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INTRODUCTION

Hyperalgesia may be defined as a state of in-
creased intensity of pain sensation induced by
either noxious or ordinarily non-noxious stimula-
tion of peripheral tissue. Hyperalgesia occurs in
both superficial and deep tissues, in areas with
pain thresholds that are normal, lowered or raised
(1, 2). As seen at the bedside there are ap-
parently several varieties of hyperalgesia, and few
clinical phenomena are more difficult to under-
stand and to evaluate. The literature on the sub-
ject includes work of a distinguished roster of
investigators (3-8). As a result of these studies
two classes of hyperalgesia have been loosely for-
mulated, namely, that occurring at the site of in-
jury, and that associated with the injury but oc-
curring in undamaged tissue. Failure to outline
clearly the characteristics of these two varieties
of hyperalgesia has resulted in a controversy as
regards the alterations responsible for the hyper-
algesia occurring in undamaged tissue. One group
holds that this hyperalgesia is attributable to
changes in the periphery, whereas the other main-
tains that changes in the central nervous system
are responsible. Due to the lack of quantitative
methods of measuring perception, progress has
been slow in clarifying an understanding of the
underlying mechanisms.

This communication is concerned primarily
with that cutaneous hyperalgesia occurring in un-
damaged tissues adjacent to and at some distance
from the site of an injury or a site of noxious
stimulation.

SUBJECTSANDMETHODS

The subjects for these experiments were for the most
part the three authors, but also included from time to
time were 10 other trained observers and 10 women who
were being investigated for patency of the Fallopian tubes.

The methods used depended on the nature of the ques-
tion asked, and include many of the technics used by
Lewis and others for producing and studying experi-

mental hyperalgesia. Hyperalgesia was induced on the
volar surface of the forearm by the following means:

a) Ultraviolet light from a lamp was applied for 11
minutes at a distance of 20 cm. over an area of skin 4
cm. by 6 cm.

b) High intensity thermal radiation (440 to 500 mc./
sec./cm.2 for six to ten seconds) was applied on an area
of skin 1.5 cm. in diameter which had been previously
blackened with India ink.

c) A small area (approximately 3 cm.') of skin was
infiltrated with procaine, 1%. When anesthesia had de-
veloped the skin was stimulated with faradic current at
24 volts for ten minutes.

d) An anterior branch of the external cutaneous nerve
was located by light stimulation with faradic current.
The nerve was then stimulated at this point through the
skin by faradic current at 24 volts for two minutes.

e) A small area of skin was crushed by means of for-
ceps.

If) Three-tenths of a cc. of 6% saline was injected into
the intraspinous ligament.

g) Ten women, patients of the Sterility Clinic of the
New York Hospital, volunteered to be studied. Follow-
ing insufflation of the Fallopian tubes with CO2 there
frequently developed a hyperalgesia and referred pain in
the shoulder area, as a result of the escape of CO. into
the peritoneal cavity and irritation of the peritoneum
over the central portion of the diaphragm.

h) In two of the authors there was the opportunity of
observing spontaneous hyperalgesias, one associated with
an infection in the ear and the other with an injury of the
back.

i) Histamine was iontophoresed into a 3 cm.' area of
skin on the volar surface of the forearm at a current of
0.25-0.6 volts for ten minutes.

The following methods were employed for the study of
hyperalgesic skin areas:

a) The occurrence and area of hyperalgesia were as-
certained by lightly tapping the skin with a pin attached
to a stick 14 cm. in length.

b) The pain threshold was ascertained by focussing
radiant energy from a 500 watt bulb onto the blackened
skin of the subject through a shutter regulated to open
for three seconds (9). The amount of heat in milli-
calories per second per square centimeter of skin required
to evoke the first perceptible sensation of pricking pain
was measured. Pain thresholds to mechanical stimulation
were also ascertained by the use of calibrated von Frey
hairs.
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c) Altered sensibility to thermal radiation of hyper-
algesic skin was ascertained by exposing the blackened
areas of skin to thermal radiation above the pain thresh-
old, and comparing the resultant pain with that induced
by the same stimulus in control areas. This measure-
ment is based upon previous observation that there are 21
discriminable steps in pain intensity between pain thresh-
old and ceiling intensity of pain (10). The latter is that
intensity of pain beyond which additional amounts of
stimulus evoke no further increase in the intensity of pain
sensation. Two of these discriminable steps of pain
intensity have been called a "dol," and there are thus
about ten dols in the scale of pain intensities.

d) Altered sensibility to mechanical stimulation was
ascertained by means of von Frey hairs. Pain induced
by light mechanical stimulation in areas of hyperalgesia
was compared to that in control areas.

OBSERVATIONSON THE CHARACTERISTICS OF

HYPERALGESIADEVELOPEDAT THE SITE

OF INJURY (PRIMARY HYPERALGESIA)

Pain thresholds and pain sensibility were ascer-
tained on both forearms after which areas 4 by
6 cm. on the right forearm (of three subjects in
seven series of observations) were irradiated with
ultraviolet light. Four to five hours afte: the
exposure, sharply defined areas of erythema and
hyperalgesia became evident, increased in inten-
sity during the next 24 hours, and thereafter sub-
sided gradually.

Twenty-four hours after the irradiation (see
arm on right, Figure 1) the pain thresholds meas-
ured in the erythematous areas were half what
they had been before exposure. Thus, whereas
220 mc./sec./cm.2 elicited threshold pain in con-

FIG. 1. ILLUSTRATING DIFFERENCE IN LOCALIZATION
OF PRIMARY HYPERALGESIA (CROSS LINED AREAs-SITES
OF INJURY) AND SECONDARYHYPERALGESIA (LmT) IN
ADJACENT UNDAMAGEDTISSUE
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trol areas, pain threshold was lowered to 110 mc.
in the erythematous areas; Also, ordinarily non-
noxious stimuli such as resulted from stroking the
skin with blunt objects, pressure of the sleeve, or
contact with warm water caused the subjects to
complain of burning pain. Furthermore, as seen
in Figure 2, pain sensibility in this area was al-
tered. A stimulus intensity of 220 mc. which be-
fore exposure to the ultraviolet light induced
threshold pain now induced a pain of 4 dol in-
tensity. Since 1 dol of pain represents two dis-
tinguishable steps in pain intensity, this may be
said to be an eight-fold increase in "sensibility."
Similar changes in pain threshold and sensibility
were observed in sites of tissue damage resulting
from faradic current, crushing with forceps, and
high intensity thermal stimulation.

Comment. Here, as in the experiments of
Schumacher et al. ( 11 ), in areas of injury induced
by ultraviolet rays the pain threshold was lowered
to about half that of control areas. It has been
postulated that in such injured areas the products
of injury or "pain substance" have been liberated
from damaged cells, thus lowering the threshold
by altering the chemical environment of the nerve
endings in the skin.

Tissue injury and the "products of tissue dam-
age" do not inevitably result in lowering of the
pain threshold and a zone of primary hyperalgesia.
Furthermore, many instances of such "tissue dam-
age" never result in secondary hyperalgesia.
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NATUREOF HYPERALGESIA

Thus Hardy and associates (2) have been able to
demonstrate that many dermatological patients
with a variety of skin lesions do not exhibit lower-
ing of the pain threshold. It is necessary to infer
that the products of injury repeatedly mentioned
in this thesis, which result in lowering of pain
threshold in the zone of primary hyperalgesia are
specific and in no sense the inevitable accompani-
ments of tissue damage.

The above described experiments focus atten-
tion on the essential characteristics of primary
hyperalgesia. These are:

1) Sharply defined identical areas of erythema
and hyperalgesia. In Figure 1 on the right is
shown the hyperalgesia following ultraviolet ir-
radiation. The areas of the burn, the erythema
and the primary hyperalgesia are identical.

2) A lowered pain threshold occurred in the
area of primary hyperalgesia resulting in an in-
creased sensitivity to ordinarily non-noxious
stimuli.

3) Primary hyperalgesia disappears gradually

as healing proceeds, and may indeed in some in-
stances be detectable for several weeks following
injury.

OBSERVATIONSON THE CHARACTERISTICS OF HY-

PERALGESIA IN UNDAMAGEDSKIN AREASAT A

DISTANCE FROMA SITE OF SKIN INJURY
(SECONDARYHYPERALGESIA)

A. Production of secondary hyperalgesia
Observation 1

In 36 series of observations on three subjects
and in three observations on a fourth subject, the
forearms were injured by exposure to thermal
radiation. A 10 dol pain was experienced during
the latter three seconds of the exposure. In the
ensuing 10-15 minutes a bleb became evident at
the site of injury. Gradually there developed an
area in which pin prick was experienced as
sharper and longer lasting than in surrounding
areas. This zone of secondary hyperalgesia spread
itself over the volar surface of the forearm in a
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INJURY

117

.1

4

c
3
I



JAMES D. HARDY, HAROLDG. WOLFF, AND HELEN GOODELL

tongue-shaped area, much more proximally than
distally. It reached its maximum extent of 8 to
20 cm. proximally, 2 to 5 cm. distally, and 5 to
10 cm. laterally (at its greatest width) in approxi-
mately 15 to 60 minutes, thus to remain for vary-
ing periods of two to 48 hours. The development
of a typical area of secondary hyperalgesia follow-
ing a burn is shown in Figure 3(A).

Characteristically the hyperalgesia which devel-
oped from a skin injury on the volar surface of
the middle forearm was that of a tongue-shaped
island which was developed eccentrically from the
site of the injury. Distal development was slower,
and was first to disappear as the hyperalgesia
receded. Lateral spread was also slower than
proximal. Grossly the shape of the hyperalgesia
was the shape of the forearm, the wider portion
corresponding to the wider portion of the ex-
tremity. (The hyperalgesic zones corresponded
in general with the segmental dermatomes de-
scribed by Foerster [12, 13], by Head [14], by
Richter [15], and recently by Keegan [16].)

Following thermal irradiation of equal intensity
and duration producing apparently equal injuries
there was a marked variability in the rate of de-
velopment and increased sensibility of the zones
of secondary hyperalgesia. When injuries were
made in close proximity, the rate of development
of the hyperalgesia was faster, and the "increased
sensibility" more marked, than occurred as the
result of one injury. Thus in broad terms the
area, speed of development, intensity and duration
of hyperalgesia were greater when tissue damage
was greater.

The secondary hyperalgesia disappeared spon-
taneously at varying times following skin injury
from burning but in no instance lasted more than
48 hours, whereas primary hyperalgesia (tender-
ness at the site of injury) persisted for several
weeks until the healing process was completed.

Whether the stimulus used to cause skin injury
was thermal radiation, faradic current, or pinching
by forceps, the hyperalgesia that developed was
essentially similar to that described above. More
than 400 series of observations on such experi-
mentally induced secondary hyperalgesia have
been made, and facts concerning onset, speed of
development and area of hyperalgesia were in
complete accord with the observations made by
Lewis (7, 8, 17).

Comment. In 1936 Sir Thomas Lewis put for-
ward the hypothesis that the hyperalgesias that
we have termed primary and secondary hyperal-
gesia have a common origin, i.e., the release of a
stable pain substance in the tissues in close prox-
imity to the pain fiber terminations, resulting in
lowering of the pain threshold.

B. Pain threshold and pain sensibility in areas of
secondary hyperalgesia

Observation 1
Pain threshold to thermal stimulation

Over 200 measurements of pain threshold were
made by the radiant heat method in areas of sec-
ondary hyperalgesia. The hyperalgesic areas so
studied were associated with experimentally in-
duced skin injuries and deep noxious stimulation,
as well as with infections and injuries in patients.
Control observations of pain threshold were made
in adjacent and contralateral areas of skin. These
pain thresholds were observed to be the same in
every instance although threshold pain in the areas
of secondary hyperalgesia was experienced as
more intense and longer lasting than threshold
pain in control areas.

Comment. These observations are in agreement
with previous measurements of the pain threshold
by the thermal radiation method (1), but they are
in apparent contradiction to the general observa-
tion that light touch stimuli can evoke pain in zones
of hyperalgesia.

This latter observation has led many observers
in the past to believe that the threshold for pain in
zones of secondary hyperalgesia must be lowered.

Indeed, in our own experiments, drawing a
wisp of cotton across the hyperalgesic area gave
rise to a vivid sensation of touch commingled with
pain. Also, pin pricks were perceived as much
sharper and longer lasting than in control areas.
Nevertheless the pain threshold to thermal stim-
uli was unaltered in zones of secondary hyperal-
gesia. These observations indicated the necessity
for quantitative comparisons of thermal and me-
chanical stimulation for evoking minimal pain
sensation.

Observation 2
Pain threshold to mechanical stimulation

In ten series of observations on three subjects
calibrated von Frey hairs were used to test the
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skin on the volar surface of the forearms. An
area of secondary hyperalgesia was induced in one
arm, and the other arm was used as a control. The
force required to elicit minimal sensation in the
control arm was found to be 0.9 to 1.3 gm. The
sensation elicited was light touch, with pricking
pain also occurring in at least 10% of the trials.
In the zone of hyperalgesia no sensation was elic-
ited by a force less than 0.9 gm. However, prick-
ing pain was elicited in every trial in which any
sensation was evoked and this sensation was more
intense and was longer lasting than on the con-
trol arm.

Comment. It is concluded that in normal skin
the thresholds for touch and for pain from me-
chanical stimulation closely approximate each
other; in accord with the older observations of
von Frey (18) and the more recent studies of
Bishop (19). Furthermore, the pain threshold
from mechanical stimulation is not lowered in
areas of secondary hyperalgesia. However, in
areas of secondary hyperalgesia threshold pain
is more intense and thus more easily recognized
than in control areas. As will be shown later, a
threshold pain in an hyperalgesic area is more than
twice as intense as in a control area. Thus, the
evidence regarding the unaltered pain thresholds
in zones of secondary hyperalgesia for both me-
chanical and thermal stimulation is in agreement.
The inference of earlier observers that pain
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threshold in zones of secondary hyperalgesia must
be lowered, resulted from a confusion of two in-
dependent entities, i.e., pain threshold and pain
sensibility. As pointed out previously, in areas
of primary hyperalgesia these two entities are
predictably and inversely related, i.e., as pain
threshold is lowered pain sensibility is increased
and vice versa. However, this relationship can-
not be assumed to apply to secondary hyperal-
gesia and indeed has been demonstrated to be ab-
sent, i.e., in areas of secondary hyperalgesia pain
sensibility may be much increased with no change
in pain threshold.

Observation 3

Altered sensibility of pain from mechanical stimu-
lation in areas of secondary hyperalgesia.

Using calibrated von Frey hairs in the manner
described, the sensations evoked in normal and
hyperalgesic skin areas were compared. A given
number of reports of sensation in a given number
of stimulus trials, i.e., 10 out of 20, was used arbi-
trarily as a basis of comparison.

Typical experimental results are shown in
Figure 4. Pain sensation was evoked in hyperal-
gesic areas in 10 out of 20 trials by a length of
von Frey hair exerting approximately 1 gm. of
force. It required 2 gm. of force on the control
arm to evoke an equivalent intensity of sensation.

SUBJECTS W G H W G H W G H H
CONTROL I BURN 2 BURNS 3 BURNS

FIG. 4. SENSIBILITY TO MECHANICAL STIMULATION OF AREAS OF SECONDARY
HYPERALGESIAFOLLOWINGONE, TWOANDTHREETHERMALINJURIES, ON THE VOLAR
SURFACEOF THE FoREARM
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Fifty minutes after the first injury had been
made to induce hyperalgesia, the skin was burned
a second time, 5 cm. proximal to the first burn.
When tested with von Frey hairs 10 minutes later
the skin in the analogous zones (of hyperalgesia)
was found to require in the normal arm 8-10
times the force to elicit the same intensity of pain
as was produced by 1 gm. of force in the hyperal-
gesic area.

In one subject a third burn was made in the al-
ready hyperalgesic zone approximately midway be-
tween the first two burns. Testing of the hyper-
algesia 20 minutes later did not reveal any further
increase in required force on the control arm be-
yond that which was needed following the two
burns.

Comment. These observations demonstrate
that a stimulus when applied to hyperalgesic skin
causes a more intense pain than when applied to
control areas of skin. Also, pain evoked by von

Frey hairs in hyperalgesic zones has a character-
istic burning persistent quality. Two to ten fold
increase in a mechanical stimulus intensity is re-

quired on the control skin to evoke a comparable
intensity of sensation to that elicited on the hyper-
algesic skin. This evidence demonstrates an in-
creased pain sensibility in the hyperalgesic areas

as compared to control areas.

When the hyperalgesia was striking, the above
described features were evident with stimuli at or

only slightly above threshold. On the other hand,
when hyperalgesia was slight, contrasts with con-

trol areas were evident only with painful stimuli
of moderately high intensity.

Observation 4

Increased "sensibility" of pain in deep structures
associated with skin injury

It was noted while the second and third injuries
were being produced that not only was a burning
sensation in the zone of skin injury experienced
but as well a deep ache extending to the elbow and
shoulder. The skin pain subsided rapidly after
the burns were produced but four minutes later
the subjects complained of aching sensations in
the wrist, and in the ulnar side of the hand as well
as in the shoulder.

Twelve minutes after the injuries the subjects
noted that the entire arm felt "sore" from the

wrist to the elbow. Fifteen minutes later they ob-
served that when the arm was held immobile no

sensation was experienced. When, however, the
wrist was flexed they experienced pain of a deep
aching quality and of 1 dol intensity in the entire
forearm from wrist to elbow. Furthermore, there
was a brief pain of 2 to 4 dol intensity experienced
as the wrist was extended and before relaxation
was complete. With immobilization spontaneous
pain was again absent.

Whenhyperalgesic areas were stimulated by pin
prick as far away as 15 to 20 cm. from the site of
skin injury, it was repeatedly observed that pain
in the injured skin when present was intensified,
and if absent, could be revived.

Observation 5

Altered sensibility from thermal stimulation of hy-
peralgesic skin

The exploration of the phenomenon of increased
sensibility in zones of hyperalgesia is more satis-
factory and accurate quantitatively with thermal
stimulation than with touch, particularly as the
intensity of the sensations evoked by thermal radi-
ation can be compared on the dol scale of pain.
The following data are taken from a series of 29
observations in four subjects.

In areas of experimentally induced secondary
hyperalgesia on the forearm it was found that al-
though the pain threshold was unchanged a stimu-
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lus of 280 mc. which induced 3 dol pain on the
control arm induced pain of more than 6 dols in the
hyperalgesic zone (Figure 5). Also, applying
thermal stimulation simultaneously to both hyper-
algesic and control areas, it required a stimulus
intensity of 360 mc. on the control side to elicit an
intensity of pain, i.e., 6½ dols, equal to that evoked
by a 280 mc. stimulus in the hyperalgesic zone.

Comment. Although the "sensibility" as ex-
pressed in dols of pain is more than doubled in the
hyperalgesic zone, the energy increase in the stim-
ulus from 280 mc. to 360 mc. is only as 1: 1.25.

The ratio of stimulus intensities is a convenient
means of expressing threshold changes (9) but
it is not necessarily characteristic of sensory re-
sponses to supraliminal stimuli. The term "sensi-
tivity" is generally understood to refer to the
capability of the organism to respond to minimal
stimulation and is measured in terms of the physi-
cal energy of the stimulus. Therefore "sensitivity"
is reserved for threshold changes and should not
be confused with sensory responses to stimuli
above the threshold. It is basic to an understand-
ing of hyperalgesic phenomena to clearly differ-
entiate changes of pain threshold from changes in
the appreciation of pain intensity, because these
factors are not necessarily interdependent although
they may both lead to the same apparent end, for
example, tenderness in superficial, deep somatic
and visceral tissues. It is suggested that the term
"sensibility" as defined by Webster's unabridged
dictionary, "capability of appreciating change,"
connotes the changes above threshold. In a given
painful stimulus the skin of the hyperalgesic area
gives rise to a more intense pain than does the skin
of the control area whether the areas be tested with
mechanical or thermal stimuli. This phenomenon
represents an increased sensibility which for quan-
titative purposes can be defined as the ratio of the
intensity of sensation evoked in the hyperalgesic
area to that elicited by the same stimulus in con-
trol areas. Sensitivity, on the other hand, refers
to the stimulus intensity evoking minimal sensa-
tion. Comparison of sensitivities can be expressed
as the ratio of threshold stimulus intensity in a
control area as compared to any other.

In the experiments using thermal radiation it
was possible to compare the pain sensation in dols
evoked by a given stimulus intensity in hyperal-
gesic and control areas (10). The "sensibility"

thus observed in hyperalgesic areas was more than
twice that of control areas.

The experiments with the von Frey hairs and
with the pin prick stimulus agree with the esti-
mations of sensibility made with the thermal radi-
ation technic, i.e., an increase of several fold in in-
tensity of sensation was appreciated when mov-
ing the hair or pin from control areas to hyperal-
gesic areas.

An important characteristic of secondary hy-
peralgesia is increased pain sensibility with a nor-
mal pain threshold.

C. Development of secondary hyperalgesia

It has been proposed by Lewis (7, 8) and
others (20) that the liberation in the skin of a
"P" substance resulted in erythema, lowering of
the pain threshold and secondary hyperalgesia.

Observation 1

Development following iontophoresis of histamine
In three series of experiments on three subjects

histamine phosphate was iontophoresed into the
skin on the volar surface of the forearm. A wheal
3 cm. in diameter was produced, and a flare 9 cm.
by 8 cm. (see Figure 6). It was also noted that
an area of secondary hyperalgesia developed 10
cm. proximal and 5 cm. distal to the wheal. Pain
threshold measurements were made in the area
of the wheal, and in four areas adjacent to the
wheal within the zone of erythema (Figure 6).
The pain threshold in the area of the wheal was
155 to 180 mc./sec./cm2. and in the areas of ery-
thema, 210 to 230 mc./sec./cm2. The area of the
wheal, having a lowered pain threshold, was an
area of primary hyperalgesia, and the area of the
flare, although hyperalgesic, had a normal, or
slightly raised pain threshold. A stimulus evok-
ing 4 to 5 dol pain in normal control areas of skin,
elicited a 6 to 7 dol pain throughout the area of
secondary hyperalgesia, whether the skin was
erythematous or not. This represented an in-
crease of 2 dols in pain sensibility.

During faradic stimulation over a sensory nerve
on the volar surface of the forearm a zone of "goose
flesh" and sweating averaging 7 by 4 cm. develops.
Immediately following stimulation this zone be-
comes erythematous and is usually contained
within the area of secondary hyperalgesia which
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tPERALGESIA

FIG. 6. ZONESOF SECONDARYHYPERALGESIAAND ERYTHEMASURROUNDING
A WHEALPRODUCEDBY IONTOPHORESISOF HISTAMINE PHOSPHATE

subsequently develops. In a series of three ex-
periments on three subjects the pain threshold
was measured in several areas in the zones of ery-
thema following faradic stimulation. The thresh-
olds in all instances were observed to be normal
or slightly raised.

Comment. In these experiments, the zone of
secondary hyperalgesia contained the flare area,
and there was no lowering of the pain threshold
either in the flare, or in the more distant parts of
the hyperalgesic zone. Thus, it must be concluded
that there is no relation between the pain thresh-
old and the axone reflex as evidenced by the pres-
ence of a flare. Furthermore, since increased pain
sensibility was present throughout the zone of
secondary hyperalgesia which included the area
of reflex flare it cannot be assumed that this reflex
activity is alone responsible for the hyperalgesia.

It is to be noted that the pain threshold is
lowered in the area of the wheal. Thus the pres-
ence of an irritant substance such as histamine in
the skin, induces a local primary hyperalgesia,
associated with a secondary hyperalgesia in adja-
cent skin areas.

In an effort to demonstrate the release of a pain
substance Lewis stimulated a cutaneous nerve dis-
tal to a procaine block of this nerve, under which
circumstance he expected the elaboration of pain
substance in the distribution of the nerve. He re-
ported that immediately upon disappearance of
the analgesic action of the procaine, hyperalgesia
appeared full-blown. Stimulation of the nerve

proximal to the block was reported to evoke no
hyperalgesia and this was attributed to the fact
that no pain substance had been released by a pos-
tulated system of "nocifensor" fibers. As these
experiments of Lewis (7, 8, 17) were among the
most important supporting his concept of such a
"nocifensor" system, it seemed important to re-
peat them, paying particular attention to sensations
elicited in the distribution of the cutaneous nerve
following its stimulation through the skin.

Observation 2

Hypoalgesia following faradic stimulation of cu-
taneous nerve

It was repeatedly observed immediately follow-
ing faradic stimulation for two minutes directly
over a cutaneous sensory nerve, that a zone of
hypoalgesia to pin prick extended for 10 to 15 cm.
distal to the point stimulated, in the distribution
of the nerve. In six series of experiments in three
subjects the pain threshold to thermal radiation
was found to be raised as much as 35%o in this
zone for as long as 30-60 minutes following stimu-
lation. Also, mechanical and thermal stimuli above
the pain threshold were appreciated as less intense
than in control areas. However, an area of second-
ary hyperalgesia developed about the site of stimu-
lation in the usual way, extending more proximally
than distally and overlapping the distribution of the
cutaneous nerve but slightly. (See Figure 7 in
which the broken lines outline the region of hy-
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FIG. 7. ZONES OF HYPOALGESIA (BROKcEN LINES)
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Observation 3

Development of hyperalgesia following stimulation
of cutaneous nerve distal to nerve block

Lewis' experiments with nerve block have been
repeated. The results of these experiments are
shown in Figure 8. In the first instance the cutane-
ous nerve was blocked at NB, 1 cm. distal to the
point of stimulation in six experiments in two sub-
jects. The broken line indicates the zone of anes-
thesia resulting from the procaine infiltration
about the nerve. The nerve was stimulated by
faradic current for two minutes at S. The devel-
opment of hyperalgesia progressed as shown, and
when the effects of the procaine were dissipated,
extended for 5 cm. distal to the point of stimu-
lation.

In B the nerve was similarly infiltrated with pro-
caine at NB and stimulated 3 cm. proximally in
six experiments in two subjects. The hyperal-
gesia developed as shown, again with a distal ex-
tension of approximately 5 cm., but this time over-
lapping the previously anesthetic zone by only
about 2 cm.

IMINUTES

26

1 CM. PROXIMAL 3 CMS. PROXIMAL 4 CMS. DISTAL
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FIG. 8. DEVELOPMENTOF SECONDARYHYPERALGESIA (SOLID LINES) FOLLOWING FARADIC
STIMULATION OF A CUTANEOUSNERVEPROXIMAL AND DISTAL TO NERVE BLOCK (ANESTHETIC
A.RA, BROKENLINES)
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Comment. These observations demonstrate that
the hyperalgesia occurring after faradic stimulation
of a cutaneous nerve develops in the same manner
about the point of stimulation, as it does about any

other skin injury. The only difference is that
longer faradic stimulation is required if the point
of stimulation is not over a nerve, indicating that
the tissues about the nerve are more easily dam-
aged. Indeed in the distribution of the cutaneous
nerve hypoalgesia was observed which is pre-

sumably due to a temporary depression of nerve

function as the result of such damage.

Observation 4
In six series of experiments on two subjects the

cutaneous sensory nerve was blocked at NB and
the previously delineated nerve was stimulated 4
cm. distally. No sensation was appreciated during
stimulation. As sensation in the anesthetic zone

began to return hyperalgesia developed, but much
more slowly (Figure 8, C). In these experiments
as long as 90 minutes were required for the full
development of the hyperalgesia, as contrasted to
15-30 minutes in other experiments without pro-

caine block.
Comment. These results are in keeping with

the findings of Lewis (7, 8, 17) and ourselves re-

garding the rate of development of hyperalgesia
in anesthetized areas. The time required for full
development depends upon the duration of the
anesthesia and the hyperalgesia does not begin to
develop until after the effects of the procaine have
been dissipated. Lewis, on the other hand, re-

ports two experiments in which a full blown hy-
peralgesia occurs 16 minutes after faradic stimula-
tion of a nerve distal to a block which had been
made with procaine 25 minutes before. It is sug-

gested that Lewis' results are indicative of the
fact that he stimulated nerve fibers which were

not completely blocked, especially as he reported
sensations of "local tingling" during stimulation.
The evidence thus presented indicates that Lewis'
experiments cannot be considered crucial in re-

spect to the liberation of a substance in the periph-
ery as they admit of other explanations.

In short these experiments involving stimulation
of nerve fibers demonstrate that the ensuing hy-
peralgesia does not depend in most instances upon
the effects of stimulation of the fibers of passage
in the nerve trunks. Indeed, to the extent to which

these nerve trunks are injured by the noxious
stimulation, hypoalgesia rather than hyperalgesia
is exhibited in the skin supplied by these fibers.
Thus, the resultant changes in peripheral sensa-

tion are a combination of the effects of procaine
and of nerve injury and are far more complicated
than Lewis conceived of when he designed the
experiment.

Although Lewis uses the experiments of Foer-
ster (12) in stimulating the distal stump of a sec-

tioned sensory nerve and the production of pain
in support of the hypothesis of nocifensor nerves,

it has been observed by Pool (21) that stimulation
of fibrous remains of a nerve eight months after
section also causes burning pain in the general
distribution of the sectioned nerve. Thus it is
clear that fibers of passage in the distal stump are

not necessary to the production of the described
pain. It is likely that the fibrous distal remnant
of the sectioned nerve and the blood vessels within
or surrounding it are supplied by twigs from adja-
cent intracutaneous sensory nerves and that the
latter are responsible for the sensation experi-
enced and referred to the denervated tissue.

Observation 5

Secondary hyperalgesia resulting from prolonged
minimally painful or non-painful stimulation of
the skin

The skin was exposed to thermal radiation in an

area of 1.5 cm.2 and with a stimulus intensity
sufficient to induce no more than threshold to 1
dol pain (See Figure 9). In order to maintain
the pain at 1 dol it was necessary to alter the stim-
ulus intensity constantly. The adjacent area of
skin was repeatedly tested with pin pricks, in
order to detect the development and define the
spread of hyperalgesia. It was first clearly evi-
dent at seven minutes (see A, Figure 9) and con-

tinued to increase in size and intensity during 21
minutes (see C, Figure 9). At this time the hy-
peralgesia had extended 10 cm. proximally and 5
cm. distally and was approximately of the same ex-

tent as occurs after a first or second degree burn.
With termination of the stimulation the hyper-
algesia receded at an exceedingly rapid rate and
could be no longer detected within a few seconds
(point D, Figure 9). There was no obvious
change in the appearance of the skin, with the
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FIG. 9. DEVELOPMENTOF SECONDARYHYPERALGESIA DURING PROLONGEDMINIMALLY PAIN-
FUL (LEFT) AND NON-PAINFUL (RIGHT) STIMULATION

exception of a slight erythema at the site of the
application of the stimulus.

Observation 6

In three series of experiments on three subjects
it was possible to demonstrate that prolonged
thermal irradiation of 50 to 60 mc. intensity in-
sufficiently strong to induce pain sensation was

none the less capable of evoking a hyperalgesia.
The sensation resulting from the stimulation was

that of intense heat and occasional short lived
itching.

In one series of experiments the total duration
of stimulation was 20 minutes; in the second
series it was 40 minutes. At the end of 20 min-
utes, two of the three subjects were able to define
a narrow zone of hyperalgesia adjacent to the
site of noxious stimulation. The hyperalgesic area

did not exceed 4 cm. in its longest axis and was

dissipated at once when stimulation ended. The
stimulated area of skin exhibited slight erythema
which lasted for several minutes. At the end of
40 minutes of such stimulation the hyperalgesic

area extended 10 cm. in its longest axis and was

4 to 6 cm. wide. This also was dissipated within
two minutes after stimulation ended. An area of
erythema 3 cm. in diameter remained, indicating
that despite the absence of painful sensation there
had probably been slight tissue damage. Also, the
pain threshold in the stimulated area was lowered
15-20%o.

Comment. Some years ago the following ex-

periment was done (22): An area of secondary
hyperalgesia was produced on the skin of the left
cheek over the outer edge of the zygoma by plac-
ing under the left middle and inferior turbinates
a tampon soaked with an irritating "adrenalin"
(Parke, Davis & Co.) solution (1: 1000). The
pain threshold in the hyperalgesic area, as ascer-

tained by the thermal radiation technic, was not
lowered. Moreover, when the pain in the face
had been obliterated by placing procaine tampons
over the irritated surface of the nasal mucosa

almost immediately thereafter the hyperalgesia of
the skin was eliminated. In other words, the
hyperalgesia did not outlast the period of noxious
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stimulation. These observations concerning the
prompt and complete elimination of hyperalgesia
indicate the dependence of the secondary hyper-
algesia upon the connection of the irritated or in-
jured area with the central nervous system.

Another important demonstration of the latent
period in the development of hyperalgesia is seen
in the experiment to follow, using procaine to
interfere with afferent impulses from the periph-
ery. Thus when the skin has been injured in
an area which has been thoroughly anesthetized,
either by local infiltration of procaine or by nerve
block, and the skin in the vicinity has been re-
peatedly tested by pin prick for the development
of hyperalgesia, the hyperalgesia does not begin
to develop until "pin prick sensation" returns to
the procainized area. Secondly, the hyperalgesia
does not appear full-blown when its presence is
first detected, but instead is first noted close to
the injured area. It then gradually spreads after
the return of sensation to the area of injury in
the same manner as hyperalgesia develops fol-
lowing tissue damage without previous anesthe-
sia. Thirdly, the hyperalgesia thus fully devel-
oped may be promptly eliminated by again anes-
thetizing the injured area or by nerve block, only
to recur after the sensation is again reestablished
(Figure 10). The experimental evidence for
these inferences stem from the observations of
Lewis and the following experiments, represent-

ing a total of 22 series of observations on four
subjects.

Observation 7

The effects of procaine barriers upon the develop-
ment and properties of secondary hyperalgesia

A small area of skin was infiltrated with 1%
procaine, producing an anesthetized area of about
3 to 4 cm.2 after which an intense thermal stimulus
was applied to the center of this area. No sensa-
tion was perceived, although the skin was ob-
viously damaged and a bleb subsequently formed
at the site of injury. After about 12 minutes the
effects of the procaine began to subside, as could
be ascertained by repeated testing by tactile and
thermal stimulation. Spontaneous pain occurred
at no time, although after procaine effects sub-
sided the pain threshold in the injured area was
demonstrated to be markedly depressed. Under
these circumstances an area of hyperalgesia of
the skin adjacent to the injured area gradually
developed, requiring after the effects of the anes-
thetic had subsided the usual time for full develop-
ment of approximately 15 to 60 minutes depend-
ing in part on the severity of the injury. When
a marked hyperalgesia had developed procaine
was infiltrated intracutaneously. The hyper-
algesia rapidly dwindled in area, but a narrow
zone extending 2 to 3 cm. proximally persisted,

FIG. 10. EFFECTUPONSECONDARYHYPERALGESIAOF PROCAINEINFILTRATION AROUNDA NERVE
(NERVE BLOCK) PROXIMALTO THE SITE OF FARADIC STIMULATION OF A CUTANEOUSNERVE
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FIG. 1 1. EFFECTS ON SECONDARYHYPERALGESIA OF SUPERFICIAL AND DEEP IN-
FILTRATION OF THE SITE OF INJURY

even after superficial sensation in the injured area
was eliminated. Procaine was then infiltrated sub-
cutaneously and immediately all of the hyperalge-
sia disappeared. With dissipation of the procaine
effects, hyperalgesia redeveloped. Similar ob-
servations were made in a series of experiments
in which hyperalgesia followed injury by faradic
stimulation (See Figure 11) except that it was
necessary to infiltrate intramuscularly to a depth
of 14 mm. beneath the injury in order to elimi-
nate the hyperalgesia completely.

Comment; These experiments demonstrate that
when noxious impulses from the injured tissue are
completely barred from entering the central nerv-
ous system, hyperalgesia will be eliminated regard-
less of whether it resulted from nerve stimulation
or skin injury. However, partial blocking of neu-
ral pathways from the site of injury reduces the
size of the area of hyperalgesia but does not com-
pletely eliminate it. Thus, if the skin injury be
superficial, then intracutaneous infiltration of pro-
caine will eliminate the secondary hyperalgesia, but
if the injury is deep, then deep procainization is
required.

Lewis' conclusion to the contrary arose from

experiments in which he used faradic stimulation,
and in which his blocking technics, although in-
ducing surface analgesia, failed to completely
block noxious impulses from deeper underlying
structures which, injured by the faradic stimula-

FIG. 12. DIAGRAMMATICREPRESENTATIONOF THE RE-
LATIONSHIP OF A CENTRALEXCITATORY STATE TO CUTA-
NEOUSSECONDARYHYPERALGESIA
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tion, continued to give rise to noxious impulses.
The above experiments extend Lewis' observa-
tions and remove the necessity for assuming the
existence of a peripheral nocifensor system of
nerves.

It is inferred from these experiments that the
barrage of noxious impulses from the site of in-
jury develops in the cord a segmental central
excitatory state. Immediately upon barring the
flow of noxious impulses into the cord, some
process causes a rapid discharge of the excitatory
state (Figure 12). The character of this force is
not understood.

Observation 8

Development of hyperalgesia in relation to cir-
culation

To ascertain to what extent the development
or elimination of the hyperalgesia adjacent to skin
injury was modified by blood or lymph flow, the
following experiment was devised and performed
in seven series of observations in three subjects.
The blackened skin of the volar surface of the
forearm was injured by thermal radiation at 450

mc. for six seconds and a minute thereafter a
manometer cuff just above the elbow was in-
flated to 220 mm. Hg and thus left in place for
10 minutes, and then deflated. During the period
of occlusion of the circulation, the skin was re-
peatedly examined for hyperalgesia. It was ob-
served that the rate of development and the area
of hyperalgesia differed in no remarkable way
from that noted when the blood and lymph flow
were intact. Twenty-two minutes later when the
hyperalgesia was fully developed the cuff was
again inflated to 220 mm. Hg, thus to remain in
place for five minutes. During this five minute
period procainization of the lesion caused prompt
elimination of the hyperalgesia in a manner identi-
cal with that observed in other experiments when
the blood flow was intact (Figure 13).

In three additional experiments, tight elastic
bands were put in place around the arm 1 cm.
distal and 1 cm. proximal to the area of skin to be
injured, and one minute before injuring the skin
the manometer cuff was inflated to 200 mm. Hg.
Under these conditions no movement of sub-
stances from the injured area by lymph or blood
flow in deep or superficial vessels would be ex-
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pected. Following injury to the skin the sec-

ondary hyperalgesia developed in the usual man-

ner underneath and beyond the elastic bands so

that in 20 minutes a full area of 60 cm.2 was

established.
Comment. It is inferred from the observations
that humoral factors operate in no conspicuous
way in the mechanism of development of sec-

ondary hyperalgesia or in its elimination by pro-

caine block of the injured skin.

Observation 9

In two series of observations in two subjects
methylene blue was infiltrated into the area of
injured skin immediately after termination of the
thermal stimulation (460 mc.-six seconds). An
hour later when hyperalgesia was maximal, hav-
ing spread over an area of 60 cm.2, the dye had
not extended more than a few millimeters beyond
the periphery of the injury. The rate and extent
of diffusion of the dye into the skin adjacent to
the, injury and the development of the area of
hyperalgesia were in no way related.

Comment. It must be inferred from these ob-
servations that the secondary hyperalgesia is es-

sentially neural in origin rather than humoral.
These observations further support the thesis that
it is the persistence of noxious impulses from
peripheral tissue whether painful or non-painful
which effects the development of secondary hyper-

algesia. Furthermore, the maintenance of hyper-
algesia is dependent upon this sustained barrage
of afferent impulses.

Although the rate and area of development, and
duration of hyperalgesia depend upon the amount
of tissue damaged, there are peculiar temporal
aspects of the phenomenon which call for con-

sideration. Thus, regardless of the amount of
damage within the experimental range, the devel-
opment of hyperalgesia is not immediate. It
seems to require a lapse of minutes after injury
for the first manifestations to occur. As described
above, noxious stimulation of low intensity, pro-
ducing minimal tissue damage, produced hyper-
algesia only when the stimulation was sustained
for some time, that is, for at least 10 minutes. It
requires, physiologically speaking, a long time for
whatever process is involved to become estab-
lished, despite the fact that with cessation of
afferent impulses the hyperalgesia is abolished
within the space of time it takes to test it.

Observation 10

Hyperalgesia in the skin associated with deep
somatic noxious stimulation

Noxious stimulation of deep structures both
somatic and visceral was associated with deep pain
at the site of stimulation and deep as well as sur-

face hyperalgesia. Thus, 0.5 cc. of 6%o saline in-
jected into one side of the intraspinous ligament
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of the ninth dermatome in six experiments in
four subjects was associated with a building up

of an intense aching pain which spread into the
chest and abdomen and gradually subsided in the
subsequent three to five minutes. Each of the
four subjects made essentially similar observa-
tions. In approximately 10 minutes after the
initial injury there developed a surface hyper-
algesia in the corresponding dermatome. Hyper-
algesia was manifest by the fact that pin pricks
were experienced as sharper and longer lasting
than pricks of equal force in control areas on the
opposite side. The pain threshold to thermal
radiation remained unchanged. But, measured
thermal stimuli which produced 3 to 4 dol pains
respectively in control areas, produced 5 to 6 dol
pains in the hyperalgesic areas (Figure 14). It
was also reported by these subjects that the stimu-
lus resulting from drawing a wisp of absorbent
cotton across the hyperalgesic skin area produced
a more vivid touch sensation in the hyperalgesic
area than in control areas in corresponding der-
matomes on the opposite side of the back. In-
deed, in some regions the cotton also produced
pain. Hyperalgesia thus produced, differed in
no way from that which was secondary to the
skin injury.

Observation 11
Hyperalgesia was produced by stimulating vis-

ceral afferents with bubbles of CO2which accumu-

AREA OF

lated on the peritoneal surface of the diaphragm,
following Ruben's test on ten subjects. Under
these circumstances a deep pain was first ex-

perienced in the shoulder tip, to be followed soon

by an area of hyperalgesia which could be demon-
strated and roughly outlined as a circular area of
approximately 7 to 8 cm. in diameter, by testing
with pin prick. The hyperalgesia was usually on

one side, but occasionally on both. In the latter
case, suitable control areas in adjacent segments
were selected for comparison. It was found that
the thermal pain threshold was not lowered, but
that, as in secondary hyperalgesias induced by
other means and described above, the sensation
of pain at threshold was more intense and longer
lasting. Moreover, a stimulus producing a pain
of 4 dol intensity in control areas, produced pain
of 6 dol intensity in the hyperalgesic area (see
Figure 15).

Observation 12

Cutaneous hyperalgesia associated with an injury
A patient, following a minor back injury in

connection with a fall, complained of deep aching
pain of low intensity in the left flank at the costo-
vertebral angle. On testing with pin pricks, an

area of surface hyperalgesia approximately 8 cm.

in diameter on the left flank was defined. By
means of thermal radiation testing procedures
the pain threshold in the hyperalgesic and non-
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FIG. 16. DIMINUTION OF THE AREA OF SECONDARYHYPERALGESIA AFTER
REPEATEDPIN PRICKS WITHIN ITS BORDERS

hyperalgesic zones was found to be the same and
within normal limits. However, it was observed
that the thermal stimuli which produced 3, 4, and
6 dol pains on the control side, produced 6, 8,
and 9 dol pains respectively on the hyperalgesia
side.

Observation 13

Hyperalgesia associated -wit/i anl infection

A patient with a mild otitis media on the left'
complained of earache and tenderness to touch
and pressure on the scalp and about the ear in
an area supplied by sensory twigs from the fifth,
seventh, ninth and tenth cranial nerves and second
cervical nerve. When the area of tenderness was

examined with pin pricks, the latter felt sharper
and lasted longer than in adjacent non-tender
areas. Moreover, when the hyperalgesic area

was mechanically stimulated by tapping with the
finger or by gentle pressure, not only was local
tenderness evoked, but the pain from the inflam-
mation in the ear was markedly increased from
an intensity of 1 dol to 4 dols. The pain threshold
in the hlyperalgesic skin to thermal stimulation
was the same as that in control areas, although

pain sensibility was demonstrated to be two- to
three-fold greater than on the control side.

Comment. The experiments cited above demon-
strate that as regards the properties of cutaneous
hyperalgesia it makes little difference whether the
noxious source be from the skin, from deep so-

matic structures or from a viscus. If this identity
be accepted, a real advantage is gained, since the
study of surface hyperalgesia from skin injury is
generally more convenient, being simpler to create
experimentally and to manipulate. Hence, con-

sideration of surface hyperalgesia secondary to
skin injury is the focal point of this analysis.

D. Factors influencing secondary hyperalgesia

Observation 1

Diminution of the area of hyperalgesia zeith pin
prick

Hyperalgesia was produced in a series of 11 ex-

periments on eight subjects by faradic current ap-

plied over the anterior branch of the external cu-

taneous nerve. Subsequently the usual tongue
shaped area of hyperalgesia developed and the fol-
lowing procedure was then undertaken. The ex-
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treme proximal border having been defined by
pin pricks, the testing pin prick was then intro-
duced 3 cm. into the hyperalgesic area (A, Figure
16). Immediately the testing pin was reintroduced
beginning some distance proximal to the hyperal-
gesic zone and proceeding distally until the margin
of hyperalgesia was again well defined. This pro-
cedure took 10 seconds from the time that the
pricking began until the new border was defined
(A, Figure 16). It was noted that the border of
the hyperalgesic zone rapidly receded when the
skin within the zone was stimulated by pin pricks
(B and C, Figure 16). Each test procedure, sepa-
rated from the last by three minutes, revealed that
as one brought the pin prick within the hyperal-
gesic zone, the area of hyperalgesia became smaller
and smaller. However, it never completely disap-
peared as there always remained a zone approxi-
mately 3 to 4 cm. in diameter surrounding the in-
jured area. The peripheral hyperalgesia or that
most distal from the site of injury was more labile
and more readily dispelled by pin pricks in the
hyperalgesic zone. That nearest the site of in-
jury was far more stable and usually could not be
eliminated by this procedure. It took from one to
two minutes to reestablish itself after it had thus
dwindled. Also, and even more strikingly, when
the area within a diameter of 3 to 4 cm. from the
injured site was stimulated for 10 seconds, the
overall hyperalgesic zone greatly diminished, again
requiring from one to two minutes to reestablish
itself to its former borders (Figure 16).

Comment. The inference from this experiment
is that noxious stimulation in the hyperalgesic
area causes an immediate but temporary discharge
of a part of a central excitatory state. The re-
establishment of the previous extent of the hyper-
algesia in the skin is relatively slow, although in
the areas most adjacent to the injury hyperalgesia
either persists, or is reestablished immediately.
Thus of the entire neuron pool excited by noxious
impulses from the periphery, the neurons closest
to the involved peripheral afferents are excited
most easily and persistently, giving rise to per-
sistent hyperalgesia in the skin adjacent to the
injury. The neurons in the fringe of the pool are
less easily affected by the afferent barrage from
the initial site of injury and give rise to a more
labile hyperalgesic state.

Observation 2

Effect of temperatures and touch utponi secondary
hyperalgesia

Hyperalgesia was induced in three subjects by
faradic stimulation for two minutes over a cutane-
ous nerve. The hyperalgesic zone including the
site of injury was lightly sprayed with ethyl chlo-
ride at intervals of five to ten seconds for one
minute, following the procedure developed by
Travell (23, 24). Immediately there was a com-
plete elimination of the hyperalgesia for a period
of two to three minutes. Also, pin prick in the
formerly hyperalgesic area now was less sharp
than on the control arm. It is inferred from this
that a temporary hypoalgesia resulted from the lo-
cal cooling action of the ethyl chloride. causing the
disappearance of the hyperalgesia.

Cold water at 190 C. was poured over the hyper-
algesic and the injured areas for 30 seconds, and
again the hyperalgesia was temporarily eliminated
and a hypoalgesia induced. The action of the
cold water and the ethyl chloride spray were sim-
lar in all respects and therefore are assumed to re-
sult from the same effect, i.e., an hpesthesia of the
skin (Itle to cooling.

Water at 400 C. was poured over the hyperal-
gesic area for 30 seconds. This procedure not only
did not eliminate the hyperalgesia. but temporarily
increased its intensity. Since the warm water
was slightly painful at the site of injury although
not so in the area of secondary hyperalgesia, it is
inferred that the changes in the hyperalgesia re-
sulted from an increase in the barrage of noxious
impulses from. the site of injury, thus increasing
the intensity of the excitatory state.

Vigorous but not painful rubbing of the hyper-
algesic arm for 10 seconds, and for 20 seconds
also did not eliminate the hyperalgesia.

Gentle stroking of the hyperalgesic area with
cotton wool for 20 seconds induced an intense tickle
sensation but had no effect on the hyperalgesia.

Comminent. These observations are in keeping
with those of Travell and Rinzler (23, 24) as to
the effectiveness of the ethyl chloride spray, and
they point to the general conclusion that proce-
dures which increase the noxious stimulation at
the site of injury intensify hyperalgesia, whereas
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procedures decreasing the flow of noxious impulses
from the site of injury, or the associated secondary
hyperalgesia reduce or eliminate secondary hyper-
algesia.

Observation 3

In three subjects two skin injuries 6 cm. apart
were produced by thermal stimulation. Within
five to ten minutes extensive and very marked hy-
peralgesia had developed as had been previously
observed from two skin injuries. Sodium pento-
barbital 0.2 gm. was then administered by mouth.
The hyperalgesic zone persisted during the next
hour and a half. At that time 30 cc. of 95%o al-
cohol in 200 cc. of ice water was ingested. Al-
though the pain threshold was raised 35%c within
half an hour, painful stimuli were still perceived
as more intense in the hyperalgesic zone.

Commiiiient. In the amounts given in the above
experiments sodium pentobarbital and ethyl al-
cohol had no observable effect on secondary hyper-
algesia. However, the pain threshold was raised
35O% from which we infer that the central acting
analgesic had no selective action on the neuron
pool-concerned with the persistence of the hyper-
algesia.

E. Spatial sumnation of pain in areas of secondary
hyperalgesia

The increased pain "sensibility" in zones of
secondary hyperalgesia points to a summative ef-
fect of disturbances here with those arising from
the injured area. Thus a critical experiment is
that of ascertaining the presence or absence of
spatial summation in areas of hyperalgesic skin.

Two types of spatial summative effects can be
demonstrated for other sensations. They are: a)
the threshold may be lowered by stimulating a
larger area, as for example with temperature sen-
sation (25) and vision (26); b) the threshold
may not be lowered, but due to increased excita-
bility at a ganglion cell in the neural pathway, fa-
cilitation may occur giving rise to a more intense
effect for impulses that do reach the final com-
mon path as was demonstrated for vision by Hart-
line (27) and for motor function by Sherrington
(28).

Observation 1

Pain threshold vs. size of arca of secondary hyper-
algesic skin stimulated

An anterior branch of the cutaneous nerve was
stimulated with faradic current for two minutes
in three subjects in five series of experiments.
One hour later when areas of intense secondary
hyperalgesia could be identified by testing with
pin prick, the pain threshold therein was measured
by exposing skin areas of different sizes to the
thermal stimulation. Similar pain threshold meas-
urements were made in control areas of non-
hyperalgesic skin. The results of these tests are
shown in Table I. There is no evidence of lower-
ing of the pain threshold as the area stimulated is
increased either in the control or hyperalgesic
areas of skin.

TABLE I

Pain threshold measurements in various sized areas of hyper-
aigesic skin and control skin areas

Threshold stimulus intensity in millicalories per square
centimeter per second

Subject H Subject G Subject W

Area
exposed Hyper- Control Hyper- Control Hyper- Control

algesic algesic algesic area
ae araarea area area

0.19 215 200 208 170 265
1.20 200 190 209 170 200 205
3.46 216 225 227 225 221 215
7.10 213 225 220 225 205

10.0 218 221 214 221 216
28.3 216 226 220 221 193

Observation 2

Pain sensibility vs. size of area of secondary hy-
peralgesic skin stimulated
In order to observe whether spatial summation

above the pain threshold occurs, the following ex-
periments were carried out in 15 experiments on
three subjects. An area of hyperalgesic skin 1.2
cm.2 in size was exposed to a thermal stimulus
which induced a 3 to 4 dol pain. With the same
intensity of stimulus, an area of 10.0 cm.- in size
was exposed and the pain induced was reported to
be 4 to 5 dols intensity. These comparisons were
repeated in control areas and pain intensity was
reported the same for similarly increased areas
exposed.
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Comment. This evidence demonstrates clearly
that some type of spatial summation occurs in

areas of secondary hyperalgesia, i.e., the intensity
of pain sensation is increased with increase in area

stimulated, whereas such effects have not been
demonstrated in non-hyperalgesic skin.

A NEWFORMIULATION

The observations which have been made on the
various characteristics of primary and secondary
hyperalgesia point to an excitatory state some-

where in the neural pathway fromi the skin to the
sensoritimi. Although different opinions are held

as to the site of the excitation, it is suggested
all investigators that it is responsible for the phe-
nomena observed. The following diagram is pre-

sented to show an arrangement of the neuron pool
which may account for the known facts regarding
"primary" and "secondary " hyperalgesia. Such a

formulation is in a sense a restatement in modern
physiological terms of views variously expressed
by Sturge (3), Ross (4), Head (6), Mackenzie
(5), Livingstoii (29) and Cohen (30). It is sup-

ported by the observations of Cajal (31), Lorente
de No (32), Hinsey and Phillips (33) and Ray
and Wolff (34).

SKIN

AREA OF
SECONDARY
HYPERALGESIA

SITE OF
INJURY > '

Figure 17 is a schematic diagram drawn in an

attempt to visualize the neuroanatomical relation-
ships within the neuron pool which may account
for the observed phenomena of primary and sec-

ondary hyperalgesia. The usefulness of such
a diagram lies mainly in accounting for functional
data and as an aid in thinking.

The skin is represented to the left in Figure 17
with an injured area innervated by a typical neuron

subserving superficial pain; an area of secondary
hyperalgesia is innervated by a similar neuron.

Pain neurons also are drawn in to represent those
innervating structures below the skin surface.

All neurons are assumed to enter a neuron 10ool
in the dorsal horn, and there to make synaptic con-

nections, as shown in the figure. The neuron pool
is assumed to contain, in addition to the primary
and secondary neurons, a network of internuncial
neurons which make intimate connection between

the neurons mediating both snI)erficial and deep
pain. These internuncial neurons serve the pri-
mary function of establishing and maintaining an

excitatory state in the neuron pool as a result of
noxious impulses from the periphery. In general
it is believed that these neurons are concerned

princil)ally with control of the level of excitation
at the synal)tic junction between the seCon(lary

DORSAL HORN SPINOTHALAMIC

--I.- . TRACT

PR I MARY V
HYPERALGESIA , J/

NEURONE
POOL

FIG. 17. SCHEMATIC DI.\GRAM OF P.i-xix FIBER CONNECTIONSWIT11IN TI1E NEURONPOOL

SHOWINGFOCI OF EXCITATION (STIPPI.En AREAS) WHICH RESULT FRO-M TIlE CONTINUOUS

BARRAGEOF NOXIOUS IIPULI.SES FRO-M TIlE SITE OF INJURY
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and tertiary neurons. Superficial pain does not
spread, even with the highest intensities, and,
therefore, these internuncials probably cannot ex-
cite to a threshold level the neurons between which
they are intercalated.

This system of internuncial neurons is analagous
to the nocifensor system of nerves which was pro--
posed by Lewis, with the difference that the ex-
citatorv state was assumed by Lewis to be in the
skin rather than in the spinal cord (8).

The production of secondary hyperalgesia is
visualized as occurring in the following way. The
skin is injured at the site of primary hyperalgesia
and due to the state of hyperexcitability of the
nerve endings in the skin as a result of the injury a
steady barrage of noxious impulses enters the cord
where they excite the network of internuncial
neurons. If the barrage is great enough the im-
pulses will pass over the intervening synapses of
the primary pathway and give rise to sensation.
However, as has been shown experimentally pain
from the site of noxious stimulation is not es-
sential to the production of secondary hyperalgesia,
and therefore the network of internuncials must
1)e assumed to be excited by subliminal stimuli.
The excitation of the network induces in the path-
wvav of other neurons states of excitation (shown
by stippling in the figure) and as this excitation
does not lower the pain threshold it is assumed
that it is the tertiary neuron that is excited rather
than the primary or secondary fibres. If now the
skin is pricked in the area of secondary hyperal-.
gesia, a burst of impulses passes into the cord and
when reaching the tertiary neuron it is facilitated,
giving rise to more intense sensation than usual.
From such a network there would be expected no
lowering of pain threshold in the region of second-
ary hyperalgesia but the intensification of pain
sensation through. facilitation of impulses above
the pain threshold. This sensation will also be
longer lasting as the impulses from the zone of sec-
ondary hyperalgesia will serve to give additional
excitation to the network and therefore prolong
the sensory response. This prick will not spread
to adjacent neurons but due to the increased ex-
citation in the internuncial neurons there may
sometimes occur a slight increase in sensation
from the injured area. Indeed this has been found
to 1)e the case, and the increase in sensation was
alw\vays slight.

Obviously blocking by procaine impulses from
the injured area or along the pathway of neurons
subserving the area of primary hyperalgesia would
allow the excitatory state in the internuncial net-
work to subside and thereby eliminate the sec-
ondary hyperalgesia. The neurons in the more
distant parts of the neuron pool may be less ex-
cited and therefore give rise to a more labile sec-
ondary hyperalgesia. Pricking the skin within
this zone at its margins dissipates the hyperal-
gesia which is fully restored only after 60-90 sec-
onds. Pricking has little effect in dissipating the
secondary hyperalgesia very near the injured area.
This indicates the discharge of the excited state
in the more remote parts of the neuron pool which
requires appreciable time for restoration and a
more rapid restoring effect in the portion of the
pool adjacent to the neurons from the injured
skin.

An internuncial network of the type which has
been assumed to exist also accounts satisfactorily
for the observations on no lowering of the pain
threshold, increased intensity of sensation and
spatial summation in zones of secondary hyperal-
gesia. The interconnection of the neurons medi-
ating superficial pain with those subserving deep
pain through such a network provides for the
observed interrelationships of these two types of
pain. For example, the production of superficial
hyperalgesia by noxious stimulation of deep struc-
tures is easily explained on the basis of the devel-
opment of an excitatory state in the internuncial
network as the result of noxious impulses from
the deeper structures. One would also expect the
development of deep hyperalgesia as the result of
skin injury, as indeed was demonstrated experi-
mentally above. Thus deep and superficial hyper-
algesia should result from noxious stimulation of
either superficial or deep structures. This type
of network not only explains the experiments of
Lewis and his co-workers (7, 8, 17) but also
brings together much experimental and clinical
data which have heretofore been considered in con-
tradiction.

Clinical implications
This communication has been concerned with

cutaneous hyperalgesia associated with more or
less tissue damage and with that occurring in un-
damaged tissue inl association with deep or super-
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ficial noxious stimulation. The analysis has been
limited primarily to cutaneous hyperalgesia be-
cause of technical convenience and not because it
is implied that a different process is involved in
deep hyperalgesia. It has been exDerimentally
demonstrated above that changes in sensitivity
and sensibility of skin and deep tissues to pain
sensation can be brought about by prolonged nox-
ious stimulation of superficial or deep structures.

For purposes of analysis and experimentation
the cutaneous hyperalgesia from visceral and deep
somatic damage has often been considered apart
from and as though involving qualities, proper-
ties and mechanisms separate from the cutaneous
hyperalgesia secondary to skin damage. Indeed,
because of certain highly specific qualities of pain
associated with superficial or deep injuries re-
spectively, because the pathways taken by nox-
ious impulses from deeper structures to the cen-
tral nervous system are different from those more
superficial, the two types of pain have been sharply
segregated. The difference being granted at once
it would none the less seem more profitable from
the point of view of understanding and manipula-
tion if these various structures were linked as re-
gards the effects of noxious stimulation and as-
sociated secondary cutaneous hyperalgesia by the
assumed internuncial network.

There are two general classifications of hyper-
algesia, i.e.:

1. Hyperalgesia associated with tissue damage
and occurring at the site of tissue damage (pri-
mary).

2. Hyperalgesia associated with tissue damage
but occurring in undamaged tissue adjacent to
and at some distance from the site of injury (sec-
ondary).

In addition there may be listed the following
loosely defined clinical categories of hyperalgesia:

1. Hyperalgesia associated with contractions of
skeletal muscle which are secondary to injury
or noxious stimulation and which provide a sup-
plementary source of noxious impulses.

2. Hyperalgesia associated with disease or dys-
function of peripheral nerve (including deficiency
syndromes and circulatory defects).

3. Hyperalgesia associated with lesions near
or in the thalamus.

4. Hyperalgesia associated with perverted stim-
ulation of the distal end of a peripheral nerve
(causalgia).

5. Hyperalgesia in the zone supplied by a re-
generating sensory nerve.

6. Hyperalgesia on the margin of an area sup-
plied by a degenerating sensory nerve.

7. Hyperalgesia associated with disturbed men-
tal states involving judgment or unusual excite-
ment.

8. Generalized deep and cutaneous hyperalgesia
associated with acute infection and fever.

Analysis of these clinical syndromes depends
upon the availability of data which determine
whether or not the site of tenderness is also the
site of injury. It is necessary therefore that some
information be available on pain threshold and
pain sensibility in areas of tenderness and it is
equally important to have information regarding
any dysfunction of neural pathways. For ex-
ample, in category 2, herpes zoster is an important
entity. It has been observed that in the area of
skin lesion the pain threshold may be raised,
normal, or lowered, and quite independently of
pain threshold, pains which are perceived may be
facilitated or depressed in intensity. In this case.
one is obviously dealing with both hyper- and
hypo-excitability in the neural pathways, and de-
pending upon the preponderance of one or the
other of these factors, intensity of pain in the area
of a lesion will be determined.

By the detailed analysis of a large variety of
patients in this laboratory information is being
slowly accumulated, but for the most part, neces-
sary information is not available to analyze all of
the types of hyperalgesia listed. However, a few
examples contained in the literature may be cited.

The interplay between deep and superficial hy-
peralgesia has long been recognized. For ex-
ample the association of superficial hyperalgesia
with deep pain and the effects of anesthetization
of the skin in modifying deep pain has caused
confusion and controversy.

Though described many years ago (3) the
phenomenon was given fresh interest by Weiss
and Davis (35) and most recently by Travell and
Rinzler (23). These authors suggested that deep
pain could be reduced or eliminated by anestheti-
zation of the associated hyperalgesic areas of the
skin. Anesthetization of the skin is reported to
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diminish the pain from underlying painful joints
and muscles. Morley (36) reported that hyper-
algesia of the skin over the shoulders from dia-
phragmatic irritation could be eliminated or re-
duced by anesthetization of the hyperalgesic area.
Cohen (30) described patients who had had pre-
vious amputations near the shoulder on the left
and who subsequently developed pain from myo-
cardial insufficiency. Thus, in one patient, walk-
ing 150 yards on the level would invariably pre-
cipitate pain in the phantom, then in the neck,
then a feeling of constriction in the chest, and
choking. In the scar on his amputation stump
was a small tender nodule which when pressed
gave rise to sensations in the phantom similar to
those experienced on exertion, and if pressure was
continued, a complaint of constriction in the chest
and pain in the neck as well. After procainization
of the left brachial plexus the patient was able to
walk 200 yards at the same rate before experienc-
ing pain in the neck, chest and phantom, and only
after 600 yards of walking did pain in the chest
become intolerable and cause him to stop. Cohen
also made the following observations.

Four patients with effort angina were blistered
over areas of 4 square inches on the inner side of
the right elbow, or in the right mammary region,
sites where they had previously never experienced
pain. WVhen their angina was precipitated by
exertion, all complained of intensification of pain
in the blistered areas. Furthermore, in three of
these patients, hypertonic saline solution was in-
jected into the back muscles 2 inches to the right
of the fifth dorsal spine. Two hours later, when
the pain so induced had passed, exertion caused
its recurrence, though no pain in previous anginal
attacks had been felt in this area.

These clinical experiments demonstrate clearly
the facilitation of superficial sensation by deep
noxious stimulation. Also, as the excitatory level
in the internuncial network depends upon contri-
butions both from the skin and the deeper struc-
tures, anesthetization of either will modify both
the intensity and the extent of pain experienced.

On the other hand, Woollard, Roberts and
Carmichael (37) demonstrated that the more in-
tense pain resulting from direct phrenic nerve
stimulation and experienced in the shoulder tip
was in no way influenced by surface anesthetiza-
tion of this area. Lewis (7) was not able to

modify the pain of angina pectoris by anesthetiza-
tion of the precordial skin nor was it possible for
McLellan and Goodell (38) to alter the pain ex-
perience associated with ureteral distention by
anesthetization of the skin in the area of pain on
the anterior abdominal wall. Neither could pain
resulting from duodenal distention be modified
by anesthetization of the skin of the anterior ab-
dominal wall (39). Anesthetization of the skin
over the calvarium (not hyperalgesic) in no way
influenced the intensity of the headache resulting
from intravenous histamine injection (40). Also,
anesthetization of a digit adjacent to a finger im-
mersed in ice water did not modify the spread of
pain (41). It is noteworthy that painful stimula-
tion in most of these experiments was short lived
and hyperalgesia was minimal. In these experi-
ments the spread of pain rather than secondary
hyperalgesia was the important contribution of
more distant structures to the pain experience.
That is, the effects of impulses from the source
of deep noxious stimulation spill over into the
network of internuncial neurons, which serve the
function of interrelating neurons from deeper
structures (Figure 17) thus giving rise to the
development of an excitatory state in the inter-
nuncial networks which intercalate the deep and
superficial structures. This latter as observed
above, requires noxious stimulation for some min-
utes. Therefore, anesthetization of superficial
structures would not be expected to modify in any

.way the extent or intensity of the pain experienced.
Thus it was shown by Robertson, Goodell and

Wolff (42) that when a tooth had been noxiously
stimulated causing a local and short lived 8 to 10
dol toothache, followed in about 10 minutes by
headache and superficial and deep hyperalgesia
of the temporal region of the head, infiltration of
procaine into the hyperalgesic skin and under-
lying soft tissues reduced the amount of discom-
fort and produced analgesia in the region although
it did not eliminate the headache. When the
hyperalgesia was more marked the effect of pro-
caine injection into the zone of hyperalgesia was
more dramatic. Headache was only eliminated,
however, by infiltration of procaine into the tissue
about the injured, but no longer aching tooth.
It is therefore evident that when pain results from
the persistence of primary visceral or other deep
noxious stimulation and is associated with hyper-
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algesia, its intensity may be modified often dra-
matically by superficial and deep procaine infiltra-
tion in the zones of secondary hyperalgesia.
However. it may not be eliminated until the
noxious impulses from the primary sources end
spontaneously or are blocked.

Hutchins and Reynolds (43) made observa-
tions on 14 patients suffering from deep pain in
the maxillary region associated with changes in
barometric pressure experienced in airplane travel.
These authors demonstrated that anesthetization
of the peripheral sensory pathway from the dental
pulp eliminated this pain in many individuals and
depressed it in others. They showed also that
the pain experienced could be correlated with a

pathological condition in the teeth, which although
not painful in itself was sufficient to facilitate the
pain sensation in other structures. Rather than
the spatial summation proposed by the authors,
these observations can be more easily explained by
the existence of a central excitatory state causing
a secondary hyperalgesia.

SUMMARY

The cutaneous hyperalgesia associated with in-
jury or noxious stimulation of the skin and vis-
ceral structures has been studied in approximately
500 series of experiments on 23 subjects. Pain
threshold measurements were made with mechani-
cal and thermal stimuli; intensity of pain in hyper-
algesic and control areas was measured on the
dol scale.

Two general types of hyperalgesia were identi-
fied:

1. Primary hy peralgesia occurring at- the site
of injury;

2. Secondary hyperalgesia associated with in-
jury but occurring in undamaged tissues.

The characteristics of primary hyperalgesia are:

1. Lowered pain threshold to thermal and me-

chanical stimulation.

2. Intensification and prolongation of pain rela-
tive to control areas.

3. Primary hyperalgesia is localized at the site
of injury and persists until the injury is
healed.

The characteristics of the experimentally in-
duced secondary} tlvpera1kqesia are:

1. Normal pain threshold to thermal and me-
chanical stimulation.

2. Intensification and prolongation of pain
relative to control areas from painful stimu-
lation.

3. A delay ot two to ten minutes ill the initial
development following skin injury and dis-
appearance of the hyperalgesia within two
to 48 hours.

4. Secondary hyperalgesia occurs in undam-
aged tissues the innervation of which is in
the same or adjacent segments to that of
the site of injury.

5. Cutaneous secondary hyperalgesia may be
associated with either deep or superficial
injury or noxious stimulation, and in gen-
eral, the more severe the injury, the more
intense is the secondary hy peralgesia.

6. Sustained stimulation near but below the
pain threshold induces secondary hyper-
algesia.

7. Interruption of the neural pathways from
the site of injury by procaine block elimi-
nates associated secondary hyperalgesia.

8. Inducing a temporary hypoalgesia in the
area of secondary hyperalgesia, by local
cooling (ethyl chloride spray, or cold wa-
ter) eliminated the hyperalgesia for one to
three minutes.

9. The flow of blood and lymph play no direct
part in the development and maintenance
of secondary hyperalgesia.

10. A central acting analgesic did not appre-
ciably affect secondary hyperalgesia.

11. Spatial summation and facilitation of the
effects of noxious stimulation were ob-
served in areas of secondary lhyperalgesia
but not in control skin areas.

12. Pricking with a pin inside the margin of a
zone of secondary hyperalgesia caused the
borders of the area to recede. One to two
minutes was required to reestablish the
original borders.

CONCLUSIONS

The primary hyperalgesia occurring in injured
tissue and having a lowered pain threshold and
increased pain sensibility is the result of local
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elaboration of agents which excite terminal pain
endings.

The secondary hyperalgesia occurring in un-
damaged tissue having an unaltered pain thres-
hold but increased pain sensibility is the result of
a central excitatory state. It is suggested that
this excitability is to be found in a network of
internuncial neurons which intercalate the noxious
impulses from visceral, deep somatic, and cuta-
neous tissues.
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