicates the results ob-
tained on the finger with METHOD 11 (9 subjects). The
difference in sensitivity and in the degree of break
between the high- and low-frequency limbs of the
functions are largely due to differences in the position
of the stimulus on the hand. The difference due to
method is significant, but small.

The thresholds on the finger are somewhat
lower than on the thenar eminence, and the
break between the two halves of the thresh-
old function less marked, although the dual
subjective impression is similar. It is this
function for the finger tip which is repro-
duced in other figures for comparison with
neurophysiological findings. The difference
between the two curves obtained is thought
to be due to location and not to the difference
in method, as the lower curve of Fig. 3, ob-
tained with METHOD 1, attests.

SUBJECTIVE MAGNITUDE ESTIMATION. In these
experiments a slowly repeated stimulus of
the type shown in Fig. 1 was delivered to the
finger pad of each subject, and the amplitude
of the superimposed sine wave varied from
one stimulus to the next in a nearly random
order, during a given series. The subjects,
who were familiar with the stimulus pattern,
were asked to rate the amplitudes of the
superimposed sine waves by assigning num-
bers to them. They recognized and were
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instructed to ignore the change in subjective
pitch which occurs with increasing intensity.
Two frequencies, 40 and 250 cycles/sec, were
chosen for detailed study, for they are close to
the “best tuning frequencies” of the two
types of afferents which are thought to serve
flutter and vibration, and which are de-
scribed in some detail later. The subjective
magnitude estimations are shown in Figs.
4 and 5. The data have been fitted with
straight lines without any consideration of
threshold phenomena. The figures of Table
1 show that the results are just as well de-
scribed by power functions with exponents
(n’s) close to unity. Our observations are
therefore wholly compatible with those of
Stevens (18) who, using a different stimulus
pattern, found magnitude estimation func-
tions for 60 and 120 cycles/sec to be ade-
quately described by power functions with
exponents of 0.95 and 0.83, respectively.

With these observations on the threshold
and magnitude estimation functions in hand,
we next turned to studies of the first-order
mechanoreceptive afferents innervating the
hand of the monkey, with these principal
questions in mind: 7) which afferents can
account by their sensitivities and dynamic
properties for the double-limbed threshold
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FIG. 4. Relation between the amplitude of oscilla-
tory stimuli at 40 cycles/sec delivered to the distal
pad of the middle finger (METHOD 1) and human
observers’ subjective magnitude estimation of the in-
tensity of the flutter. Original subjective scales dif-
fered slightly between subjects: they have been nor-
malized for the ordinate of this graph. Points are
means of 25 observations, 5 for each of 5 observers.
Vertical lines =6 XsE, for each of these populations of
25 numbers, after normalization. Straight line was
fitted without the requirement that it pass through
the origin, and no consideration has been given to the
shape of this function in the range of very weak
stimuli. 7 =partial regression coefficient; see Table 1.
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function curve for flutter-vibration; 2) what
neural code—which aspect of the internal
structure of the neural discharge—appears to
be pertinent for the perception of movement;
3) which aspect of the neural discharges
could form a basis for frequency discrimina-
tion; and 4) what changes in neural discharge
with increasing intensity could provide a
basis for the linear magnitude estimation
functions shown in Figs. 4 and 5.

I1. General properties of large myelinated
mechanoreceptive afferent fibers
innervating the monkey hand

The population of afferent fibers inner-
vating the monkey hand which we studied
is restricted both by intent and isolation
technique to the 5- to 12-u band of myelinated
afferents, which is known to project into
the lemniscal system directly, via the dorsal
columns. The dynamic response properties
of the smaller myelinated mechanoreceptive
fibers are unknown, but their virtual exclu-
sion from the dorsal columns suggests that
they play no direct role in the sense of flutter-
vibration. Of the former there are three
classes which are identifiable, each by a
unique combination of the tissue it inner-
vates, its receptive field pattern, its rate of
adaptation, and its dynamic response prop-
erties. These are indicated briefly in Table
2; each must be considered a candidate to
serve the sense of flutter-vibration. They are:
7) the quickly adapting “movement detec-
tors”® which end in the dermal ridges of the
glabrous skin: 2) the slowly adapting “move-
ment and intensity detectors” which also end
in the dermal ridges; and 3) a third set
innervating subcutaneous tissues, which are
thought to terminate in Pacinian corpuscles.
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FIG. 5. Relation between the amplitude of oscilla-
tory stimuli at 250 cycles/sec delivered to the distal
pad of the middle finger (METHOD 11), and the human
observers’ subjective magnitude estimation of the in-
tensity of the vibration. Original subjective scales
differed slightly between subjects: they have been
normalized for the ordinate of this graph. Points are
the means of 20 observations, 5 for each of 4 observ-
ers. Vertical lines =6 Xse of these populations of 20
numbers, after normalization. Straight line was fitted
without the requirement that it pass through the
origin, and no consideration has been given to the
shape of the function in the range of very weak
stimuli. r =partial regression coefficient; see Table 1.

GENERAL OBSERVATIONS. In 53 median nerve
preparations we isolated a total of 523 fibers
for study. They were chosen from the very
much larger sample observed by reason of
the isolation and long-term stability of their
impulse discharges. Of these, 260 were
quickly and 213 were slowly adapting af-
ferents innervating the glabrous skin of the
monkey hand, and 50 were Pacinian af-
ferents. Classification was made on the cri-
teria described in the following paragraphs.
These numbers give no true measure of the
proportions which actually exist in the mon-
key median nerve, for in different parts of
the series we concentrated upon study of one

TABLE 1. Regression fits: human subjective estimation of the intensity of

sine-wave stimuli delivered to the skin

40 cycles/sec 250 cycles/sec
Log-log 1 Linear Log-log Linear
Partial correlation coef 0.914 0.911 0.911 0.88
Regression coef (n) 0.95 0.211* 1.16 0.637*
st of reg coef 0.022 0.005 0.03 0.02

* Differences in regression coefficient for linear fits due to fact that dependent variables were normalized

while independent ones were not (see Figs. 4 and 5).
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TABLE 2. Properties of large myelinated mechanoreceptive afferents

innervating the monkey hand*
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Adaptive
Properties

Dynamic
Sensitivity

Class Size, Pcri;_)hcral Receptive
* N Termination Field
Quickly adapting | 5-12 | Dermal ridges | Small, continuous
movement of glabrous skin | graded. Activation
detectors by traveling waves
limited to 5-mm
surround
Slowly adapting | 5-12 | Dermal ridges | Small, continuous,
movement and of glabrous skin | graded. Precise de-
intensity tectors of variations
detectors of intensity
Pacinian afferents | 5-12 | Single or small | Point of greatest
movement cluster of Pacin- | sensitivity, but field
detectors ian corpuscles, | is unlimited. Acti-
subdermal and | vated by traveling
deep tissues waves from great
distances

QA on-off type re-
sponse to steady
stimuli. Require
liminal slope for
activationf

Onset transient a
function of slope.
Succeeding periodic
discharge a function
of intensity

QA on-off type re-
sponse to step stim-
uli. Require liminal
slope for activation

Exquisitely sensitive
to oscillating stimuli
in low-frequency
range. Best tuning
points ca. 30
cycles/sec

Steady periodic dis-
charge frequency
modulated by sinus-
oidal stimuli in 2-10
cycles/sec range

Exquisitely sensitive
to oscillating stimuli
in the high-frequency
range. Best tuning
points ca. 250
cycles/sec

* Mechanoreceptors ending in joint capsules and ligaments, periosteum and deep tissue, and in muscle,

not considered in this table.

t A small proportion of the movement detectors behave differently as slope

changes. They are described in the text, and this response property illustrated in Fig. 6.

or another type, and selected it preferen-
tially. What is certain, from all our observa-
tions, is that the quickly adapting afferents
outnumber those adapting slowly by a con-
siderable factor. It is equally clear that the
Pacinian afferents are far less numerous than
either type which ends in the glabrous skin.
In our dissections we occasionally isolated
joint or muscle spindle afferents; these were
readily identified by their distinctive func-
tional properties. Neither is suited to serve
the sense of flutter-vibration, and will not be
considered further here.

ADAPTIVE PROPERTIES. The glabrous skin
mechanoreceptive afferents are readily classi-
fied by the presence or absence of a con-
tinuing discharge during steady indentation
of the skin with the mechanical stimulator.
There is no group distributed along a con-
tinuum between these two extremes, as
regards this property. The large majority of
the quickly adapting afferents display the
classical behavior—they discharge one or
two impulses with the onset of a steady
stimulus, are silent thereafter, and again
discharge one or two impulses upon its re-
moval; a liminal slope is required for excita-
tion (Fig. 6, left). A small number of this

class, which like the larger majority is silent
during steadily maintained skin indentation,
behaves quite differently as regards the rate of
indentation at stimulus onset. As the records
of Fig. 6 (right) show, they continue to dis-
charge solong as the stimulusis moving through
a segment of space vertical to the skin surface,
and with very slow rates of indentation may
discharge long trains of impulses. We have not
observed that these relatively rare fibers differ
from the majority of quickly adapting affer-
ents, as regards their receptive fields or their
dynamic sensitivities. The <steady-state”
fibers, which discharge nearly regular trains
of impulses during steady indentation of the
skin, also provide signals which vary with
the rate of stimulus application, for the onset
transient discharge is sensitively determined
by the stimulus onset slope.

As regards adaptation, the Pacinian af-
ferents display properties similar to those of
the majority of quickly adapting glabrous
skin afferents. As is well known, they dis-
charge one or two impulses at ‘“on” and
“off,” of a skin indentation, and none during
its steady maintenance. A more rapid rate of
stimulus application is required as a liminal
slope for excitation than is the case for the
glabrous skin quickly adapting fibers.
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FIG. 6. Records which illustrate the two different discharge patterns observed in quickly adapting mechano-
receptive afferents innervating the glabrous skin of the monkey hand. Fibers of the type whose records are shown
to the left display classical on-off behavior, and require a minimal rate of skin indentation at discharge threshold.
Those of the type illustrated to the right continue to discharge so long as movement continues, at least over the
range of several seconds tested experimentally. The different discharge patterns are not determined by stimulus
intensity, which is here supramaximal for each fiber. Left: fiber-innervated receptive field on distal pad of
thumb. Stimulus duration 610 msec; total skin indentation 320 u. Stimulus slopes as indicated in mm/sec; criti-
cal slope was about 0.80 mm/sec. Right: fiber-innervated receptive field on the thenar eminence. Stimulus dura-
tion 780 msec; total skin indentation 850 . Fibers isolated for study by microdissection of median nerves.

RECEPTIVE FIELD CHARACTERISTICS. Since the
hands of monkeys vary in size, which may
introduce an error if observations made in
different animals are combined, an effort
was made to measure as many receptive
fields as possible in one animal. Both median
nerves were used. After the first experiment
the arm wound was cleaned and sutured, a
broad spectrum antibiotic given, and the
animal allowed to recover from anesthetic.
The second and final experiment was done
the following day. A total of 104 mechanore-
ceptive afferents innervating the glabrous
skin of the hands was isolated, and their
adaptive properties determined using the
mechanical stimulator. Receptive fields were

outlined using fine glass probes as stimulators,
and drawn onto enlarged photographs of the
hands. They are thought to be accurate to
about one dermal ridge interval, 0.2-0.3 mm.
They were all later redrawn onto photo-
graphs of the right hand, and are shown in
Fig. 7; those of slowly adapting afferents to
the left, of the quickly adapting ones to the
right. Of the 104 fields, 66 could be pro-

jected onto planes tangent to the skin surface

without serious distortion; they were mea-
sured planimetrically at 800-1,000Xareal
magnification. The 38 not measured differed
in no other way from those measured. The
results are given in Table 3. The fields of the
two types do not differ significantly in size.
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¥16. 7. Photographs of the receptive fields of large myelinated mechanoreceptive afferents innervating the
glabrous skin of the monkey hand. All fibers were isolated from the two median nerves of a single monkey (see
text). Receptive ficlds determined as those areas within which local punctate stimulation of dermal ridges
elicited nerve impulses in the fiber under study. Fields were outlined for 104 fibers; of these, 91 appear above.
Sixty-four were sufficiently planar for accurate areal measurements, which are given in Table 3. The hands of
the monkey were photographed before the experiment, and the fields plotted onto large prints; edges were de-
termined under 16X microscopic view. Fields of cutaneous quickly adapting fibers to the left, of slowly adapting

ones to the right.

A typical field for either is about 2 mm in
diameter if it lies on a finger pad, and about
4 mm on the palmar skin.

The fields shown in Fig. 7 were determined
by successive trials of single weak punctate
stimuli delivered to individual dermal ridges.
The results illustrated in Fig. 8 show that
quite a different “receptive field” will be
mapped for a quickly adapting mechanore-
ceptive afferent of the glabrous skin if a stimu-
lus oscillating at its best tuning frequency (30—
40 cycles/sec) is used as a testing stimulus.
Such a field is many times larger than that
determined by punctate stimulation; pre-
sumably the receptors are confined to the
latter, but are activated by traveling waves
propagated across the skin surface. Neverthe-
less, as shown by Fig. 8, even a stimulus of
400 g sine-wave amplitude must be within 5
mm of the edge of the field determined by

punctate stimulation, to excite the afferent.
Making a reciprocal interpretation, such a
stimulus will activate these glabrous skin
afferents within an area of that radius, and
weaker stimuli those in successively smaller
areas.

The Pacinian afferents display a quite
different sensitivity. As many investigators

TaBLE 3. Receptive field areas

Rapidly Adapting | Slowly Adapting
Cutaneous Cutaneous
Receptors Receptors
Distal Distal
phalanx Palm phalanx Palm
n 23 18 17 8
Mean, mm?® 3.7 10.47 3.84 12.49
se of mean +0.75 | +1.83 | +0.64 | £2.35
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FI1G. 8. Results of a study aimed at a reconstruction of the profile of activity set up in a population of quickly
adapting mechanoreceptive afferent fibers innervating the glabrous skin of the monkey hand. A single fiber, ob-
served under constant conditions for a long time, is made to occupy a series of positions in the imaginary recon-
structed population by delivering stimuli to a series of different positions within and adjacent to its peripheral
receptive field. The fiber used for the study, the results of which are shown above, innervated a 6 x 4 mm pe-
ripheral receptive field located on the ventral surface of the index finger (dotted area, inset). Intensity series
were run at 40 cycles/sec, at each of positions A-F; stimulus probe tip 2 mm. Results are plotted in three coor-
dinates: distance along the skin surface, and hence by reciprocal interpretation position within the neural
population; intensity of the sine-wave stimulus; and the response as impulses per cycle. The heavy black lines
running from left above to right below thus outline approximately one-half the profile of the evoked neural
activity in the population of fibers affected by a stimulus at or near the center of the peripheral receptive field.
At 25 p and 50 psine-wave amplitude a population of fibers perfectly entrained is surrounded by a narrow fringe
of those failing to follow perfectly. As intensity rises further the discharge in the center of the population becomes
disorganized, and fibers there discharge 2 and then 3 impulses/cycle, on the average. With this increase in in-
tensity the active population spreads laterally, and the central zone is surrounded by an expanded belt of fibers
which are perfectly entrained, the “plane of 1 impulse/cycle.”

have emphasized (8, 10, 16), they are extraor-
dinarily sensitive to transient mechanical
stimulation. They are not located in the
skin itself, but beneath it. Using brief, quick
punctate stimuli one can usually locate on
the surface of a finger or the palm a “best
point” for their excitation, but beyond that a
receptive field in the usual sense cannot be
mapped, for if sufficiently strong and quickly
moving a stimulus delivered at any locus
in a very wide area is adequate. Indeed, if a
stimulus probe oscillating at the best tuning
frequency for the Pacinian afferents (250
cycles/sec) and of only 5-20 u amplitude is
placed anywhere on the palmar skin it will
drive such an afferent which ends in the

hand; for one ending in the finger it will do
so from any spot on the surface of the finger.
This is not thought to be due to activation of
widely branched terminals of the single
afferent fiber, for Pacinian afferents com-
monly terminate peripherally in a single
corpuscle, or by short branches in a few
which are clustered together.

CONDUCTION VELOCITIES. In order to obtain
accurate measures of conduction velocities
of the different types of fibers identified, a
special experiment was performed. The
median nerve was exposed for microdissec-
tion in the upper arm, and for stimulation
in continuity at the wrist. A total of 103
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FIG. 9. Histograms of conduction velocities of the
two types of myelinated mechanoreceptive afferent
fibers innervating the glabrous skin of the monkey
hand. All measurements were made in a single experi-
ment. Single fibers were isolated by microdissection of
the median nerve in the upper arm, and identified by
mechanical stimulation of the skin of the hand. The
median nerve was then stimulated at the wrist, where
it had been exposed and placed on stimulating elec-
trodes, to obtain the conduction time for each fiber
isolated.

single fibers was isolated, identified as to
type, and their conduction velocities mea-
sured between the wrist and upper arm.
We thus avoided the factor introduced by
the slight dwindling in axon diameter, and
hence slowing in conduction velocity, which
occurs in the digital nerves (1). The results
obtained are given in Fig. 9. They show that
the first-order afferents from the glabrous
skin which we have studied fall into the beta
distribution (called by some the alpha cuta-
neous group). Whenever measured, Pacinian
afferents have fallen into the same conduction
velocity range.

III. Responses of rapidly adapting mechanoreceptive
afferents innervating the monkey hand to
sinusoidal mechanical stimulation

of the skin surface

1. GENERAL PROPERTIES OF RESPONSE TO
SINUSOIDAL STIMULATION. The general property
of the glabrous skin (QAs) and the Pacinian
(PCs) quickly adapting afferents which we
wish to describe is that for a given frequency of
sinusoidal stimulation there is a range of
intensities of the sinusoid over which the
fiber will discharge in a periodic fashion, one
impulse for each cycle of the sine wave. This
range of intensities we term the tuning

TALBOT, DARIAN-SMITH, KORNHUBER, AND MOUNTCASTLE

plateau, and its low intensity edge the tuning
point. This relation is, however, not indis-
criminate; for each fiber the intensity re-
quired for entrainment at the tuning point
varies in a regular fashion with frequency. A
plot of these tuning point intensities versus
frequency we term a tuning curve. The posi-
tion of the tuning curves along the frequency
scale is different for the two types of quickly
adapting fibers. The cutaneous afferents are
sensitive in the low range, with best fre-
quencies at about 30 cycles/sec. The Pacinian
afferents are sensitive over the higher range,
with best frequencies at about 250 cycles/sec.
Sample records of this entrainment for each
of the two types are given in Fig. 10. A num-
ber of tuning curves are illustrated in a later
section, and correlated with the human fre-
quency-intensity threshold function, which
they are thought to explain (see Figs. 21, 22,
and 24). We wish first to describe certain
aspects of the discharge, both at sub- and
supratuning intensities, which we believe to
be important in a more general consideration
of the neural mechanisms in the sense of
flutter-vibration.

2. CHANGES IN DISCHARGE PATTERNS OF
QUICKLY ADAPTING AFFERENTS AS AMPLITUDE
OF THE SINUSOID INCREASES, AT BEST FRE-
QUENCIES. a. Cutaneous quickly adapting fibers.
The typical changes which occur in the dis-
charge pattern of a cutaneous rapidly adapt-
ing fiber, produced by increasing the ampli-
tude of the driving sinusoid, are defined by
analyses such as those shown in Fig. 11. The
fiber innervated a field 4 mm in diameter;
the stimuli were delivered by a 2-mm probe
tip located in its center. Thirteen different
intensities were studied at the fiber’s best
frequency of 40 cycles/sec. A sinusoid of 8 u
amplitude evoked only an occasional dis-
charge, smaller ones none at all. When one
of 10 u was delivered, the over-all frequency
of discharge was about 16 impulses/sec.
These impulses did not occur randomly, but
were strictly ordered in time, as the lower-
most interval histogram to the left of Fig. 11
attests. They appeared occasionally at inter-
vals equal to the period of the driving stimu-
lus, more commonly at intervals twice or
three times as long. The cycle histogram for
this same population of responses to the 10 u
stimulus (lower right, Fig. 11) shows that the
impulses are narrowly clustered around a
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FIG. 10. Recordings of nerve impulses in the two types of quickly adapting, large mechanoreceptive afferent
fibers innervating the hand of the monkey, described in the text. For each set of records the upper trace is the
electrical analogue signal of the position and movement of the 2-mm-diameter stimulating probe tip. The lower
trace is a recording of the electrical signs of nerve impulses in a fiber isolated by microdissection of the median
nerve. For each set the step indentation of the skin was 550 p. The two upper sets illustrate the responses of a
cutaneous quickly adapting afferent to a superimposed sine wave of 40 cycles/sec, at 14x and 18x amplitude,
respectively—just below and just above the tuning point for the fiber. Its receptive field lay in the glabrous skin
of the distal pad of the middle finger. The two lower sets of records were obtained, in a similar way, from a
Pacinian afferent from the hand. Stimuli were delivered to palmar surface. Frequency, 150 cycles/sec; ampli-
tude of the sine wave 16 x and 19 u for the third and fourth sets, respectively. Many other Pacinian afferents had
tuning points much lower in amplitude (see Fig. 16). Brief bursts of impulses at on and off of the step indentation

barely visible, but present in all records.

given instant in time, relative to the stimulus
cycle—a natural concomitant of periodic
ordering. This time of occurrence appears
here, artifactually, to be just at the peak of
the indentation phase of the stimulus; utiliza-
tion and conduction times have not been
accounted for in construction of this graph.
They would shift the occurrence to an earlier
time on the indentation phase of the stimulus
cycle.

With further increases in stimulus intensity
the proportion of intervals equal to the stim-
ulus period increased, and those at multiples
of it decreased, until with a further small
increase in stimulus strength, from 17 to 19 pu,
the discharge locked in perfect synchrony,
following beat for beat with the stimulus
period. This is the tuning point for the fiber,

and the range of stimuli between it and those
too weak to evoke any response is defined as
the zone of demultiplication. The tuning
point can also be determined accurately by
visual inspection of the response (see METHODS),
and tuning curves determined in each of these
two ways, by visual and by machine analysis,
are presented in later figures.

The table of Fig. 11 shows that with further
increases in intensity from 19 p through 99 u
there was no change in response in terms of
the total number of impulses which occurred.
That this constancy obtained also for the
sequential ordering of the impulses in time
was shown by the interval histograms of the
responses at 24, 29, 39, 51, and 99 u, only the
last of which is displayed in Fig. 11. This is

the zone of the tuning plateau, which is also
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F1G. 11. Interval and cycle histograms for responses of a rapidly adapting fiber innervating the glabrous skin
of the monkey hand. Stimuli delivered at 40 cycles/sec via a 2-mm probe tip oriented in the center of the periph-

eral receptive field, in the pattern illustrated in Fig. 1.

Each histogram is labeled with the amplitude in microns

of the sine wave evoking the response. Histograms were generated using the technique described in the METHODS
section with 0.5-msec bins for the interval histograms (l¢f¢) and 0.25-msec bins for the cycle histograms (right).
Note that for stimuli weaker than that which produced nearly perfect tuning the impulses which do occur are
phase-locked to the stimulus and appear at nearly integral multiples of the stimulus period.

illustrated by the impulse/cycle vs. sine-wave
amplitude graphs of Fig. 12, for two other
fibers, and for nine additional ones in Fig. 13.
These indicate that the tuning plateau is
reached at weaker intensities the closer the
frequency of the driving sinusoid to the best
frequency of the fiber. There is, however, one
further change in response which occurs as
intensity is raised through the zone of re-
sponse demultiplication and across the tuning

plateau. As the ascending series of cycle
histograms to the right of Fig. 11 shows,
with increasing stimulus strengths the oc-
currence time of the impulse gradually shifts
to an earlier position in time relative to the
stimulus cycle, even though there is no change
in the sequential ordering of impulses in time.
We attribute this to two factors which we
cannot separate: the more rapid rates of
indentation of the skin which accompany
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increasingly stronger stimuli, and a shorten-
ing of the utilization times at the fiber end-
ings. Certainly most of the 5-msec shift rela-
tive to stimulus phase, shown in Fig. 11 to
occur between 10-y and 99-u stimulus inten-
sity, is due to the first factor.

The ratio of the tuning point threshold to
that of the demultiplied response, i.e., to the
absolute threshold for any response, was
measured for a number of fibers at 40 cycles/
sec. The ratio is 2.26 (range 1.37-4.00,
n=12), which is 7 db. The position and the
extent of this zone suggests that it may ac-
count for the ‘“atonal interval” observed in
psychophysical experiments, a subject for
later discussion.

When even stronger stimulus intensities are
used there occurs for most fibers a disruption
of the perfect periodicity so characteristic of
responses to stimuli of tuning plateau strength.
The uppermost histograms of Fig. 11, for the
responses to stimuli of 148 u amplitude, indi-
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FIG. 12. Families of intensity-response relationships
for two cutaneous quickly adapting fibers which in-
nervated the glabrous skin of the monkey hand.
Stimuli delivered via 2-mm-diameter probe tips
positioned at the centers of peripheral receptive
fields. Each point determined by counting the number
of impulses and the number of stimulus cycles occur-
ring in the 5th 100-msec period in each of 16 trials de-
livered as shown in Fig. 1. All data points are shown
save on the 1 impulse/cycle plateau, where occasional
superimpositions have been omitted. Lines connect
points for each frequency of sinusoidal stimulation.
Graphs illustrate the decreasing slopes of the intensity

functions as the stimulus frequency is displaced from
the best frequency of the fibers.
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FIG. 13. Superimposed intensity-response relation-
ships for 9 rapidly adapting fibers innervating the
glabrous skin of the monkey hand. For each the 4-mm
probe tip was oriented at the center of its peripheral
receptive field. All stimuli 40 cycles/sec. Each point
determined by counting the number of impulses and
the number of stimulus cycles occurring during the
5th 100-msec period in each of 16 trials. Stimuli de-
livered as in Fig. 1. Every data point is shown except
on the 1 impulse/cycle plateau, where numerous
superimpositions have been omitted. Graphs illustrate
the variation in the slopes of the functions for fibers of
this class near their best frequency, the tuning plateau
which follows the tuning point along the intensity con-
tinuum, and the disorganized response at more than
1 impulse/cycle which occurs in some fibers when very
strong stimuli are delivered.

cate that this is characterized by a doubling of
discharge, two impulses occurring with many
stimulus cycles. When this doubling occurs
irregularly from cycle to cycle a disorganiza-
tion of the sequential ordering of impulses is
obvious. For some fibers there is a range of
strong stimuli within this zone of breakdown
of periodicity for which a new regularity of
2-1 following supervenes, as shown in Fig. 11.
This regularity is, however, not periodic
when all impulses are considered, for the
intervals between first and second impulses
evoked by one stimulus cycle and the first
evoked by the next may be markedly unequal
at the stimulus frequencies to which these
fibers are sensitive. This zone of breakdown
of periodicity is illustrated for a number of
quickly adapting fibers by the graphs of
Fig. 13. The role it may play in the drop of
perceived pitch produced by increasing
stimulus intensity is discussed in a later
section.

We emphasize that the response patterns
described for this particular cutaneous fiber
are typical of our detailed studies of 12 with
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machine analysis, and visual inspection of the
responses of a large number of others. Fibers
do differ in the range of stimulus strengths
over which these changes occur: some are
more sensitive than others. For all, in the
order of increasing stimulus strengths at best
frequencies of 30 or 40 cycles/sec, the zone of
demultiplication of response is terminated at
the tuning point; successively stronger stimuli
over a considerable range then produce no
further change save a phase shift relative to
the stimulus cycle; this is the tuning plateau.
With relatively intense stimuli there is a
breakdown of periodicity when multiple
discharges per cycle occur. Some fibers at
some intensity may discharge regularly at 2
impulses/stimulus, resulting in a regular but
not periodic pattern of discharge. Only one
exception to this pattern was observed.
Tuning points for this fiber could be estab-
lished at several frequencies: but further even
small increases in stimulus strength elicited
multiple firing with each stimulus cycle, and
disorganization of the response: no tuning
plateau occurred.

b. The Pacinian afferents. The afferents
thought to terminate peripherally in Pacinian
corpuscles of the subcutaneous tissue differ
in several ways from the cutaneous QAs just
described. They are an order of magnitude
more sensitive to sinusoidal stimuli de-
livered to the skin, at their best frequencies,
even though they may be located up to several
millimeters beneath its surface. Their best
frequencies are an order of magnitude higher,
in the range of 200-300 cycles/sec, as against
30-40 for the cutaneous QAs. These facts
are documented in a later section. Here we
wish to show that in spite of these differences
the changes in the discharge patterns which
occur with increases in the amplitude of the
driving sinusoid in general follow the same
sequence as those produced in the QA pattern
of discharge, as stimulus amplitude grows.

The detailed analyses for the discharge
pattern of a Pacinian afferent under sinus-
oidal drive at 200 cycles/sec are shown in
Fig. 14. Stimuli at an amplitude of 4 u or less
produced only occasional discharges. A sine
wave at 5 u evoked trains of impulses with a
marked degree of demultiplication: when
impulses did occur they were always locked
to the stimulus cycle, at 1, 2, . . . 7 times the
stimulus period. Occasionally, interimpulse
intervals of up to 10 or 11 times the stimulus
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period occurred in the same locked temporal
position relative to the sine-wave cycle. The
ascending series of interval histograms to the
left of Fig. 14 illustrates the fact that for
Pacinian afferents only very slight further
increases of intensity produce a discharge
locked one-for-one to the stimulus cycle.
The tuning point was at 8 u amplitude; more
than one hour later it was determined to be
7 p in another series by visual inspection of
the phase-locked response on the oscilloscope
face. A large number of such parallel obser-
vations give validity to the tuning curves
determined by visual inspection alone, which
are described below. The mean ratio of the
tuning point intensity to the threshold of the
demultiplied response for the five Pacinian
afferents studied with machine analysis at
100, 200, and 300 cycles/sec is 1.13 (range
1.00-1.50) or 2.2 db. Thus one further dif-
ference between cutaneous and Pacinian
quickly adapting afferents is the narrow zone
of the demultiplied response for the latter,
2.2 db compared to 7.0 db for the former.

The ascending series of cycle histograms to
the right of Fig. 14 indicates that with in-
creases of stimulus strength from the absolute
threshold to the tuning point there was little
or no change in the position of the impulse in
time, relative to the stimulus cycle.

With further increase in the intensity at 200
cycles/sec, for the fiber whose responses are
analyzed in Fig. 14, there was no further
change until a sine wave of 29 u amplitude
was delivered. It evoked the occasional
doubling and tripling of impulses for each
sine-wave cycle characteristic of the disor-
ganized response produced by strong stimuli
in the cutaneous QAs, described above. The
graphs of Fig. 15, to which further reference
will be made in another connection, show
(upper) that 300 cycles/sec was a slightly
“better” frequency for this fiber than was
200, and that for 300 cycles/sec the tuning
plateau extended from less than 5 u to at
least 85 u, the strongest stimulus tested.

The fiber of Fig. 14 was in the middle range
of Pacinian afferents, as regards sensitivity.
Some of the analyses made of the responses
of the most sensitive Pacinian afferent we
studied are given in Fig. 16. The lowest pair
of histograms characterize the response pat-
tern to a 0.6-u sine wave, at 300 cycles/sec,
which was at or very close to the absolute
threshold for any response. An increase to
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FIG. 14. Interval and cycle histograms for responses of a fiber of the Pacinian type innervating subcutaneous
tissue of the monkey hand. Stimuli at 200 cycles/sec delivered via a 2-mm probe tip oriented at the “best spot”
on the surface of the skin in the pattern illustrated in Fig. 1. Each histogram is labeled with the amplitude in
microns of the sine wave evoking the response. Data collection and analysis described in METHODs: interval
histograms (left) were made on 0.25-msec bins, the cycle histograms (right) on 0.125-msec bins. Note that for
intensities below the tuning point all impulses which do occur are phase-locked to the stimulus, and appear at

integral multiples of the stimulus period.

0.9 u evoked the one-for-one phase-locked
response characteristic of the tuning point.

3. CHANGES IN DISCHARGE PATTERNS OF
QUICKLY ADAPTING AFFERENTS AS AMPLITUDE
OF THE SINUSOID INCREASES, AT OTHER THAN
BEST FREQUENCIES. a. The cutaneous quickly
adapting afferents. The differences in the re-

sponse patterns of the QA fibers to sine-wave
stimuli at frequencies other than those in the
zone of best frequencies, as stimulus ampli-
tude is increased, can be summarized briefly.
First, as the impulse per cycle versus ampli-
tude graphs of Fig. 12 show for two fibers, the
zone of demultiplication is greatly broadened
by the increasingly slower slopes of the func-
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FIG. 15. Families of intensity-response relationships
for two Pacinian afferents terminating in subcutane-
ous tissues of the monkey hand. Stimuli were delivered
via 2-mm probe tips positioned over the “best spot”
on the skin surface, in the manner illustrated in Fig. 1.
Each data point was determined by counting the
number of impulses and the number of stimulus cycles
occurring in the 5th 100-msec period, in each of 16
trials. All data points are shown save on the 1 impulse
/cycle plateau, where occasional superimpositions
have been omitted. Lines connect points for each fre-
quency of stimulation. Graphs illustrate the very nar-
row range between the threshold for any response at
all and the tuning points, a characteristic of Pacinian
afferents, and the fact that these slopes change only
slightly as frequency is shifted away from the best
frequencies for the fibers. The graphs above illustrate
response disorganization for some frequencies, when
very strong stimuli are delivered.

tions as the frequency is shifted from the range
of 20—40 cycles/sec up to 150300 cycles/sec.
Second, for low frequencies (2, 5, and 10
cycles/sec) increases in intensity may produce
doubling of discharge for some cycles without
any one-for-one point at all. The zone of
demultiplication merges directly into the
zone of disorganization of response with no
tuning point or plateau. For many QAs this
occurs also when stimuli in the 150-300
cycles/sec range are made sufficiently strong.

b. The Pacinian afferents. The graphs of Fig.
15 show one difference in the response proper-
ties of the PCs. That is, even though the
position of the impulse per cycle versus inten-
sity function is shifted to the right along the
intensity coordinate, as the frequency moves
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farther away from the best frequency, there
is little change in the slopes of the functions.
The demultiplication zone occupies nearly
as narrow an intensity range for some off-
frequencies as it does at the best frequency.
The graphs for the fiber in the upper half
of Fig. 15 show that for PCs, just as for the
cutaneous QA fibers, strong stimuli may
produce disorganization of the response even
at the best frequencies for the fibers; at off-
frequencies—in this case those in the low
range—this disruption of the regular patterns
may supervene without any clearly defined
tuning point.

4. TIME TRENDS IN THE RESPONSE OF QUICKLY
ADAPTING MECHANORECEPTIVE AFFERENTS TO
SINUSOIDAL STIMULI. For the analyses described
above the tuning point was defined as that
amplitude of the sine-wave stimulus which
evoked 1 impulse/cycle, and maintained this
relation throughout the 930-msec stimulus.
At and around the best frequencies for both
types of quickly adapting afferents there is
no discernible time trend in the responses,
which change from the zone of demultiplica-
tion of response into perfect tuning sym-
metrically in time over the stimulus duration.
At other than best frequencies, and especially
for the cutaneous QAs, a time trend does
appear. As stimulus strength is increased from
below threshold for any response tuning first
occurs early in the response, and further
increases are required to evoked tuning
throughout. This phemonenon contributes
to the increasingly slower slopes of the im-
pulse per cycle functions of Fig. 12, for higher
than best frequencies. Its virtual absence for
the Pacinian afferents accounts for the nearly
equal slopes of their impulse per cycle func-
tions shown in Fig. 15, at different frequen-
cies.

IV. Response of slowly adapting mechanoreceptive
afferents innervating the monkey hand to
sinusoidal mechanical stimulation

of the skin surface

The general properties of the slowly adapt-
ing afferents which terminate in the ridges
of the glabrous skin were described in seEcTiON
1, and the way in which they signal the
intensity of mechanical stimuli has been
detailed in an earlier paper (12). The stimu-
lus-response function is linear, and is thought
to account for a similarly linear relation
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F1G. 16. Interval and cycle histograms for the responses of the most sensitive Pacinian afferent observed, to
300 cycles/sec sinusoidal stimulation of the skin of the palm of the hand. Histograms were constructed in the
manner described in the METHODS section; each is labeled with the sine-wave amplitude, in microns. The sine
waves were superimposed upon a step indentation of about 550 u, as shown in Fig. 1. Left: interval histograms
constructed on 0.125-msec bins. Right: cycle histograms constructed on 0.125-msec bins. Phase correction de-
scribed in Fig. 1 has been applied to the cycle histogram. Interval histogram for the responses at 0.9 p ampli-
tude indicates that nearly perfect tuning was elicited by a stimulus of that amplitude. The slight phase lag for
strong intensities, shown in the cycle histograms, is attributed to slightly slowed conduction in fibers conducting

at 300 impulses/sec.

between the intensity of brief nonoscillating
skin indentations and the human subjective
magnitude estimations of those intensities
(11). It it our purpose here to examine the
possibility that afferents of this class may
contribute also to the sense of flutter-vibra-
tion. Our conclusion, held tentatively, is
that they do not, for reasons detailed in that
which follows.

1. RESPONSE PROPERTIES OF SLOWLY ADAPTING
AFFERENTS, AT LOW FREQUENCIES (2-10
cycLes/sEc). The records of Fig. 17 illustrate
the pattern of response of these afferents to
low-frequency oscillations. The uppermost
record, obtained with a steady skin indenta-
tion of about 550 p with no superimposed
oscillation, illustrates the slowly adapting
pattern of discharge. It evolves from the high



FIG. 17. Records of the impulse discharges of a
slowly adapting primary afferent mechanoreceptive
fiber to a steadily maintained skin indentation of
55 u (upper set of records), and when a 5 cycles/sec
oscillating stimulus is superimposed on that step, at
sine-wave amplitudes of 23 u, 46 u, 72 p, and 114 g, for
the second, third, fourth, and fifth sets of records, re-
spectively. In each set the upper trace is the analogue
electrical signal of the position and movement of the
2-mm probe tip, lower is record of the action poten-
tials in the nerve fiber, recorded after its isolation by
microdissection from the median nerve of a monkey.
The receptive field of the fiber lay in the glabrous skin
of the palm. Topmost record shows the onset transient
and the slowly declining quasi-steady-state discharge
characteristic of the slowly adapting afferents. Fre-
quency modulation in phase with the sine wave is
visible when its amplitude is only 23 u, which is less
than one-eighth the human threshold at 5 cycles/sec.
Duration of the step stimulus, 1400 msec; of the super-
imposed sine wave, 930 msec.

frequency onset transient to the ‘“early
steady state” of nearly constant (slowly de-
clining) frequency. The successively lower
records of Fig. 17 show that a superimposed
sine wave of 5 cycles/sec elicits a frequency
modulation in synchrony with the stimulus,
and that this is discernible at very low sine-
wave amplitudes. This entrainment by fre-
quency modulation is further illustrated by
the interval histograms for another fiber,
under 5 cycles/sec sine-wave drive, given
in Fig. 18. The frequency modulation is
apparent at 12 p sine-wave amplitude, and
highly significant at all higher intensities.
This clear encoding of frequency at the
first-order level occurs at intensities well
below the human threshold for the perception
of movement at 5 cycles/sec (see Figs. 2 and
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3). This is true no matter which method of
measuring the human threshold is used for
comparison. Indeed, it is a startling experi-
ence when, as a subject, one looks at the
stimulating tip; at intensities below threshold
one can see the movement at 2, 5, and 10
cycles/sec, but one cannot feel it! We con-
clude that at least at these frequencies the
slowly adapting afferents do not contribute
to the sense of flutter. The observation de-
scribed affords an example, we believe, of a
neural code which can be impressed upon the
first-order fibers experimentally, but which
has no meaning in terms of sensation. At
least that is the conclusion suggested by the
facts currently available.

2. RESPONSE PROPERTIES OF SLOWLY ADAPTING
AFFERENTS, AT HIGHER FREQUENCIES (20-200
cycLEs/sEC). Response of slowly adapting
afferents is quite different when the frequency
of sine-wave oscillation is raised to match or
nearly match the steady discharge frequency
itself. An example is given by the interval
histograms shown to the left of Fig. 19.
The lowermost interval histogram shows
that the mean frequency of discharge evoked
by the step indentation alone was about 30/
sec, with considerable spread. The next
histogram above shows a marked entrainment
of the fiber’s discharge at the stimulus fre-
quency of 40 cycles/sec, one which is nearly
one-to-one at higher intensities. This very
low entrainment threshold nearly matches
the human threshold, as comparison with the
curve for METHOD 1I in Fig. 3 will show. The
important fact, however, is that this low-
threshold entrainment is the result of the
coincidence of two variables: the frequency of
the steady-state discharge and the fre-
quency of the stimulus. Further studies re-
vealed that the entrainment threshold rises
rapidly if the steady-state frequency is
changed, by changing step indentation ampli-
tude, to produce a mismatch with stimulus
frequency. A similar mismatch results when
the stimulus frequency is raised well above
any possible steady-state discharge. Such a
result is shown for the same fiber by the
histograms to the right of Fig. 19. At a stimu-
lus frequency of 100 cycles/sec, entrainment
resulted only at sine-wave amplitude of 170 p.
This is to be compared with human thresholds
of 6-10 p at 100 cycles/sec.

We conclude therefore that the slowly
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F1G. 18. Cycle histograms for the responses of a slowly adapting fiber innervating the glabrous skin of the
monkey hand. Stimuli at 5 cycles/sec delivered via a 2-mm probe tip oriented at the center of the peripheral
receptive field for the fiber, in the pattern shown in Fig. 1. Sine waves superimposed on the histograms have
been fitted by the method of least mean squares. Each histogram is labeled with the amplitude in microns of
the sine wave eliciting the response. Histograms were constructed with technique described in the METHODS sec-
tion, using a bin size of 1 msec. Graphs show that a frequency modulation appears at a stimulus amplitude of
12 u, and is clear for all higher intensities.

adapting afferents play no essential role in threshold. At intermediate frequencies (20—
the sense of flutter-vibration. At low fre- 40/sec) they may entrain at very low sine-
quencies they discharge in frequency modu- wave amplitudes, if the discharge elicited by
lation at intensities far below the human the steady indentation is comparable to the
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FIG. 19. Interval histograms for the responses of a slowly adapting fiber innervating the glabrous skin of the
monkey hand. Stimuli at 40 cycles/sec (l¢ft) and at 100 cycles/sec (right) were delivered via a 2-mm probe tip
oriented at the center of the peripheral receptive field of the fiber, in the pattern shown in Fig. 1. Responses of
the fiber to step indentations without a superimposed sine wave are shown by the two histograms labeled “0”’.
Note that the mean frequency of firing to the step alone is about 30 impulses/sec, and that much lower intensities
are required to elicit nearly one-to-one firing when the sine wave is 40 cycles/sec than when it is 100 cycles/sec.
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FIG. 20. Tuning curves for a quickly adapting affer-
ent innervating the glabrous skin of the monkey hand,
isolated by microdissection of the median nerve. The
three curves plot the amplitude of the sine wave, at a
series of frqeuencies, required to raise the probability
to the levels indicated that an impulse will be evoked
by each cycle of the stimulus.

stimulus frequency, but require strong stimuli
for entrainment when this is not the case.
Yet human thresholds are not markedly dif-
ferent for differences in step indentation
known to produce markedly different rates
of discharge in these fibers, in the early
steady state. Finally, when stimulus fre-
quencies are higher than any possible during
the early steady state, entrainment thresholds
are one or more orders of magnitude higher
than the human thresholds.

V. Further analysis of frequency functions:
tuning curves for first-order fibers, and
their relation to human threshold

function for flutter-vibration

It is apparent from the evidence presented
in earlier sections that the tuning point for
a first-order fiber can be defined with pre-
cision, and that tuning points for a number
of frequencies through the sensitive range
compose a tuning curve for the fiber. This
measurement is similar to that in which the
human threshold-frequency function is de-
termined. In the first case the datum of
interest is that stimulus intensity required to
produce phasic entrainment of the fiber’s
discharge at the stimulus frequency, at some
selected probability; in the second the end
point is the human observer’s report of a
sensation of movement, at threshold. In this
section we wish to compare the results of these
two sets of experiments, while making the
““cross-species’ assumption that the sensations
experienced by man and monkey are similar,
at least at the first level of analysis.
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1. CUTANEOUS QUICKLY ADAPTING AFFERENTS.
Tuning curves for these fibers have been
determined in the two ways described on p.
305. One determined by machine analysis is
shown in Fig. 20. It is typical of those mea-
sured in this way and of those established by
visual inspection of the responses of 66 other
fibers of this class. The frequencies which
entrain a one-to-one discharge at lowest
amplitude (the best frequencies) are between
20 and 40 cycles/sec in this population
(mean 30.5+1.5 cycles/sec), and for either
lower or higher frequencies stronger stimuli
are required for phasic entrainment. The
tuning curves for different fibers differ in their
position on the intensity scale; some fibers
are more sensitive than others over the fre-
quency range tested, though their tuning
curves are nearly parallel. Of the 67 fibers,
32 had minima at their best frequencies
below 30 ; the remaining 35 curves are dis-
tributed continuously along the intensity
continuum, as regards their minimal tuning
points. This is shown by Fig. 21 which dis-
plays tuning curves for 12 fibers studied in a
single experiment, and by Fig. 22 in which
the tuning points for all 67 fibers studied are
given.

The heavy line in Figs. 21 and 22 is the
human threshold-frequency function, de-
termined at the human finger tip using
METHOD II (see p. 305 and Fig. 3). The low-
frequency limb of this function is blanketed
by the tuning points for the more sensitive
quickly adapting fibers. The conclusion we
draw is that a comparable class of fibers in-
nervating the human hand could account for
the low-frequency end of the human flutter-
vibration curve, and we have observed no
other myelinated mechanoreceptive afferent
innervating the glabrous skin of the primate
hand which could do so. It is equally obvious
that this class of fibers cannot account for the
high-frequency limb of the human sensitivity
curve. This conclusion is based on the assump-
tion that what is required for the human de-
cision that a stimulus is moving versus it
being steady is the appearance of a periodic
signal in the relevant first-order fibers, a
proposition which will be subject to later
discussion.

2. THE PACINIAN AFFERENTS. A typical tuning
curve for a fiber which we classify as a
Pacinian afferent is shown in Fig. 23. The
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FIG. 21. The light lines are tuning curves for a dozen quickly adapting afferent fibers innervating the glabrous
skin of the monkey hand. Each fiber was isolated for study by microdissection of the median nerve, and the
tuning curves constructed by determining the tuning points for each fiber, at a series of frequencies, as described
in the text. The heavy black line replots the human frequency-intensity threshold function for the fingertip,

illustrated in Fig. 2.

best frequency for this fiber was about 250
cycles/sec. For higher frequencies the en-
trainment thresholds, like the human func-
tions, rise rapidly; they are not shown because
our control of amplitudes at higher fre-
quencies was imprecise. With decreases in
frequency the tuning curve for this fiber
inscribes a nearly hyperbolic course until,
below 40 cycles/sec, entrainment could not
be produced by any intensity. At these low
frequencies, as intensity is increased, the
pattern of discharge may pass from demul-
tiplication to disorganization without a per-
fect tuning point or a tuning plateau. For
those frequencies within the tuning range,
tuning occurred after only very small in-
creases in intensity beyond that required to
elicit any response at all, as shown by the

very narrow range between the 0.5, 0.75, and
1.0 impulse/cycle curves of Fig. 23. This is
another measure of the very narrow zone of
demultiplication for Pacinian afferents shown
in Figs. 14 and 16. The tuning curves for 14
other Pacinian afferents are shown in Fig. 24.
It is apparent that the Pacinian afferents can
account for the human sensitivity in the high-
frequency range, and we have observed no
other class of fibers innervating the hand of
the monkey which could do so.

The second tuning curve shown in Fig. 23
is that of the only Pacinian afferent which
differed in any way from the description
given above. Its tuning curve extended further
nto the low-frequency range, by a con-
siderable margin, than that of any other
Pacinian studied.
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FIG. 22. Tuning points for 67 quickly adapting afferent fibers innervating the glabrous skin of the monkey
hand. Each fiber was isolated for recording by microdissection of the median nerve, and tuning points de-
termined at a series of frequencies, as described in the text. When the points for any one fiber are connected, a
tuning curve such as those illustrated in Fig. 21 results. Heavy black line replots the human frequency-intensity
threshold function for the fingertip illustrated in Fig. 2. Data displayed illustrate the range of sensitivity of the
population of quickly adapting cutaneous afferents to oscillating stimuli, and that the most sensitive edge of this
range overlaps the low-frequency limb of the human function, but not the high-frequency limb.

3. WHAT PROPORTION OF THE AFFERENTS
ENGAGED AT A GIVEN FREQUENCY DISCHARGE
PERIODICALLY AT THE HUMAN THRESHOLD?
Figures 22 and 24 show that at any given
frequency only a portion of the total popula-
tion of afferents of one or the other type will
be driven periodically at intensities equal to
the human threshold for the perception of

movement. Those proportions are given in
Table 4; they suggest that some 10-209;, of
the available afferents are required to be
entrained to evoke the human sense of move-
ment. This conclusion, however, places a
severe requirement upon our Ccross-species
assumption, which will be considered in later
discussion.
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FIG. 23. Tuning curves for two Pacinian afferents terminating in deep tissues of the monkey hand, each isolated
separately by microdissection of the median nerve. Stimuli were delivered to palmar skin. The three curves in
each plot, from upper to lower, the amplitude required to raise the probability to 1.0, 0.75, and 0.50 respectively
that an impulse will be evoked by each cycle of the stimulus. Inset curves are typical of Pacinian afferents; the
other curves are those for the Pacinian with the widest frequency sensitivity observed. It was unique in this

respect.

V1. Further consideration of intensity functions,
and their relation to human subjective
magnitude estimation of the intensity

of a sinusoidal stimulus

The last question to be considered is that
posed by the observations illustrated in Figs.
4 and 5. They show that at or near the best
frequencies of the two sets of fibers thought to
account for the sense of flutter-vibration, the
human subjective estimation of the intensity
of oscillatory movement is a linear function
of the stimulus amplitude. Perusal of the
intensity functions of the cutaneous QA
fibers and of the Pacinian afferents, illus-
trated in various forms in Figs. 11 through 16,

yields no simple explanation of that human
function. At its best frequency each fiber locks
in one-to-one synchrony with the stimulus,
at the tuning point; there is little further
change in response over a wide range of
increasing stimulus intensity. Throughout
this tuning plateau these fibers provide no
neural signal of increasing intensity, yet, over
this same range the sensation evoked is
judged by human observers to be increasing
linearly with sine-wave amplitude. Upon
what change in first-order neural input does
that change in sensation depend?

The linearity of the magnitude functions
of Figs. 4 and 5 suggested at once that the

TABLE 4. Percentages of populations of quickly adapting afferents innervating the monkey
hand which are entrained at intensities equaling human thresholds for the
perception of oscillatory movement, at different frequencies

Frequency, cycles/sec 2 5 10 | 20 | 40 | 60 | 80 | 100 | 150 | 200 | 300
% Cut. QA fibers entrained, n =67 10 27 27 34 7 3 0 0 0 0 0
9% Pacinian fibers entrained, n =20 0 0 0 0 10 | 20 | 40 | 25 20 15 10
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FIG. 24. Tuning curves for 14 Pacinian afferents in-
nervating the monkey hand. Each point indicates the
amplitude of the sine-wave stimulus required to pro-
duce an approximate one-to-one entrainment of the
fiber, at the given frequency. Upwardly directed
arrows at the left end of each tuning curve mean that
entrainment could not be produced by any lower fre-
quency, no matter what the sine-wave amplitude.
Stimuli delivered as shown in Fig. 1, and described in
the METHODS section. Heavy black lines reproduce the
human frequency-intensity threshold function from
Fig. 3. The overlap of the tuning curves with only the
high frequency end of the human function suggests
that the Pacinian afferents could account for sensitiv-
ity in the high but not the low range of frequencies.

slowly adapting afferents might play a role,
for they respond in a linear fashion to in-
creases in the intensity of a nonoscillating
stimulus (12). They might provide a similar
increase in neural signal in parallel with
increases in sine-wave amplitude—even
though they can provide no unequivocal
signal of the frequency of that sine wave.
Studies of the over-all frequency of discharge
of these afferents as a function of sine-wave
amplitude suggests, however, that this is not
the case. In the low range of stimulus fre-
quency, for example, increasing amplitudes
of a superimposed sine wave may simply
increase the degree of frequency modulation.
The temporal order of discharge may be
shaped by the sine wave by a repositioning
of impulses in time with no regular change
in the total number of impulses per unit
time. At higher frequencies these fibers pro-
vide an even more equivocal signal of sine-
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wave amplitude, for the degree of entrainment
and the over-all rate of discharge are de-
termined by the interactions of three vari-
ables: the discharge rate produced by the
degree of step indentation, the frequency of
the sine wave, and its amplitude.

The last possibility we considered is that
the intensity of oscillation might be derived
(by a central neural mechanism) through a
spatial integration of the activity in the entire
population of neurons engaged by the stim-
ulus. The results of an experiment aimed at
testing this possibility are given in Fig. 8.
The single fiber under study is made to oc-
cupy a series of different positions from the
center to the edge, in the succession of slightly
serially shifted, neural populations engaged
by the stimulus, when the latter is delivered
to a series of several sites shifted across and
outside of the peripheral receptive field of
the fiber. Such a reconstruction depends of
course upon a constancy of conditions, one
thought to have been achieved in these ex-
periments upon first-order fibers. The spatial
integration performed resulted in a mono-
tonic but slightly negatively accelerating
function. Some differential weighting in the
integration might have brought this to
linearity, but obviously the difficult problem
of how the afferents responsible for the sense
of flutter-vibration can signal both fre-
quency and intensity requires further study.

DISCUSSION
I. Psychophysics of flutter-vibration

In general, the threshold flutter-vibration
function in humans measured by us is sim-
ilar to that obtained by the majority of other
investigators: it is described by a curve
roughly U-shaped in contour, in linear coor-
dinates, with lowest threshold at about 250
cycles/sec. Our quantitative measurements
were confined to frequencies of 300 cycles/sec
and below, although we did confirm that the
threshold rises again very rapidly for fre-
quencies about 300. We found, however, as
did Von Békésy (25), that if the frequency
range examined is extended down to 5 cycles/
sec the results when plotted on logarithmic
coordinates are best described by two straight
lines, of different slopes. Further, these two
limbs are differentially affected by cutaneous
anesthesia, which produces a 5- to 10-fold
elevation of thresholds for frequencies below
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40-50 cycles/sec, while scarcely affecting
those for frequencies between 60 and 300.
The quite different effects of cutaneous
anesthesia upon vibratory sensibility de-
scribed by different investigators are due,
we believe, to the choice of but one frequency
for study: if a low frequency is chosen, marked
changes in threshold are produced by anes-
thesia; if high, none (2, 3). These facts, to-
gether with the change in the subjective ex-
perience with change in frequency across the
40-60 cycles/sec zone, led to this hypothesis:
flutter-vibration is served by two sets of first-
order fibers, one terminating in the skin
itself and sensitive to low frequencies and a
second ending in subcutaneous and certain
deep tissues, and most sensitive in the range
of 100-300 cycles/sec. All of our observations
on the response properties of first-order
myelinated mechanoreceptive afferents in-
nervating the glabrous skin of the monkey
hand are fully consonant with this idea.

These findings and conclusions pertain strictly
to studies of the glabrous skin of the hand. Thisis a
point we wish to emphasize, for some studies, now
underway, of the hairy skin of the arms of men and
monkeys indicate quantitative though not qualita-
tive differences in both the psychophysical and the
neurophysiological findings. Indeed, differences
are suggested by the anatomical differences in the
innervation of glabrous and hairy skin and account,
we believe, for many discrepancies in the reports
of studies of vibratory sensibility in different parts
of the body: differences in sensibility are set by
difference in peripheral innervation.

We emphasize also that both our psycho-
physical and electrophysiological observa-
tions were purposely made using a constant
stimulus pattern. It is well known, however,
that the values for vibration threshold and
even the shape of the threshold function curve
may be altered by changing any one of a num-
ber of parameters, or conditions: contactor
area and shape (20, 22), area of free surround
(19), angle of axis of oscillatory movement rel-
ative to the skin surface, duration of the oscil-
latory stimulus, skin temperature, the age and
sex of the observer—all these and doubtless
others not yet studied influence the threshold.
We have observed many of these effects, and
that in both the human and animal the
results—the threshold of the perception of
movement in the one case and the tuning
points in the other—may be affected to
some degree by the amplitude of the step
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indentation of the skin upon which sine-wave
stimuli are superimposed. We chose to hold
this parameter constant. In this regard it
would be of interest to measure that degree of
skin indentation which a subject allowed free
movement of the hand would seek in attempt-
ing to achieve maximum sensitivity. In our
psychophysical experiments this ‘“motor”
component of the sensory performance has
been eliminated by holding the hand in a
steady position. We do know that for the
skin QA fibers the step indentation at which
tuning thresholds are lowest is somewhat
greater than the 500 u chosen as our constant
step indentation.

I1. Encoding in the temporal domain: first-order
signals evoked by sine-wave stimuli, and their
relation to the perception of periodic motion

Study of either of the two classes of fibers
which we believe account for the sense of
flutter-vibration, as the intensity of the sine
wave is increased, reveals two ‘‘thresholds.”
The first is that at which a neural discharge
is evoked phase-locked to the stimulus, but
the fiber is not entrained, during the delivery
of the superimposed sine wave. The second
is that point along the intensive continuum,
often very sharp, at which a nerve impulse
occurs with each cycle at a high probability
and in a narrowly fixed phase relation to the
stimulus (see Figs. 11, 14, and 16). It is our
proposition that these two account for two
clearly identifiable points on the sensory
continuum. As sine-wave amplitude increases
subjects first become aware of a roughness
which is not the readily recognized flutter or
vibration with its identifiable pitch. A second
transition to this latter occurs rather abruptly
with further increase in sine-wave amplitude.
The range between these two transition
points is called the atonal interval (25), and
corresponds rather precisely with the zone
of demultiplication of response in the first-
order input trains. It is 2 db at 300 cycles/sec
psychophysically and 2.2 db for Pacinian
afferents at 100-300 cycles/sec; it is 8-10 db
at lower frequencies psychophysically and
7 db at 40 cycles/sec for the cutaneous quickly
adapting fibers.

This coincidence of transitions in both sub-
jective experience and the neural signals
which evoke them lends some support to our
general hypothesis: what is required for the
perception of periodic movement is the ap-
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pearance in some small number of primary
afferent fibers of a regularly periodic signal,
at some high level of probability. Using the
tuning point as estimator we have constructed
tuning curves for the two sets of fibers. Com-
parison of these curves with the human
threshold function (Figs. 21, 22, and 24) pro-
vides the basis for our statement that these
two sets of fibers account for the sense of
flutter-vibration.

This statement depends upon the validity
of two assumptions. The first is the require-
ment for periodicity discussed above. The
second is the cross-species assumption, i.e.,
that the sensitivities of the two sets of afferents
innervating the hand are about the same in
monkey and in man. If the human first-
order fibers are considerably more sensitive
than are those of the monkey, our hypothesis
would be changed only in degree to say that
a larger percentage of the available popula-
tion must be entrained to evoke a sensation of
movement than is suggested by the data of
Table 4. If the human first-order fibers are
by any considerable factor less sensitive than
are those of the monkey, the interesting
proposition is put that the sensation of peri-
odic movement with identifiable pitch might
be evoked at intensity levels below that at
which any first-order fiber is entrained to
discharge periodically. Such a mechanism is
readily imagined. Given that each of two
or more first-order fibers converging upon a
second-order element possesses supraliminal
synaptic security for each impulse, and that
the demultiplied but phase-locked trains of
impulses evoked in them by weak stimuli are
asynchronous, a second-order neuron could
be perfectly entrained when no one of its
converging inputs is so. Some preliminary
results indicate that the discharges evoked
by the same oscillating probe in pairs of fibers
observed simultaneously need not be synchro-
nous, at weak intensities, so that a study of this
question at the level of the dorsal column
nuclei becomes an important experimental
object. For the present, parsimony suggests
that the thresholds for first-order fibers in-
nervating the hands of monkey and man are
not strikingly different, and thus our perio-
dicity hypothesis fits the facts available better
than any reasonable alternative.

Such a hypothesis, however, is unlikely to apply
to all first-order mechanoreceptive afferents which
are caused to discharge in a nearly periodic fashion.
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For example, the steady-state receptors of the
glabrous skin discharge very regularly in the early
steady state, and the frequency of that discharge
provides a sensitive signal of the intensity of the
stimulus (12). During the plateau of a 1-sec steady
indentation of the skin, for example, only these
among the large myelinated first-order afferents
will discharge, the quickly adapting ones then
being silent. Yet the stimulus is felt as steady, not
oscillating. Does this mean that the particular code
of a labeled line is a part of the label (11)? Such a
label might be given by the over-all time constant
of the linked relays from first-order fibers to the
cortex. For the QA afferents this appears to be one
which emphasizes and preserves impulsive, peri-
odic transmission in spite of whatever convergence
there may be of elements whose trains cannot be
expected to remain in perfect synchrony. Those
cortical cells linked to the slowly adapting afferents
might by a long time constant and asynchronous
convergence allow a smearing of impulsive events.
Our early observations on cortical cells have shown
a preservation of impulsive events for those which
“adapt quickly” and are thought on this and other
grounds to be linked to the quickly adapting affer-
ents of the glabrous skin. Whether those cortical
cells which “adapt slowly” discharge as regularly
as do the slowly adapting first-order afferents to
which they are thought to be linked has not yet
been determined.

1I1. Encoding in the temporal domain: pitch
discrimination and its relation to
Sirst-order signals

The ability of humans to identify the fre-
quency of an oscillating stimulus, ie., to
recognize and to discriminate between
pitches, is poor compared with their capacity
in the auditory sphere. The most widely
quoted study is that of Goff (6), who mea-
sured the discriminable frequency increment
over the range of 25-200 cycles/sec, using
stimuli of equal “loudness” at each frequency,
for the cases of 20 and 35 db above thresh-
olds. For the latter level the discriminable
increment at 25 cycles/sec is about 4 cycles,
but it rises very rapidly as the base frequency
rises, so that at 200 cycles/sec the discrimi-
nable increment is about 60 cycles/sec and at
the intensity level of 20 db above thresholds
it is nearly 100 cycles/sec. These findings
suggest that whatever discrimination of fre-
quency can be made depends upon signals in
the cutaneous quickly adapting fibers, and
that were the input confined to the Pacinian
afferents (e.g., by skin anesthesia) the dis-
crimination of frequency would be very poor
indeed.
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Consider then the glabrous skin quickly
adapting afferents, which account for the
perception of flutter in the range in which
frequency discriminations can be made. What
are the relevant neural signals? First, it is
certain that pitch discrimination on the skin
does not depend upon a shift in the members
of the accessible population which are en-
trained, as frequency changes, as is the case
in the cochlea and the auditory system. This
is so because all the tuning curves of the QA
afferents are nearly symmetrical and parallel,
differing only in sensitivity level, and have
nearly the same best frequencies of 30.5+
1.5 cycles/sec. As Von Békésy has pointed out
(25), what is “pitch” in the auditory system
is “location” in the somesthetic.

A second alternative to be considered is
that ‘“‘cutaneous pitch’” varies along an in-
tensive not an extensive continuum, and that
a discrimination of the frequency of a stimulus
might be made on the basis of the total num-
ber of impulses in any given short period of
time, such as 1 sec—the discrimination of
pitch is not improved by longer inspection
times. This appears unlikely because the
total number of impulses which occur in re-
sponse to two slightly different frequencies
might be similar in the two cases due to
doubling or missing in the two trains, on any
given pair of trials.

A third proposition, which we favor, is that
a central neural mechanism exists which
alters its own activity (which ‘“measures”)
the dominant period in the input trains of
impulses; which is, in the given case, respon-
sive to the difference in the length of the
dominant repetitive pericds of 40 and 33
msec. There is of course no direct proof that
this is so, but if further evidence accrues to
support it, it will mark a special but not a
general case of the importance of the sequen-
tial ordering of impulses in central nervous
discriminative mechanisms.

DROP IN PERCEIVED VIBRATORY PITCH WITH
INCREASES IN INTENSITY. The sensation of
vibratory pitch on the skin changes with in-
crease in the intensity of the sinusoidal stim-
ulus. Von Békésy (25) has shown, for ex-
ample, that when a stimulus 20 db above
threshold (we assume the threshold for the
perception of a pitch, i.e., not including the
atonal interval) is chosen as a standard, a
further increase in intensity to 40 db (from 10
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to 100 times threshold) produces a drop in
perceived pitch of about half an octave, a
change which occurred gradually, with no
jumps. The observations were made at 25,
50, and 100 cycles/sec, and thus cover the
zone of action of both classes of primary
afferent fibers serving flutter-vibration. Below
the 20-db level the pitch changes were small.
This relative constancy of pitch with increase
in intensity from 1 to 10 times the pitch
threshold fits the extent of the plateau period
of phased-locked discharge which we ob-
served for both the Pacinian and the QA
afferents innervating the hand of the monkey.
Stronger stimuli produced what we have
termed the ‘disorganization’ of response,
in which some cycles produce more than one
impulse. This appears to correlate, in intensity
level, with the “roughness” described by sub-
jects as intensity is increased. Why is this
interpreted as a pitch drop and not a rise?
One possible explanation is that as intensity
rises, 2 impulses/cycle may alternate more
or less regularly with 1/cycle. Second- and
nth-order neurons of the system will be
more intensely excited by the double dis-
charges than by the single. If this more in-
tense activation at one-half the driving fre-
quency should dominate higher order ac-
tivity one might expect the perceived pitch
to drop by exactly 1 octave; but this is not
the case. The explanation of the smooth
drop in pitch with increase in intensity may
be the differing levels of intensity at which
different fibers of the active population pass
from the plateau period of perfect periodicity
to the phase of alternating double and single
discharges per cycle, to that of a more marked
and irregular disorganization. Why an in-
tegration of these signals across that popula-
tion leads to a smooth drop in perceived
pitch is not yet explicable, however, in terms
of central neural mechanisms.

IV. Subjective magnitude estimation of
intensity of a sine-wave stimulus,
and relevant neural signals

Here we are faced with the paradox that:
7) the subjective magnitude estimation is a
linear function of the amplitude of the sine
wave which evokes it, and 2) over this same
range of intensities the response of the relevant
first-order fibers is a discontinuous function of
sine-wave amplitude. From the tuning point
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upward, over a considerable range of rising
intensities, while the subjective estimation of
magnitude is rising linearly, there is no change
whatsoever in the neural input upon which
the sensation of movement and the judge-
ment of pitch depends. Reasons have been
given for rejecting the initially attractive
notion that the slowly adapting afferents,
which do increase their rates of discharge as
linear functions of the amplitude of steady
step indentations of the skin (12), might also
provide such a signal of the amplitudes of
superimposed sine waves. The possibility
that a spatial integration (carried out by a
central mechanism) across the population of
quickly adapting afferents activated by a
sinusoidal stimulus might provide the signal
for intensity gained some support from the
results illustrated in Fig. 8, but requires
further study. This integration might occur
in addition to the use of the spatial distribu-
tion of activity in a neural population as a
signal of the spatial form and extent of the
stimulus.

V. Mechanical impedance of tissue, and tuning
curves of primary afferent fibers

Studies of the mechanical properties of the
skin and other soft tissue (17) and of the body
skeleton (23) have shown that the conduc-
tivity of the tissues is maximal and mechanical
impedance minimal in the range of 100-300
cycles/sec, the zone of the highest human
sensitivity to vibratory stimuli. The findings
of Sato (16) suggest an almost perfect im-
pedance match between these conducting
tissues and the relevant receptors in the high-
frequency range, for both isolated and in situ
Pacinian corpuscles (cat mesentery) were
found to have quite similar sensitivity curves.
Here we assume that the Pacinian corpuscles
of the mesentery and those of other tissues
have similar properties. The frequency range
in which the cutaneous quickly adapting
fibers are most sensitive (30-40 cycles/sec),
however, is one at which the mechanical
impedance of tissue is very high. Their re-
gions of best sensitivity, and their tuning
curves, must therefore be the result of the
mechanical properties of the receptors them-
selves, and not of the transmitting properties
of the skin. It is most likely that they respond
only to direct pressure, or sheer force. This
accounts for the fact, illustrated in Fig. 8,
that even a very strong oscillating stimulus
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at 40 cycles/sec must be within 5 mm of the
center of the receptive field of a quickly
adapting afferent of the glabrous skin in order
to excite these quickly adapting afferents,
and the absence of sensation referred to
regions of skin in which traveling waves, set
up by distant oscillating stimuli, can be ob-
served stroboscopically may not be in-
terpreted to result from central inhibition of
activity from that area: no activity exists
there which is driven in synchrony with the
traveling waves.

SUMMARY

In psychophysical experiments we mea-
sured the human thresholds for the perception
of oscillatory movement, when sine-wave
mechanical stimuli over the range of 5-300
cycles/sec were delivered to the glabrous skin
of the hand. The double-limbed nature of the
resulting frequency-intensity function, and
the elevation of thresholds in the low- but not
the high-frequency range by cutaneous
anesthesia suggested the duality of what we
term the sense of flutter-vibration. These
findings also implied that this sense is served
by two distinct sets of primary afferent fibers,
one terminating in the glabrous skin and most
sensitive to frequencies of 5-40 cycles/sec,
and a second terminating in the deep tissues
and sensitive over the range 60-300 cycles/
sec.

The human subjective estimation of the
magnitude of an oscillatory stimulus was
measured at 40 and 250 cycles/sec, when
sine-wave mechanical stimuli were delivered
to the glabrous sk. of the hand. This esti-
mate is a linear function of sine-wave ampli-
tude; the results are equally well described
by power functions with exponents close to 1.

In a similar experimental paradigm the
frequency sensitivities of the myelinated
mechanoreceptive afferents innervating the
monkey hand were determined. Single fibers
were isolated by microdissection from the
median nerve.

The class of afferents innervating the
glabrous skin which adapts slowly to steady
skin indentation showed a frequency modula-
tion of that steady discharge when sine-wave
stimuli of 2-10 cycles/sec were superimposed
upon the indentation. This occurred at inten-
sities far below the human thresholds at
those frequencies. At higher frequencies
these fibers may be entrained to discharge 1
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impulse/cycle of the stimulus, and thus pro-
vide a neural signal of stimulus frequency only
if the latter closely matches the frequency of
the steady-state discharge. On the basis of
present evidence we conclude that this set of
afferents is not likely to contribute to the
sense of flutter-vibration. The frequency
modulation at low frequencies is a distinct
neural code impressed upon these first-order
elements which is apparently of no sensory
significance, at least over a reasonable range
of intensities.

The quickly adapting afferents which in-
nervate the glabrous skin are sensitive to
oscillatory stimuli in the low-frequency
range. As the intensity of such a stimulus is
increased it first elicits neural discharges at
multiples of the stimulus period. Slightly
stronger stimuli evoke 1 impulse/stimulus
cycle, which we term the tuning point. Mea-
surement of tuning points for a number of
frequencies compose a tuning curve. The
lower limbs of the tuning curves for these
fibers blanket and thus can account for the
low-frequency limb of the human threshold
function, and no other afferent innervating
the monkey hand has been found which
could do so.

A quickly adapting afferent ending in sub-
cutaneous tissue, which on indirect evidence
and the findings of others we identify as ter-
minating in Pacinian corpuscles, is extraor-
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