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Preface

This volume represents the Proceedings of the Second Inter-
national Symposium on Skin Senses held on the campus of Florida
State University, Tallahassee, Florida. The symposium was held
on June 5 through 7, 1978, in honor of Professor Yngve Zotterman
to commemorate his 80th birthday and his more than 50 years of
energetic involvement in physiological and psychophysical prob-
lems of cutaneous, gustatory, and olfactory sensitivities.

The First International Symposium on Skin Senses was in-
tended to stimulate dialogues between electrophysiologists and
psychophysicists in order to examine the mechanisms of cutaneous
sensitivity by way of a multi-disciplinary approach. The 12
years since that meeting has seen much progress in the morphology,
electrophysiology, and taxonomy of cutaneous receptors. There
has been a growing awareness among psychophysicists that, not
only are psychometric threshold functions of importance, but
descriptions of the growth of sensations to suprathreshold
stimuli are of at least equal importance. One of the most
exciting recent events has been the development of a technique
that permits recording activity in single primary afferent
nerve fibers by poking a microelectrode through the skin into
a nerve bundle--microneurography. This development allows one
to conduct psychophysical measurements of sensation and, at the
same time, to sample the primary neural activity associated with
the same stimuli. The aim of this symposium was to bring to-
gether psychophysicists and microneurographers in order to
explore the power and the limitations of such an approach when
applied to the cutaneous senses.

This symposium was supported by National Institutes of
Mental Health Grant MH11218 and Florida State University.

Dan R. Kenshalo

August 13, 1979
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WELCOMING SPEECH

Robert Spivey, Dean, College of Arts and Sciences

Florida State University, Tallahassee, Florida 32306

It is good to see you this morning. I would like to welcome
you officially on behalf of the University and on behalf of
President Sliger. When we first began thinking about this symposium,
it was quite late and I did not think it would be possible to pull
it off. I am glad to see actual people here.

We are proud of our Psychobiology program here at the Univer-
sity, and we are looking forward to your conversations during this
conference that will help to make it even better.

In my judgement there is a crisis in the colleges and univer-
sities throughout the world today--a crisis of values. On the one
hand, there are pressing demands by students; on the other hand,
there are traditional ways of doing things in higher education.
The two often result in conflict.

There are a number of things we could say about what the uni-
versities ought to be doing in order to meet the crisis in values
of our societies, but one small point I want to make this morning
is particularly relevant coming from a person who has been educated
in the humanities, rather than the sciences.

One image of the excellence of universities that we have tra-
ditionally used is the name of the college of which I serve as
Dean-~that is, Arts and Sciences. This title has been a traditional
image to connote excellence to the world, students, and to the pub-
lic. In the original meaning of "arts and sciences" the arts were
the skills that were necessary for human knowledge. Included in the
arts was, for example, number. That was one of the skills that was
taught in the medieval university under the arts. The sciences were
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2 R. SPIVEY

the subjects taught; included in the subjects taught in the medieval
university were, for example, literature and philosophy. But today,
or at least in our College of Arts and Sciences, these words have
changed meaning such that we think of the arts as the humanities or
the humanistic subjects of knowledge, whereas we think of the
sciences as the quantifying subjects of knowledge which deal with
the physical world in a particular way.

In my judgment this is an unfortunate development within the
modern university and is part of the reason for the present con-
fusion about values. There are two camps as in C.P. Snow's famous
"Two Cultures'; these two camps, the sciences and the humanities,
rarely speak to each other effectively and never the twain shall
meet.

One way of thinking about the two camps is to imagine first the
scientific person. One picture that comes to mind is the person
in the white jacket--the cool professional, detached, value free,
dealing only in that which can be quantified. The second image,
on the other hand, of the arts person, not even called a profes-
sional, is of the passionate, involved, temperamental person, who
is not cool, detached, or in control.

This kind of division is characteristic of our society and
mirrors an inability to communicate. One indication of this diffi-
culty in communication (at least in the United States) is a per-
vasive speech pattern which people use, not just young people, but
professionals too--and that is the speech pattern of peppering
every sentence with a phrase like "you know." "You know" creeps
into every sentence, and the reason according to Paul Goodman is
that people know that you do not know, and therefore they put in a
"you know' because they know they are not communicating, because
there is no solid world from which to communicate.

People do miscommunicate with each other. I do not have any
magnificant solution to this division in our culture between the
arts and the sciences, but I think that if we got to know each
other better we would find that a lot of humanities scholars are
very much of the cool, professional, detached type, and we would
find also that a lot of scientist scholars are of the passionate,
involved type. The thing that has amazed and impressed me, as
dean of arts and sciences for the last four years, is the tremendous
devotion and passion which scientists carry to their work. As a
group, they stay at the tasks much longer than the humanities
people do, or maybe that perception simply mirrors the fact the
grass 1s always greener on the other side. At any rate, there is a
passion involved in good science that is terribly important.

The other observation, coming from an outsider, that seems to
me crucial to science is that in the best science there is a
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recognition of the limits of our knowledge. Scientism, or popular
science, has a view of science that anything or everything is
possible. But true science seems to recognize its limits, seeks

to know only what it can know, and that provides a basis for speak-
ing across one area to the other, from the sciences to the human-
ities.

I have one final bit of advice that I would like to give the
sessions coming up. It was suggested to me by an English professor.
One summer I was teaching at the University of North Carolina at
Chapel Hill and there was a little article in the local newspaper
about an English professor's class experience. He came into his
class one day and said that he had just read the most beautiful
line of poetry of his life. He got a piece of chalk and wrote on
the blackboard, "Walk with light". The students pondered and one
remarked, "You know, that is beautiful," and someone else said,
"Who wrote it?" The professor replied, "Well, I'm not sure; I
read it on a traffic light while crossing the street." That story
says something about how the more practical, or at least the tech-
nological, and the humanities can speak with each other, and it is
also pretty good advice for beginning a conference--"Walk with
light."

We welcome you here. We hope that it is a good meeting. If
there is anything that we can do to help make it a better one,
please let us know. Thank you.



HOW IT STARTED: A PERSONAL REVIEW

Yngve Zotterman
Wenner-Gren Center

Sveavagen, 166, S-113 46 Stockholm, Sweden

Life is full of unexpected happenings. Who could predict that
one April morning in 1919 I happened to be in the entrance hall of
the Institute of Physiology of the old Karolinska Institute when
Professor Johansson came out of his room with a volume of Journal
of Physiology of 1908 open in his hand. He handed over the book
to me and said: "Read this paper; it is very interesting". The
paper was about the all-or-none principle in skeletal muscle and
the author was Keith Lucas of Cambridge (Lucas, 1908).

It was indeed a very interesting story. After reading the paper
I went to the library and looked through more recent volumes of the
Journal and found a series of papers by Adrian and Keith Lucas
(Adrian and Lucas, 1812) and finally only by Adrian. And the latest
papers were about the all-or-none principle and nervous condition.
Keith Lucas was killed in an air accident in 1917 but Adrian carried
on his work and even prepared a monograph about nervous conduction
in the name of his beloved senior friend and teacher, Keith Lucas.

These early experiments were mostly performed on the conduction
in the sciatic nerve of the frog using the muscle twitch as a
criterion or indication of what had occurred in the motor nerve
fibers. These experiments were guite fundamental as they gave us
information of the absolute and relative refractory period in the
nerve fiber as well as the time course of what they called the
""recovery curve’ during the relative refractory period.

I learned all this directly from the lips of Adrian during
October and November of 1919 when I attended his, A. V. Hill's,
and other lectures and demonstrations to the advanced class at
Cambridge. I returned to Cambridge in 1920 and made a small bit
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6 Y. ZOTTERMAN

of research on the conductivity of the motor end plates when the
muscle was kept in solutions of different pH's and later went on
testing ammonia, etc., on the end plates. Returning to my class-
mates and clinical studies, I remember how my classmates pulled my
leg for doing such research -- pure nonsense which never could come
to any clinical use. Well, 30 years later curare-like acting sub-
stances were introduced and are of great value in surgery.

After 5 years of clinical studies I returned to Cambridge and
Adrian in September 1925 thanks to the great generosity of an
American institution, The Rockefeller Foundation. Adrian had just
got a 3-stage amplifier for the Lucas capillary electrometer and
the previous spring he had used this set-up to record the electri-
cal response of sensory nerves. These preliminary experiments
were very promising, and now he wanted to go further and see what
was signalled in single sensory nerve fibers. So we started in the
middle of October 1925. Fortunately, he turned his attention to
the sensory fibers which terminate in muscles. These had been
discovered and their important function in the control of muscular
movement had been described some twenty years earlier by Sir
Charles Scott Sherrington at Oxford and by Hoffman at Freiburg in
Germany. The Master of Caius and Gonville College, Dr. Anderson,
a keen anatomist, had told Adrian that the sterno-cutaneous muscle
in the chest of the frog contained only one sensory ending, one
single spindle. Thus we set out to dissect the nerve running to
this tiny muscle. It was my special task to make this dissection
and slowly I acquired a certain skill in the work. However, we
soon found out that this muscle, the sternocutaneous, had several
muscle spindles. When we recorded from the nerve while stimulating
the spindles by stretching the muscle our records showed that the
electrical response derived from quite a few sensory nerve fibers.
Before abandoning this preparation however, one day I made cuts
from the medial side of the muscle, successively cutting away one
muscle spindle after the other from its connection with the nerve.
Finally, as can be seen in Fig. 1, we were left with a tiny strip
of muscle which obviously contained only one functioning spindle,
signalling in one single afferent nerve fiber.

November 2, 1925, was a red letter day for both of us. Under
strong emotional stress we hurried on, recording the response to
different degrees of stimulation. Adrian ran in and out controlling
the recording apparatus in the dark-room and developing the photo-
graphic plates. We were excited, both of us quite aware that what
we now saw had never been observed before and that we were dis-
covering a great secret of life, how the sensory nerves transmit
their information to the brain. In the following weeks we went on
collecting more and more data, but the principal idea about the
conduction in sensory nerves, the relation between the strength of
stimulation and nervous response, we conceived that very day of
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Fig. 1. Experiment on the sternocutaneous muscle in the frog
November 2, 1925. Afferent responses from the nerve when
the muscle is stretched by a weight applied 10 sec. before
record is made. Capillary electrometer with 3-valve am-
plifier, magnification 490. The marker gives .0l sec.
Responses vary in size as electrodes are adjusted between
each record. A. Muscle intact, 2 g weight. B. First
strip removed 2 g weight. C. Second strip removed 1 g
weight. Impulses in four regular series. D. Third strip
removed 1 g weight. Single regular series. E. Fourth
strip removed 1 g weight. Slower plate. No impulses.
(Adrian and Zotterman, 1926).

November 2, 1925, We had found that the transmission in the nerve
fiber occurred according to impulse frequency modulation, twenty
years before FM was introduced in teletechnique.

In the modest way, characteristic of a highly cultured Cam-
bridge don, Adrian presented these results at a meeting at Univer-
sity College in London in December 1925. I still remember how he
started: '"In these days anybody can buy an amplifier in the next
garage and put any sensory nerve on the electrodes, connect them
to the amplifier and record". This was of course a gross
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Fig. 2. The upper diagram is the original hand drawn graph made by
Adrian in 1925. The middle diagram shows the frequency
of discharge of a single muscle spindle at various rates
of loading the muscle, showing effect of adaptation. Low-
er diagram shows frequency before, during and after load-
ing. (Adrian and Zotterman 1926a).
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overstatement and 20 years later I still met trained and skilled
physiologists who complained that they were not able to record the
impulses from single sensory fibers.

On the new year 1926 Adrian suggested that we should try to tap
off the optic nerve of the cat. It was a difficult task. I tried
hard to cut the thick nerve stem in small strips but none of these
finer strands worked when the eye was illuminated. So after a week
of negative results, Adrian decided to change over to the cutaneous
nerves of the cat. So at the end of January 1926 we started the
first electrophysiological work on the sensory functions of the
skin using the plantar nerves of the cat. Adrian, who was excep-
tionally handy, built up the stimulating apparatus himself using
odd tools in his large room (an oil dash pot (D) working on a series
of levers (L and L.) and a spring balance (S) (see Fig. 3).

It resulted 1n t%e discovery of rapidly ('touch™) and slowly
adapting ("pressure') mechanoreceptors.

Fig. 3. The upper diagram shows the digital nerve to plantar sur-
face of cat's foot. The lower diagram shows the stimu-
lating apparatus. (Adrian and Zotterman 1926b).
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Fig. 4. Diagram showing frequency with different rates of in-
crease of pressure on cat's pad. Every iImpulse counted.
(Adrian and Zotterman 1926b).

In 1927, when I returned to Stockholm from 2 years research
work in Cambridge and London, I started immediately to construct a
gadget enabling me to record impulses from single sensory fibers.
The old mechanic of the lab helped me to make a copy of Lucas's
apparatus for drawing fine glass tubes to make a capillary elec-
trometer. An old French microscope (the very instrument with which
Christian Lovén, in 1875, had discovered the taste buds of the
tongue) was adapted to it on an optic bench. The thermionic valves
available at that time were very strongly microphonic. I there-
fore had to build a special box shielded by heavy lead plates to
house the amplifier.

As soon as I got my recording set-up in order, I started to
lead off from tiny plantar nerves. When I touched the pads I got
good responses but to my great disappointment there was hardly any
response at all when I burned the pad with radiating heat, care-
fully avoiding any mechanical stimulation. I repeated my experi-
ments for months in 1927 -~ 28 with increasing amplification but
with no success. A burning stimulation leads to strong avoiding
reflexes and intense sensations of pain, and yet I saw hardly any
response at all from the nerve. How could this be? What a dilemma.



HOW IT STARTED: A PERSONAL REVIEW 1

Fig. 5. Edgar Douglas Adrian and Yngve Zotterman outside the
Physiology Lab of Karolinska Institutet during the 12th
International Congress of Physiology, Stockholm 1926.

It puzzled me for several years. Was it possible that pain was
mediated by means other than volleys of impulses in the nerve
fibers; or could it be that pain fibers conducted in the usual way
but gave too small spikes to be detected by the present recording
technique? I was more inclined to believe the latter alternative.
Then in 1929 at the International Congress of Physiology in Boston
Gasser and Erlanger demonstrated their discovery of very tiny non-
myelinated nerve fibers of very slow conduction (Class C). I
understood my failure, but I had no idea how to succeed. So I had
to turn to psychophysical experiments.
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Fig. 6. Reaction times for a needle prick on the hand while the
blood flow to the arm was arrested. Distribution chart
from exp. 5, see Table I. (Zotterman 1933).

I started to record the reaction time of the first and second
pain sensation. I found that the reaction time for the second
pain-- 1 - 2 sec.-- fitted in very well with the slow conduction
rate of only 0.3 to 1.0 m/sec of these non-myelinated C-fibers
which entered the dorsal horns, while the first pain could be
attributed to A 0-fibers with conduction rates below 30 m/sec.
Further, by inflating a cuff around the upper arm, arresting the
blood flow to the lower part of the arm, I found that touch and
pressure were lost after about 18 min while pain still could be
elicited; and this pain showed a reaction time of more than 1 sec
corresponding to the "second pain'”.

On the evidence I was able to write my doctoral thesis "Studies
in the Peripheral Nervous Mechanism of Pain" in the spring of 1933.
It was a very dramatic disputation, as I had disproved Torsten
Thunberg's idea about the two pain sensations in his doctoral
thesis in Uppsala 1900. Thunberg, who had succeeded great Pro-
fessor Magnus Blix at Lund was now the leading physiologist of
Sweden. I got the lowest possible points for a further university
career. DNevertheless, I found it a great turning point after
having hunted the pain fibers for six years.

Already in 1932 I had managed to get an iron-tongue oscillo-
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Table 1  Results from reaction time determinations during cuff
experiment.

| -
1 2 3 \ 4 ‘ 5 6 7
i |
| l i
i | Subject . . . . To-is 6 Tis—1y! 1 V18—19
M moz . 0298 0o 0476] 0% 31
\ Exo. 2 [ Subject . . . . . To—1s ¢  Tir—1s Tae—22l 1 vi7—18 v20—22
B S 1Y A . 0303 0061 0618 175 ’ 0.76 23 . 05
S s 2
|
Exo. 3 | Subject . . . .. To—13 @ iTlsqs Tig—m 1 vns-l:»} V1922
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i R |
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The interval between the moment when the needle reaches the
skin and the moment when impulses inducing the reaction of the sub-
ject reach the central nervous system, can be calculated for the
different periods taking a reasonable value for the afferent con-
duction time in the first long period of the compression experiment.
The value in question can be estimated by taking the velocity of
e.g. the touch fibers, vy = 50 m/sec, and by measuring the dis-

tance, 1, between the stimulated spot on the hand and the median
line at C8' Thus we obtain

T - 7, =+ — L.
8 v Vo
where T, is the mean of the observed reaction time for the first
period and T the mean for the following period. The calculated
conduction velocities for the afferent fibers involved are given
in columns 6 and 7 (Zotterman, 1933).
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Fig. 7. A. Microphoto of lingual nerve preparation. Magnification
940. Largest fibers measure 10 um in diameter. Alsheimer
Mann staining. B. Records from the same preparation
showing the ratio between the spike heights of cold and
touch fibers. The irregular response of small spikes is
due to the exposure of the cat's tongue to the air. The
four large spikes were charted by touching the tip of
the tongue with a fine brush. (Zotterman 1936)

scope made. It was a poor copy of Bryan Matthew's very useful
oscillograph but in 1934 I could exchange it to a cathode-ray
oscilloscope designed by Manfred von Ardenne, the great German
electronic engineer, who later designed the electronics for the
V. and V_, Hitler's rockets in World War II, and who later was
taken to"work for the Russians. It gave excellent recordings.
One day I found a paper by Johnson and Llewellyn in the Bell
Telephone Technical Bulletin. Its title was "Signal-to-Noise
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Ratio in Thermionic Valves". I shall never forget how thrilled I
was on realizing that this paper resolved the dilemma I had met
when trying to record impulses in the tiny C-fibers. I understood
that I had to make much thinner preparations than hitherto in order
to obtain a signal-to-noise ratio enabling me to record the spikes
of single C-fibers. Their spikes had previously been masked by the
noise level originating from the thermal agitation of the input
circuit. When I got a better amplifier with input valves with
lower internal noise to the cathode ray oscilloscope I was very
anxious to test whether my calculations would prove correct.
Leading off from a fine strand of the lingual nerve of the cat, I
was able to record not only from the smallest A-0 fibers mediating
cold and warmth (Fig. 7) but also from single C-fibers. These C-
spikes appeared as soon as a mechanical or thermal stimulus reached
the pain threshold (Fig. 8).

When further analyzing the response to different mechanical
stimuli, I found that a very light touch on the skin with a fine
brush elicited from the saphenous nerve of the cat volleys of very
small spikes most likely derived from small A g- and C-fibers,
particularly when the stimulus was repeated several times. These
fibers must end very superficially. If you scratch with your nails
the skin of your palm, you can produce a tickling sensation., Only
after about 15 min can you tickle the skin again when the fiber
endings have restored their extreme mechancreceptive property.

In 1936 my friend Olof Sjoqvist had returned from a few years
as house surgeon in the provinces to assist Herbert Olivecrona,
who pioneered brain surgery in Sweden. Sjogvist became very in-
terested in my pain research. One night I suggested that he should
consider how different nerve fibers run in the roots of the tri-
geminal nerve. Perhaps the small myelinated and the C-fibers run
in separate tracts in the brainstem as they do in the spinal cord.
He made fiber analyses of the trigeminal fibers and found that the
smaller fibers run in the bulbospinal tract (Fig. 12). Subsequent-
ly in 1937 he performed his first trigeminal tractotomies at the
level corresponding to the boundry between the caudal two-thirds
of the inferior olive. This produced a complete analgesia and
thermal anesthesia in the entire homo-lateral trigeminal area.

I had another interest in these cases. I managed to make a
sensory study of a few cases operated by Sjoqvist's tractotomy.
I asked them to shut their eyes. Then I touched the skin on the
lips and on the cheek on the operated side. They correctly re-
ported "yes" each time I touched the skin and even when I pricked
the skin with a needle, but reported no pain nor any response to
cold or warmth in contrast to the other side of the face. But
then I touched the patient slightly on the nose with a wisp of
cotton wool, his face twitched. "It tickles", he said. I applied



Fig. 8.

Y. ZOTTERMAN

A. Record from a lingual nerve preparation approximately
0.1 mm in diameter showing the effect of a drop of water
of 14° C upon the tip of the tongue. The moment of the
drop's impact is signalled by a large spike. Note the
following massive volley of smaller spikes elicited by the
cooling of the tip of the tongue. B. Record from the
same preparation showing to the left a short small volley
of low spikes elicited by a weak puff of air, which did
not cause any deformation of the surface followed by a
volley of large spikes due to the visible deformation of
the surface and a subsequent volley of small cold fiber
spikes when a strong puff of air is applied to the re-
ceptive field. C. Same preparation. To the left is an
irregular series of cold fiber spikes. The two large
spikes signal the moment of impact of a drop of water of
80°C falling upon the tongue. These are followed by a
volley of spikes slightly diphasic. Among these warm
fiber spikes are seen a specific type of spike of lower
height and a configuration which indicates a much slower
rate of conduction. Note that the cold spikes seen to the
left disappeared. When I let a drop of 80°C fall upon my
wn tongue I experienced a sensation of warmth accompanied
with a distinct burning sensation. D. This record shows
the effect of applying pressure on the tongue by a wooden
pin 1 mm in diameter. Observe how small diphasic spikes
gradually appear among the large spikes as the pressure
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Fig.

9.

is increased. E. Same preparation as in D showing the
effect of a continuous stream of water of 60°C upon the
tongue. The first small spike arrives in 0.36 sec after
the beginning of the stimulation. Note the identical
shape of these C-fiber spikes with those in D elicited by
hard, noxious stimulation. Squirting hot water like that
inhibited the response of the large myelinated mechano-
receptive fiber endings. The procedure caused a burning
sensation on my own tongue and complete numbness of the
surface of the tongue exposed. The numbness disappeared
generally in a few minutes as did the response of the
large myelinated fibers. Although the rate of conduction
of these spikes were not directly measured, there is no
doubt whatever that I recorded single C-fiber spikes.

Record from a single cold fiber from the lingual nerve of
the cat when applying drops of water at: A. 0°; B. 10°;
C. 20°; and D. 30°C. E. shows the effect of a very light
puff of air. (Zotterman, 1936).



Fig. 10.

Y. ZOTTERMAN

Records from the same preparations as in Fig. 9 showing
the effect of drops of water at: A. 50°; B. 60°; C. 70°;
and D. 80°C. Repeating the same experiment on my own
tongue. I found that a drop at 40°C was not felt as
warm; a drop at 50°C was always felt as warm. A drop at
70°C gave a faint burning sensation while a drop at 80°C
always gave a distinct burning sensation. (Zotterman,
1936)

the same stimulus to the operated side, and there was no twitching.
The patient correctly reported every touch and then said "It's
funny, I can't be tickled on this side of my face any longer." I
obtained identical results in other cases.

It became evident for me from these studies that the sensation
generally spoken of as touch cannot be due to a simple mechanism.
This was also in good agreement with subjective experience in that
touch produces different sensations in different parts of the skin,
and that quantitative changes in the strength of a mechanical stimu-
lus produce definite qualitative changes in sensation, indicating
different nervous mechanisms (Zotterman, 1939b). There has been
much debate ever since the days of Thunberg and Alrutz, 77 years
ago, whether tickle or itch is subserved by specific fibers separ-
ate from the "touch" and "pressure'" fibers -- RA and SA fibers.

I am personally inclined to agree with Alrutz (1901) that we have
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Fig. 11. (To be read from the right). All strips from one record
from a tiny strand of the saphenous nerve of the cat.
A. Shows the response of two A-§ fibers alone to a light
touch with cotton wool. B. The end of a very firm stroke.
C. A needle prick. D. Four sec later with the needle
still pressing on the skin with a constant pressure of
52 g. time 1/40 sec. (Zotterman, 1939%a)

specific endings for tickle in the skin.l In 1956 I received a
letter from Lord Adrian in which he writes that he is inclined to
accept my view '"but what is the function of itching and tickling
receptors’. '"Well", I replied, "if you enter a cow stable you will
see how the flies touching the skin elicit a continuous reflex
activity of tails and heads. You must picture how the sensory
mechanisms of the skin have developed during millions of years while
mammals as well as humans have been living in and fighting a world
of insects".

Finally I had reached what I had worked very hard for during 10
years. I kept on studying the behavior of cutaneous fibers but
they gave principally the same results as were described in my
paper of 1936, "Specific Impulses from the Lingual Nerve of the
Cat".

lalrutz suggested that the "second pain" is mediated by a dif-
ferent neural mechanism than "first pain', a theory which was
ardently rejected by Thunberg in his chapter in the German Handbook

of Physiology, 1905. I am anxious to mention this because it shows
once again that you should trust your introspective analysis.
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Fig. 12
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Fig. 12. A. Diagram and microphoto showing the diameter distribu-
tion of the myelinated fibers of the trigeminal motor root.
B. Diagram and microphoto of the fibers of the trigeminal
sensory root near pons. C. Diagram and distribution of
fibers in the bulbospinal trigeminal tract. (0. $joqvist,
1938).

Here I end my story on hunting pain fibers and other cutaneocus
fibers. The rest of the story from the 1940s up to date which has
brought such great advances to our knowledge of the behavior of
sensory cutaneous fibers of all categories from amphibians and mam-
mals to human beings, is largely due to the brillant contributions
of our gracious host Professor Dan Kenshalo and to many of his
guests at this symposium on "Sensory Functions of the Skin of Man'".
I wish you further luck in hunting this big game.

And now let me show the last photo I took of Edgar Douglas

Adrian in 1975 and let us honor the memory of our great master and
noble friend with a silent minute.

Fig. 13. My last photo of Lord Adrian taken on March 1, 1975, in
Cambridge. Lord Adrian was born on November 30, 1889,
in London and died in Cambridge on August 4, 1977.
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PSYCHOPHYSICAL AND NEUROPHYSIOLOGICAL METHODS TO STUDY PATIENTS
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A specific diagnosis is essential for the optimal management
and treatment of patients with somatosensory loss and/or dysesthesia.
The diagnostic need can be met by utilizing a number of techniques
from several disciplines. Recently developed methods have opened
up new possibilities to study and reexamine clinical syndromes
accompanied by sensory disturbances.

The aim of this paper is to focus interest on some old and new
techniques which can be used in a combined approach to study sen-
sory impairment following peripheral nerve lesions. In the investi-
gations to be described, previously used psychophysical methods
were integrated with new techniques for quantitative mechanical
and thermal skin stimulation. The electrophysiological examina-

tions included conventional neurography and electromyography.
Percutaneous microelectrode recordings from the peripheral nerves

(microneurography) were done in selected patients, since it was
believed that such explorations would contribute to our under-
standing of the underlying pathophysiology.

As an introduction to each main section below, some basic
findings obtained with the different techngiues will be briefly
described. The latter parts of the sections concern more recent
preliminary results found by using this multiple approach on
patients with sutured median nerves.

SOME GENERAL METHODOLOGICAL CONSIDERATIONS

The psychophysical methods and the techniques for quantitative
estimation of mechanical and thermal thresholds used have been ap-
plied repeatedly in normals and in patients with various neurological

23
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disorders. Since these procedures are safe, relatively simple to
perform, and not very time consuming they can be applied clinically
as routine screening methods in centers with basic technical and
medical facilities.

Conventionally used electromyographic and neurographic tech-
niques require some engineering aid and they also call for a cer-
tain skill and experience by the investigator executing the examina-
tions.

The microneurographic technique demands much more both in
terms of technical facilities available, and in terms of personal
qualifications of the investigator. A common situation during the
exploring procedure is that the microelectrode fails to record
neural activity although the electrode appears to be situated
within the nerve. This is most probably due to positioning of the
electrode tip in epineural tissue between the nerve fascicles

Fig. 1. Microphotographs of tranverse sections of the median nerve
at the wrist level with the silhouette of a microelec-
trode superimposed. Sections stained by eosin, Nerve
shrinkage estimated at about 20%. The approximate length
of the bare electrode tip is indicated schematically by
the phantoms. (Hagbarth, Hongell, and Hallin, 1970).
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as indicated in Fig. 1 (left). A thorough search for neural acti-
vities may be rewarding, however, since the electrode tip once with-
in a fascicle (Fig. 1, right) sometimes can pick up signals from
the full nerve fiber spectrum, including the thin unmyelinated C-
fibers (Fig. 2). Since the search for nerve activity sometimes
takes more than an hour, there is a risk of nerve fiber damage in-~
volved in the explorations. Even if shown to be small (Torebjork
and Hallin, 1978) this risk cannot be neglected. It must be con-
sidered as an ethical problem especially when recording from pa-
tients with manifest nerve lesions. The person executing these
nerve explorations should preferably have been trained in a labora-
tory where this technique has been in use for some time.

PSYCHOPHYSICAL METHODS FOR MEASUREMENTS OF TACTILE SENSITIVITY

There is a vast literature on psychophysical methods for study-
ing cutaneocus sensation in normal man (for references, see Marks,
1974; Stevens, S. S., 1957). Comparatively few investigators have
used quantitative measurements of mechanical stimuli to study skin
sensitivity in patients (Dyck, 1975; Verrillo and Ecker, 1977).
Recently, threshold amplitudes for passive touch were measured in
human glabrous skin using single mechanical pulses delivered to
the skin (Lindblom, 1974). Threshold functions have been in-
vestigated both in normals (Lindblom and Lindstrom, 19763 Vallbo
and Johansson, 1976) and in patients (Franzén and Lindblom, 1976;
Lindblom and Meyerson, 1975; Lindblom and Verrillo, 1978). The
threshold values for touch were of the order of 5 to 10 um in the
finger tips of normals, and the finger tips were all about equally
sensitive. More proximally in the hand the thresholds were higher,
which in part might reflect anatomical differences in receptor
density, the palm being less densely innervated than the finger tips
(Johansson and Vallbo, 1976; Vallbo and Johansson, 1976). Patho-
logically low threshold values for touch have been found in pa-
tients with hyperalgesia (Lindblom, 1978).

Patients previously subjected to a complete traumatic uni-
lateral cut of the median nerve at the wrist have been studied with
different modes of mechanical stimulation. The investigations were
performed several years after nerve suture. The patients were all
somewhat handicapped by their nerve lesions and displayed a variety
of sensory disturbances. Fine motor control in the hand was im-
paired and routine electromyography revealed a reduced number of
motor units in some of the intrinsic muscles of the injured hand.

Conventional neurological screening methods for sensory examin-
ations, such as light touch with cotton wool and pin pricking
(Moberg, 1958; 1962), revealed hyposensitivity in the skin of the
palm and fingers of the affected hand. Hypersensitivity in the
form of tingling and unpleasant paresthesias radiating into the
whole innervation area of the nerve was unmasked when testing with
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Fig.

2.
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Median nerve responses induced by intradermal electrical
shocks delivered at 0.5/sec to the volar aspect of the in-
dex finger 15.5 cm from the recording site. Electronic
averaging of 50 successive sweeps. To emphasize waves in
the records, individual dots in the computer display have
been joined by drawn lines. The left row shows parts of
the early A-fiber response, and the right row shows late

C deflections. The vertical interrupted line delimits

the extension of the early waves visualized in the left
row on displaying the response with long time base (right).
Horizontal scales indicate the conduction velocity in
m/sec for various components in the multifiber response.
A. On stimulation at the threshold for perception an
early response was just discernible from the noise but no
late waves appeared. B. When the stimulus was experi-
enced as a prickling sensation both early A and late C
waves were identified. C. On painful stimulation, addi-
tional components were recruited to the nerve response.
(Hallin and Torebjork, 1973)
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Fig. 3.

Magnitude estimation of tactile semsation by a patient with
8 year old sutured median nerve lesion. Stimulation with
single mechanical pulses of 50 Hz, Above and below are

the responses to stimulation of the finger pad of the
normal and injured hands, respectively. Abscissa: stimu-
lus amplitude in um of skin indentation, logarithmic

scale. Ordinate: numberical subjective estimates, linear
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scale. Filled circles indicate stimulation of index fin-
ger pad, open circles stimulation of thenar eminence.
Sensation thresholds on normal and abnormal side, re-
spectively: finger pad, 6 and 26 um; thenar eminence,

28 and 46 um. Note graded intensity function on both
sides but steeper on sutured side.

strong mechanical or noxious skin stimuli. As previously shown
(Franzén and Lindblom,1976), and exemplified by the quantitative
testing visualized in Fig. 3, the threshold for single mechanical
pulses was generally raised on the affected side. The supra-
threshold intensity functions were smoothly graded on both the
normal (Fig. 3-top) and the injured side (Fig. 3-bottom), the only
difference being a steeper slope in the hand with defective sensi-
tivity.

These findings indicate that the innervation of a hand many
years after median nerve suture, although not adequate for normal
tactile sensibility, still may be sufficient for discriminating
some types of mechanical stimuli.

QUANTITATIVE ESTIMATIONS OF THERMAL THRESHOLDS

A previously used psychophysical research method to study
temperature sensitivity (Kenshalo and Scott, 1966) was recently
improved to enable relatively simple measurements of warm, cold,
cold pain and heat pain thresholds in patients (Fruhstorfer,
Lindblom, and Schmidt, 1976). The stimulator used consists of semi-
conductor junctions operating on the Peltier principle. A current
passing through the thermally buffered device produces a tempera-
ture difference between its two sides. Depending on the direction
of the current, the stimulated skin surface can be either warmed
or cooled with great accuracy. This method of testing thermal
sensibility has been applied both to normals and to patients with
various neurological disorders (Fruhstorfer, Goldberg, and Lindblom,
19763 Lindblom and Verrillo, 1978). Normally, the thermal thresholds
vary regionally and among individuals, whereas intraindividual deter-
minations are more stable provided that the perceptive criteria of
the subjects are unchanged. A comparison of the normal data with
values obtained in patients with uremia neuropathy indicates that,
in particular, the difference in warm and cold thresholds, the
warm-cold difference limen, is a relatively sensitive parameter to
distinguish between normal and pathological thermosensitivity
(Fruhstorfer, Goldberg, and Lindblom, 1976).
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Fig. 4. Marstock record from same patient as illustrated in Fig.
3 showing in °C, estimated warm and cold detection thres-
holds, levels of unpleasant and painful cold, and of heat
pain. Note increase of warm detection threshold and high-
er level of cold pain (cold "hyperalgesia"), but retained
heat pain level on sutured side.

In cases of median nerve lesions, the above finding was con-
firmed, as illustrated in Fig. 4. In comparison with the normal
values in the left hand the warm threshold on the sutured side, as
well as the tactile thresholds (Fig. 3), were still raised eight
years after the nerve suture. Interestingly, this patient also had
a pathological celd pain threshold on the affected side whereas the
heat pain threshold was within the normal range.

The results of the previously discussed psychophysical testing
with mechanical stimull agreed with the impression from the clinical
examination in indicating marked sensory disturbances in the affec-
ted hand of the patient. The outcome of the quantitative thermal
tests added additional information in suggesting a deficit of the
thermal sensibility as well. The results are indicative of in-
complete and abnormal regeneration of the sutured nerve. As will
be shown below the sensory loss can be further evaluated by neuro-
physiological investigations of the functions of the regenerated
nerves.
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CLINICAL NEUROPHYSIOLOGICAL INVESTIGATIONS
Conventional Neurography

In studies of peripheral sensory nerve function in man,
electric skin nerve shocks are often used to elicit nerual activity,
which can be recorded as compound potentials with macroelectrodes
placed proximally near the nerve trunk (Buchthal and Rosenfalck,
1966; Dawson, 1956; Dawson and Scott, 19493 Eichler, 1937). This
method permits recording of synchronized volleys in myelinated fibers
and has been used by many investigators in clinical diagnostic work.

In the patients with sutured nerves who had been previously
tested psychophysically, we performed conventional median nerve
neurography bilaterally to get objective measurements of the func-
tion of the various digital nerves. Ring electrodes were placed
around each individual finger for stimulating the digital nerves as
described by Buchthal and Rosenfalck (1966). The recording surface
electrode was positioned on the skin overlying the median nerve
proximal to the site of injury. As expected the potentials re-
corded from the digital nerves in the injured hand had lower am-
plitudes and longer durations than on the normal side, suggesting
a decreased number and reduced conduction velocities of myelinated
fibers. The pathological changes in the neural responses were
most pronounced in the digital nerves that supplied the skin areas
where the subjective sensory loss was greatest. In this context it
might be worth mentioning that Almgvist and Eeg-Olofsson (1970)
found no correlation between two-point discrimination (as test for
skin sensibility) and conduction velocity when examining skin sen-
sation in patients with sutured nerves.

Microneurography

Percutaneously inserted tungsten microelectrodes permit re-
cording of sensory impulses from intact human peripheral nerves
(Hagbarth, Hongell, and Hallin, 1870; Vallbo and Hagbarth, 1968)
either as multiunit or as single unit activity. When multiunit
activity is recorded the electrode has passed partly or completely
into a fascicle where it selectively picks up signals from intact
fibers within this particular fascicle (Fig. 1). Single unit activity
is derived from individual nerve fibers which are often damaged by
the electrode tip. In skin nerves Hallin and Torebjdrk (19703 1973)
and Torebjdrk and Hallin (19703 1973; 1974) demonstrated that this
technique permits recording of both multiunit and single unit
activity derived from the entire spectrum of nerve fibers (Fig. 2)
including the thin, unmyelinated C-fibers.
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Fig.

5.

Examples of receptive fields encountered in normals (A)
and in patients with sutured median nerves (B). C. Re-
sponses of a SA II afferent with a receptive field in re-
innervated skin to stretching of the skin around the nail
in dorsal-volar direction. On the top is the actual re-
sponse of the unit and on the bottom the instantaneous
firing frequency. The duration of the stretch is indi-
cated with a bar under the record of the firing frequency

Multiunit activity was recorded with microelectrodes from

the patients' median nerves proximal to the site of the injury.
Normally the fascicular median nerve receptive fields, as tested
with brief touch stimuli, are contiguous and more or less corres-
pond to the innervation zone of one digital nerve, as shown in

Fig. 5A.

By contrast, in two of the patients explored so far we

repeatedly cbserved patchy types of receptive fields with inner-
vation zones distributed in 3 or Y4 different areas on several
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fingers and the palm (Fig. 5B). In a few cases unitary activity
was recorded in the sutured nerve but so far only one afferent unit
has been reliably classified. This unit showed a regular static
spontaneous discharge of around 10 imp/sec in the absence of in-
tentional stimuli. Its receptive field was located in reinnervated
skin near the nail on the index finger. The unit responded in a
slowly adapting manner. It showed a substantial increase in dis-
charge frequency, up to a maximum of about 40 imp/sec, when the
skin near the nail was stretched in volar-dorsal direction (Fig.
5C). Upon release of the skin stretch there was a short pause in
the firing until, after a few seconds, the spontaneous unitary fir-
ing was resumed at the previous rate. The unit was identified as

a slowly adapting Type II unit (Iggo, 1966) and its overall re-
sponse characteristics suggested that its behavior most probably
did not notably differ from that of a normal afferent of this type.

The outcome of the psychophysical tests performed on the
patient group with sutured nerves are in accordance with the neuro-
graphic data described above in suggesting a deficient median nerve
reinnervation after conventional nerve suture in man. The findings
derived from the few microelectrode explorations done so far in
sutured nerves go further and may indicate that the organization of
the nerve fascicles in such nerves is pathological. In spite of
this at least some cutaneous receptors in reinnervated skin appear
to acquire virtually normal firing characteristics, agreeing with
previous observations on regenerated cutaneous afferents in the cat
(Burgess and Horch, 1973). The preliminary data described demon-
strate that it is possible to study the firing characteristics of
single regenerated sensory afferents in man.

COMMENTS

Conditions with sensory disturbances are common in clinical
neurology. As shown here, an analysis of such syndromes with a
whole battery of tests may give new detailed information concerning
the underlying pathophysiclogy. As an example we present data
from patients with sutured peripheral nerves, but the techniques
can be used for investigation of other types of patients as well.
This multiple approach is of interest from both the clinical and
basic neurophysiological points of view and may eventually have
therapeutic implications in elective cases.
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DISCUSSION

DR. TOREBJORK: Your Fig. 5C illustrates some of the drawbacks with
the microneurographic technique in clinical studies. It has the
obvious advantage that one can record activity from the entire

nerve fiber spectrum including the thinnest fibers which, for ex-
ample, you cannot do with the Buchthal method (Buchthal & Rosenfalck,
1966). But it has the drawback that it is perhaps too selective.

A single unit can dominate the recording, as in this case which is
taken from the median nerve (Hallin & Torebjdrk, 1974), and you may
see that a single fiber, with conduction velocity of 17 m/sec, is
actually dominating the recording at the threshold for perception.
One can see it all the time when one increases the stimulus inten-
sity. It is very difficult, then, to use this method in order to
estimate the absolute numbers of fibers from which a record is made.
All that can be said is that there are fibers of different types,
but it cannot be used to count the number of fibers.

DR. LINDBLOM: I quite agree. That is an important point that one
cannot conclude too much from single unit studies. The whole fiber
spectrum can only be studied with biopsy. This is done sometimes,
but in the median nerve patients biopsies are not possible for
ethical reasons.

DR. HENSEL: You have shown a picture of the response of an SA II
fiber and I would like to know if you have done any experiments
with thermal stimulation as well.

DR. LINDBLOM: No, we have not.

DR. ZOTTERMAN: Does anyone know the reason why the C fibers re-
generate so much quicker than the myelinated fibers?

DR. LINDBLOM: No, it is very difficult to explain. It is an old
observation that C fiber functions recover much quicker then the
coarse fiber functions.

DR. FRANZEN: Just a short comment to our previous study (Franzén &
Lindblom, 1976). I think the reason we got a good fit the last
time was that we had a shorter stimulus range. Here, however, when
one gets close to threshold the function deviates from a straight
line in a log-log plot, and is what we found also, because some of
the functions can be corrected by an additive constant.

DR. VERRILLO: I have a question about this figure (Fig. 3). This
is for one subject?

DR. LINDBLOM: Yes, this is one subject. Two samples of data were
obtained, the filled points are from the finger pad and the open
circles are from the thenar. It shows that the finger tips and
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the thenar behave similarly, although the threshold is a bit
higher on the thenar.

DR. VERRILLO: I am a little surprised that you got the same slope
from the finger pad and the thenar eminence with your conditionms.

DR. LINDBLOM: So am I, but, nevertheless, with our conditions we
got it. It is possible that one would get a separation between the
functions for the thenar eminence and the finger tip, if one were
to make a very careful study in normal subjects where one had
plenty of time and could make several trials.

DR. VERRILLO: Because our studies on the finger pad and the
thenar eminence show the steeper slope for the latter, we said it
was because of the denser innervation of the finger tip. Do you
agree with that?

DR. STEVENS: As you said, Dr. Lindblom, hypoesthesias usually
appear in measurements of threshold and hyperesthesias at supra-
threshold levels. I thought you might be interested in one
apparent exception to that rule. A colleague of mine at the
Pierce Foundation, Dr. Linda Bartoshuk, has studied thresholds and
suprathresholds responses to taste in patients who are undergoing
radiation therapy. What typically happened was that after
radiation, suprathreshold responses remain greatly depressed long
after the thresholds had recovered. That may be the only example
in the entire nervous system of a phenomenon like that, but it is
interesting to know that it can occur, and I think that it
underscores your own apparent conviction that it is important to
look at suprathreshold magnitudes as well as at the threshold.

DR. LINDBLOM: It is very interesting to hear.
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PRECISION AND AMBIGUITY IN CODING VIBROTACTILE INFORMATION

Ove Franzén
Department of Psychology, University of Uppsala

Erik Torebjdrk, Department of Clinical Neurophysiology,
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In diagnosing a disease palpation and percussion carried out
by the hand depends among other things, on its great vibrotactile
sensibility (pallaethesia). Helen Keller has also witnessed about
the importance of somesthesis:..." I perceive countless vibrations.
By placing my hand on a person's lips and throat, I gain an idea of
many specific vibrations...™".

Mechanoreception through the skin can be described as touch,
pressure and vibration. As stimuli, touch is transient, pressure
static and vibration intermittent deformation of the integument.
Tickling elicited by light mechanical stimuli as e.g., a stroke
with a piece of cotton-wool is considered a separate sub-sense as
we have learned from Zotterman's pioneering work (1939).

The receptor apparatus for touch, pressure and vibration is
assumed to be partly separate, partly shared. Velocity-sensitive
receptors that respond to tactile stimuli are located both in glab-
rous and hairy skin as well as in subcutaneous and deeper tissue
(Montagna, 1960; Quilliam, 1966). Certain receptors are rapidly
adapting (RA) whereas others are slow in that respect. The latter
may contribute to the sensation of pressure.

Input-output characteristics of the RA receptors have been
studied under pulse stimulation or linear deformation in combination
with psychophysical measurements (Franzén and Lindblom, 1976) and
the PC receptors under sinusocidal stimulation (Sato, 1961; Lindblom
and Lund, 1966; Talbot, Darian-Smith, Kornhuber, and Mountcastle,
1968). The steady discharge from slowly adapting endings has been
explored by means of static deformation of variable force and amp-
litude (Knibest®dl, 1975; Werner and Mountcastle, 1965).

39
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In the middle of the sixties there was still much debate about
the process underlying the perception of mechanical vibration be-
cause some psychophysical results seemed to be in conflict with the
neurophysiological finding (Lindblom, 1966, pp. 158-163). However,
Franzén (1965) pointed out that vibratory stimulation produces a
U-shaped threshold curve as a function of frequency with a minimum
in the neighborhood of 250 Hz and that isolated Pacinian corpuscles
also have best tuning frequencies at about 250 Hz (Sato, 1961).

The two sets of data show striking similarities. It was also noted
that the behavior of the Pacinian corpuscles cannot singly explain
the characteristics of the whole threshold curve. The same comments
were made by Verrillo (1966) in his discussion of a duplex mechanism
of vibrotaction.

An important contribution to this issue was made by Talbot et
al. (1968) in their psychophysical threshold studies on humans and
electrophysiological recordings from mechanoreceptive afferents
in primates. The dual mechanism of vibrotaction of the hand is so
far best understood in terms of the intracutaneously leocated
Meissner receptors and the subcutaneously located Pacinian re-
ceptors.

The purpose of the present study is to fill a gap between re-
ceptor function and perception at liminal and supraliminal levels
of stimulation by a combined use of psychophysical methods and a
single unit recording technique in humans and, specifically, to
understand the mechanisms by which the two fundamental dimensions
of intensity and frequency are coded in an unambiguous fashion.

CODING OF INTENSITY
Psychophysics

Procedures of modern psychophysics to establish scales of sub-
jective magnitude fall mainly into two classes: indirect and
direct methods (Torgerson, 1958; Marks, 1974). In our experiments
the direct method of magnitude estimation developed by S. S. Stevens
(1957) was employed to determine the form of the psychophysical
functions for vibratory sinusoidal stimuli applied to the finger
tip. The signals varied in both intensity and frequency. The task
of the observer was to assign numbers to each stimulus in such a
way that the numbers corresponded to his impressions. The method
is of course based on the possibly strong assumption that the num-
ber continuum is proportional to sensory experience. With a stan-
dard stimulus prescribed by the experimenter a sensory ratio be-
tween subjective magnitudes can be assessed. For further details
see Franzen (1969).

The average estimates for a group of six subjects were computed
and plotted in logarithmic coordinates (Fig. 1). For these ranges



CODING VIBROTACTILE INFORMATION 41

Fig. 1. Intensity functions for vibratory stimulation of different
frequencies. (Franzén, 1969)

of displacement amplitudes the data approximate straight lines in-
dicating that the scales are well described by power functions of
the form R=cA” where R is the subjective magnitude, ¢ is the multi-
plicative constant (related to the unit of measurement), A is the
displacement amplitude and n is the exponent. For the four fre-
quencies examined ~ 50, 100, 150 and 250 Hz - the best fitting
power functions describing the relationship between the subjective
and physical intensity were as follows:

Ceny . a0.95
Ry, = 0.11 * A
R100 = 0.35 - 4081
R150 _ 1 1o, ,0.70

) . ,0.58
Rygp = 2:04 * A

Growth rate is clearly a linear function of the stimulus raised to
a power. The psychophysical exponent and the multiplicative con-
stant depend on stimulation frequency i.e. the higher the frequency
the flatter is the log-log function. The parameters of this family
of functions are plotted in semi-logarithmic coordinates (Fig. 2)
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Fig. 2. Th% constants of the psychophysical power function, R =
cA”, in Fig. 1 plotted in semi-logarithmic coordinates.

where the inverse relation between the constants of the power
functions is best summarized by a function of the form, n = a -
0.28 log c. Similar relationships can be derived for other sense
modalities (e.g. Stevens and Stevens, 1963; Franzén and Berkley,
1975).

Detection threshold examined for frequencies above the flutter
range (> 40 Hz) (Talbot et al., 1968) exhibited its well-established
dependency on frequency (Fig. 3). The average tuning curve for a
sample of Pacinian afferents innervating the glabrous skin of the
monkey hand (Talbot et al., 1968) is displayed in the same graph.

As was noted above the multiplicative constant of the psychophysi-
cal power functions that is related to the unit of measurement
covered quite one log as do the threshold data. A most interest-
ing relationship is therefore observed in Fig. 3 namely, that the
reciprocal of this constant runs almost parallel to the perceptual
and neurophysiological thresholds. Thus, the subjective magnitude
estimation function for frequencies between 50 to 250 Hz is directly
reflected in the response characteristics of Pacinian afferents,

in all likelihood subserving the vibratory sensation.

If we slice horizontally the magnitude functions in Fig. 1 a
family of equal-vibness curves could be mapped as shown in Fig. 4.

These curves are very similar to two curves obtained by Goff
(1859) and confirmed in an extended matching study carried out by
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Fig. 3. Comparison of neural and perceptual threshold functions and
the reciprocal of the multiplicative constant of the psy-
chophysical power functions for four different frequencies.
a) squares represent the average tuning curve for primate
Pacinian afferents (replotted from Talbot et al., 1968).

b) triangles represent the inverse of the multiplicative
constant (c) of the power functions in Fig. 1.

c) circles represent detection threshold as a function of
frequency for the same subjects as in Fig. 1.

The displacement amplitude is specified in microns RMS.

Ross and reported by Stevens (1968). All these data taken together
indicate that we are dealing with genuine perceptual phenomena.

The vibrotactile functions bear also a resemblance to analogous
curves in audition (Kingsbury, 1927; Fletcher and Munson, 1933)
suggesting that similar underlying mechanisms may be operative in
the two senses.

Single Unit Activity in Pacinian Afferents

Because of the good agreement between the psychophysical and
electrophysiological observations presented in Fig. 3 we will
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Fig. 4. Equal-vibness contours derived from the magnitude func-
tions in Fig. 1. {(Franzen, 1969).

concentrate our interest on Pacinian receptors in what follows.

Single fiber recordings were made from median nerve fascicles
10 cm proximal to the elbow. Tungsten electrodes with a shaft
diameter of 0.2 mm and a tip of 1-5 microns were used (Hagbarth and
Vallbo, 19673 Vallbo and Hagbarth, 1968). The signals were ampli-
fied by an AC preamplifier and recorded on magnetic tape for later
analysis of the experimental data. Half-wave rectified sinusoids
from a waveform generator energized a vibrator mounted on a stand
that allowed the delivery of pulses to almost any area of the palm
of the hand. The waveform and duration of the pulses can be seen
in Fig. 5 and 7. The stimulator probe had a diameter of 2 mm.
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During our search for Pacinian afferents we could confirm the
existence of the four different types of mechanoreceptive afferents
that were first shown by Knibestol and Vallbo (1970). The Pacinian
receptors which are rarely found are recognized by their receptive
field characteristics: large field with indistinct borders and one
single sensitivity maximum and absence of steady discharge at con-
stant skin indentation. The discharge of Pacinian fibers was en-
trained by the stimulus up to 250 pps for a stimulus duration of
at least one second which was the longest duration in the psycho-
physical experiments. The conduction velocity for these fibers
ranged between 25-U45 m/sec. In these measurements &’ step skin
indentation was used to determine the latency. This way of
measuring conduction velocity presumably leads to an underestima-
tion of the real velocity since transduction time is not known and
consequently cannot be subtracted.

In Fig. 5 it is seen that the fiber discharges on all-or-
nothing spike per cycle and that no change in the synchronous im-
pulse pattern takes place with increasing intensity although this
increment in amplitude was accompanied by a clear change in sub-
jective intensity. Double discharges were occasionally observed
for this particular frequency (50 Hz). At higher rates (200 Hz)
this observation was never made.

Since the transducer mechanism transmits effectively the
stimulus frequency but saturates at low intensity levels, the mag-
nitude of the vibratory stimulus (50 - 250 Hz) is signalled to the
brain by progressive recruitment of PC receptors. Thus, the sub-
jective impression is based on the integrated peripheral activity.
A direct comparison between the integrated receptor potential re-
corded from the human olfactory mucosa and sensory experience has

B
S ANn SSNJNAN

Fig. 5. Single unit activity from a PC fiber innervating the glab-
rous skin of the hand. Stimulation frequency 50 Hz,
Indentation amplitude: A,50um; B,100um. Lower trace
shows the waveform of the stimulus.
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been made by Franzén, Osterhammel, Terkildsen, and Zilstorff,
(1970) who found a close correspondence between the two sets of
measurements. The sensitivity of the Pacinian system seems to de-
termine the rate at which the neural elements are recruited and
consequently the form of the supraliminal functions for the fre-
quencies investigated. This mechanism is suggestive of recent ob-
servations on the Intensity functions in patients with peripheral
nerve lesions (Franzén and Lindblom,1976). Furthermore, the point
of convergence of the subjective magnitude functions is thus inter-
preted as that intensity level at which the same number of re-
ceptors are excited independently of the carrier frequency of the
vibratory stimulus.

CODING OF FREQUENCY

What precision has the perceptual pathway in a frequency dis-
crimination task and what constitutes the code for vibratory pitch?

Psychophysics

Half-wave rectified sinusoids of 2 msec duration were applied
to the finger-tip. By using trains of short mechanical pulses in-
stead of sinusoids and thus removing any ambiguity as to the time
of application of the stimulus, measurements of frequency discrimin-
ation could be extended down to 1 Hz. An added advantage to short
pulses in preference to sinusoids was to eliminate a possible source
of variation in the presentation of the vibratory stimulus. The
subject was asked to match pairs of pulse frequency between 1 and
256 Hz. The standard frequency set by the experimenter was sep-
arated by a silent interval of 0.4 msec from that under the sub-
ject's control. Thus, the subject had to adjust the frequency of
the comparison stimulus to produce a subjective match with the
standard. Each of the six subjects made 20 settings per frequency.

A timer determined the interval between the two pulses of the pulse
train corresponding to the setting. For further details see
Franzén and Nordmark (1975).

The estimation of frequency for mechanical pulses delivered
at rates of 1 to 4 per second is obviously based on time interval
measurements. We assume, however, that the same time mechanism
is operative over the whole frequency range. It seems therefore
logical to represent the standard and comparison stimuli in the
time domain as is done in Fig. 6. Although the percept changes as
frequency is changed from the lowest pulse rates to that range in
which the pulse trains elicit a sensation of vibratory pitch, the
match between the input and output data is excellent as indicated
by the nice fit of a straight line of unit slope. (Pulse frequency
of 1 to 256 Hz correspond to 1000 to 3.91 msec in the time domain).
The central detector appears to reproduce faithfully the stimulus
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Fig. 6. Standard intervals plotted against comparison intervals
corresponding to 1 to 256 Hz.

event. Also, an almost perfect neural replica of the input must be
stored in the sensory register for at least 1 sec in order to attain
the precision suggested by the matchings.

Electrophysiplogical Recordings from Paciniform Receptors.

Two Paciniform receptors were held long enough to study the
impulse pattern for several frequencies between 1 to 250 pps cover-
ing a nearly identical range as used in the matching experiments.

A sample of records is presented in Fig. 7. It is evident from
Fig. 8 that the average impulse interval of the primary afferents
is proportional to the cycle length of the stimulus. Inspection
of Fig. 6 and Fig. 8 leads to the simple conclusion that the cen-
tral detector works with a precision that almost mirrors the input
from the peripheral mechanoreceptive fibers.

Within the projection area of the hand represented in S I,
Mountcastle, Talbot, Sakata, and Hyvarinen (1969) recorded from
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Fig. 7. Unitary responses evoked by vibratory stimuli at A 30 Hz,
B 50 Hz, C 100 Hz, D 200 Hz. Indentation amplitude 50 um.
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Fig. 8. Cycle time (corresponding to 1 to 250 Hz) plotted against
average impulse interval for two PC afferents.
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individual neurones in unanaesthetized monkeys. Periodic signals
elicited in Pacinian fibers did not appear in the discharge pattern
of "Pacinian" cortical neurones in response to cutaneous vibrations
above 100 Hz. The lack of periodicity in the cortical discharges
following high-frequency stimulation is obviously at variance with
the precision by which subjects can discriminate frequencies over
100 Hz as has already been shown. These observations could be in-
terpreted as though frequency discriminations are mediated by sub-
cortical mechanisms (Franzén and Nordmark, 1975).

Uncertainty in the Estimates of Stimulus Period.

In equating the frequency of the standard and comparison pulse
trains a method of adjustment was employed. The arithmetic mean of
the subject's settings provided a measure of the point of sub-
jective equality (PSE). If a temporal mechanism is at work, we
would except the standard deviation of the time distribution of the
PSE values for each frequency to decrease as a function of fre-
quency. Differential sensitivity (difference limen) conforms
approximately to the simplest form of Weber's law since the major-
ity of the points fall on a straight line with a slope of about
-1.0 (Fig. 9). The standard deviations decrease from 22.5 msec
at 1 pps to 0.1 msec at 256 pps.

Analysis of Peripheral Jitter

To what extent can the uncertainty in the subject's estimates
of the pulse intervals be understood in terms of peripheral jitter?
By using short mechanical pulses presumably all mechanoreceptive
elements are activated at the lower stimulus rates which could 