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CHAPTER 1 

Introduction 

1. Cutaneous pain and the relation to acute 

inflammation 

In the beginning of this century, studies of the rela- 

tionship between the peripheral part of the sensory 

nervous system and local inflammatory reactions 

were initiated by Sir Thomas Lewis with his now 

classical investigations of the cutaneous triple re- 

sponse (1). Experiments to elucidate vasodilator 

functions of the peripheral parts of the cutaneous 

sensory and pain systems were, however, performed 

half a century earlier (2), and were followed by other 

studies around the turn of the century (3,4). More 

recently, investigators have employed advancing 

technologies available at their particular time and 

developed neurophysiological and psychophysical 

methods for quantification of both clinical and ex- 

perimental pain in humans (5-34, 1, T11,X1). 

Around the middle of our century, general in- 

terest in the relationship between the nervous sy- 

stem and peripheral inflammatory reactions reached 

a minimum, and only a few researchers remained 

active in this field (35). However, the rediscovery of 

the phenomenon of neurogenic inflammation by 

Jancs6 et al (36) renewed interest in this research 

area, and during the last decades, transmitters, mod- 

ulators, hormones and specific receptors have been 

identified, which mediate information and control of 

different parts of the nervous system and the periph- 

eral target tissues during pain and inflammation 

(37). 

Although inflammation can occur in denervated 

tissue (38), recent investigations on neurogenic in- 

flammatory mechanisms have led to the proposal of 

a major role for the peripheral sensory system ina 

variety of inflammatory disorders such as rheuma- 

toid arthritis (39), fibrositis syndrome (40-42), and 

asthma (43). The recognition of early inflammatory 

components involved in a number of dermatological 

diseases including psoriasis (44) and cutaneous al- 

lergy (45-48) has also suggested a functional role for 

the cutaneous sensory nervous system. 

Until now, the actual influence of the sensory 

nervous system in acute cutaneous inflammation has 

not been established due to methodological prob- 

lems in quantifying both the activity of the nervous 

system (the cutaneous pain perception) and the neu- 

rogen-dependent inflammatory reactions of the skin. 

We found that improvements of existent methods 

were essential and, during the years 1985 to 1988, we 

developed techniques for the measurement of sen- 

sory- and pain perception and for dynamic monito- 

ring of cutaneous vascular reactions. Also, clinical 

investigations were performed in order to compare 

the new tools with existing methods, and in order to 

evaluate these techniques in clinical dermatology. 

The present quantification of sensory and pain per- 

ception is based on psychophysical principles ac- 

knowledging Keele’s (49) statement that “the verbal 

report of a person’s experience is the primary source 

of information about pain, and is of more value than 

the measurement of objective accompaniments of 

pain”. 

The issues of this review are therefore monitoring 

of cutaneous sensory- and pain perception in rela- 

tion to acute experimental inflammation (fig. 1). 
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CHAPTER 2 

The peripheral anatomical and neurophysiological basis of 

cutaneous pain perception 

2.1. The cutaneous nociceptors — morphological 

aspects 

Cutaneous pain is normally mediated by high thres- 

hold receptors, — the nociceptors, which respond 

selectively to potentially damaging high intensity sti- 

muli (50). Also, stimulation of the afferent nerve 

fibres along the passage to the central nervous sys- 

tem may elicit pain (51). Morphologically, the recep- 

tor structures of sensory nerves of the skin may be 

either free nerve endings, mediating information of 

cold, warmth, itch or polymodal nociceptive events 

(pain), or corpuscular bodies e.g. Ruffini-, Paci- 

nian-, and Meissner’s corpuscles, Krause’s end-bulbs 

and Merkel’s touch spots (52-55). The nociceptors 

of the free nerve endings are mainly located sub- 

epidermally close to blood vessels and mast cells, but 

some nerve fibres penetrate the basal membrane and 

enter the epidermis (56,57). These fibres have 

mainly been observed to terminate in association 

with epidermal Merkel cells, and it is not known if 

they also mediate nociceptive responses. 

2.2. The cutaneous nociceptors — physiological 

aspects 

Different types of cutaneous nociceptors can be 

identified based on their response to various excita- 

tory stimuli. They may be divided into three main 

groups, according to their assumed natural stimuli, 

e.g. mechanosensitive, thermosensitive and polymo- 

dal nociceptors (58-61). However, most nociceptors 

respond to several excitants and are thus polymodal 

nociceptors. The exact biochemical structure and the 

molecular reactions leading to the generation of ac- 

tion potentials in the nociceptor have not yet been 

elucidated. Nociceptors without any specialized 

function respond to noxious mechanical and heat 

stimuli. Recently, it has been suggested by LaMotte 

et al (62) that selective nociceptors may exist in the 

skin which are specifically responsive to itch and 

chemical stimuli. 
Nociceptors signal not only when the noxious 

threshold has been exceeded, but they also supply 

information on the stimulus intensity by both the 

firing rate and the rate of increase in firing rate (63). 

A slow, spontaneous discharge of the nociceptor 

may occur. Only at higher discharge frequencies or 

by involvement of more nociceptors (spatial summa- 

tion) pain is perceived (64,65). During thermal stim- 

ulation, the discharge frequency of the nociceptors is 

linearly related to the skin temperature (66,67). The 

fact that the threshold at which the nociceptors begin 

to fire does not correspond with the threshold for 

pain perception (64,68), inspired the suggestion that 

firing rates lower than those which elicit perception 

of pain may be used for transmission of other types 

of information, e.g. on homeostasis (69,70). 

Microneurographic studies using the methods of 

Torebjérk & Hallin (71) to detect the innervation 

area (72) and type of sensory stimuli which may 

excite single sensory nerves (73), have contributed 

to the elucidation of some components of the struc- 

ture of peripheral nerve fibre organization. Lynn & 

Shakhanbeh (74) found that low-frequency dis- 

charge in C-fibres of the skin in the range of 0.1 to 1 

Hz resulted in vasodilatation without any sensation 

of warmth or pain, and that a firing rate of more 

than 1 Hz was essential to generate a sensation of 

pain. This indicates that the afferent C-fibres may 

have at least a dual mode of operation. Firstly, at 

lower stimulus intensity, the fibres respond with low 

frequency (< 1 Hz) discharge which triggers local 

tissue reactions as vasodilatation, and, secondly, at 

higher stimulation strengths, the subject’s percep- 

tion of pain is evoked in addition to triggering of 

local tissue vaso-reactions. Lynn (75) found that low 

frequency activity in Ad-fibres also generated minor 

local vasodilatation. 

A possible third mode of action of the peripheral 

sensory nerves was proposed by Wall (76) who sug- 

gested that these nerves might convey non-electrical 

information by axonal transport of chemical sub- 

stances from the peripheral micro-environment to 

the central nervous system, thereby signalling in- 
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10. Chapter 2 

formation on the chemical environment of the nerve 

endings (77). Though the theory may explain diffe- 

rent observations of symmetrical inflammatory skin 

diseases (44,48,78), no experimental evidence for 

this theory has yet been presented. 

2.3. Afferent fibres mediating pre-pain (warmth) 

and pain 

Based on differences in conduction velocities, two 

populations of afferent nerve fibres, which serve the 

sensation of pain and warmth in the skin can be 

identified, i.e. small myelinated Aé- fibres (79-82) 

and unmyelinated C-fibres (83). Fibres mediating 

pre-pain sensations were studied by LaMotte et al 

(84), and it was found that the conduction velocity of 

these fibres was 1.5 + 0.5 m/s corresponding to that 

of the C-fibre population. Others have found similar 

or only slightly different conduction velocities from 

1.2 m/s (85), to 0.5 m/s (86-88). Using microneu- 

rographic techniques, the subjective perceptions to 

noxious (painful) stimuli can be divided into 1), a 

sharp, pricking first pain, which is mediated by Ad- 

fibres (12,89), and 2), a slow, dull, burning, and 

poorly localized pain, which is associated with activ- 

ity in the C-fibre population (63,71,80,90,92-99). 

Aé-fibre mediated nociceptors are activated at the 

threshold for the sensation of an immediate, sharp 

pin-prick sensation, which correspond to peripheral 

nerve conduction velocities above 6 m/s. We investi- 

gated nerve conduction velocity in relation to the 

quality of pain and found that argon laser stimuli 

with intensities well above the pain threshold in- 

duced a well defined, immediate and sharp pinprick 

sensation followed by a slowly rising, long lasting 

and burning after-sensation (31). The burning after- 

sensation suggests recruitment of unmyelinated C- 

fibres. Also, sensations of this quality evoked by 

other stimulation methods have been shown to be 

caused by activity in high-threshold C-fibre innerv- 

ated nociceptors (83, 100-104). 

2.4. The peripheral neuronal target for cutaneous 

laser stimulated pre-pain and pain perception 

The exact peripheral neural events and the type of 

receptors activated by experimental argon laser 

stimulations are not known. This is related to lack of 

knowledge of the exact anatomy, biochemistry and 

function of the nociceptor. In addition to stimulation 

of receptors, excitation of the distal, intracutaneous 

part of the nerve fibre proximal to the receptor may 

occur and lead to pain perception. However, based 
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on the results of investigations of the optical proper- 

ties of the skin (105), the distribution of sensory 

nerve endings in the skin (57) and on the cutaneous 

penetration of brief (200 ms) high energy argon laser 
light, it may be assumed that argon laser induced 
pain stimulation evokes painful sensations due to 

stimulations of the cutaneous nociceptor and not the 

nerve fibres. 

Previous investigators have identified electrical 
activity in peripheral C-fibres during acute cutane- 
ous pain of different origin (83,92,106), and others 

have reported Aéd-fibre activity during such stimu- 
lations (51,79,94). Using CO, laser stimulations of 
short durations, Pertovaara et al (107) recorded acti- 
vation of cutaneous Aé-fibres, whereas Bromm & 
Treede (96) found that CO, laser impulses stimu- 
lated both Aé-fibres and C-fibres of the skin. This 
apparent discrepancy may be explained by the fact 
that Bromm & Treede applied stronger stimuli, ca- 
pable of exciting even high-threshold C-fibres and 
thus produced both sharp pin-prick- and burn type 
pain sensations. Under these conditions, pre-pain 

(warmth) sensations were seldom reported. The pin- 
prick sensation is registered much faster than the 

C-fibre mediated pre-pain sensations, and central 

mechanisms presumably inhibit pre-pain sensations 
at higher laser intensities (31,108). Also, stimula- 
tions by the CO, laser at pre-pain intensities only 
infrequently elicited a perception of warmth (64,89). 
In contrast, an argon laser induced pre-pain sensa- 
tion of warmth can be elicited in most individuals 
(31). 

The optimal method for evaluation of the function 

of different nerve fibre populations in the perception 
of cutaneous pre-pain and pain stimuli seems to be 

microneurography of peripheral nerve fibres. This is 
a sophisticated and time consuming technique 

(58,91), which unfortunately, has not yet been used 
to evaluate the argon laser technique as a stimulator 
for cutaneous pre-pain and pain perceptions. 

In conclusion, argon laser light pulses which in- 

duce pre-pain sensations seem to stimulate warmth- 

sensitive low threshold C-fibre mediated receptors, 
whilst at higher energy levels, the perception of im- 
mediate, sharp, pricking pain would appear to be 
mediated by high-threshold, heat sensitive A6- 

fibres.



2.5. The anatomical and biophysical parameters of 

the skin 

The regional variations of biophysical skin param- 

eters may be of major importance in both clinical 

and experimental cutaneous threshold and supra- 

threshold sensory and pain determinations (109). 

Irradiation of the skin by visible or infrared light is 

associated with two complicated phenomena of scat- 

tering and absorption. Both theoretical and experi- 

mental techniques such as surface thermometry 

(110), experimental implantations of thermocouples 

(107, 111,112), and invasive fibre-optic measure- 

ments of the irradiance in different areas of the 

tissue (113) have been employed to determine the 

distribution of either intracutaneous or subcutane- 

ous temperature, irradiance, or dynamics of heat 

distribution. The relevance of these studies may be 

limited however in the description of in vivo phe- 

nomena since mathematical models assume a series 

of prerequisite standardizations to reduce complex- 

ity which may not always apply due to local and 

regional variations of the micro-architecture of the 

tissues, whilst experimental, therapeutical or mon- 

itoring procedures often disrupt the integrity of the 

tissue. It has, for example, not been possible to 

record intracutaneous temperatures either during or 

immediately after short laser pulses under normal 

conditions, i.e. with preserved micro-architecture, 

normal dermal blood flow, normal content of hae- 

moglobins, and normal heat dissipation from the 

surface. 

Peripheral pain perception 11 

Radiant heat stimulation may penetrate the skin 

layers differently according to anatomical region 

(114), metabolic (115) and hormonal status (116- 

118), time of day (119), regional blood perfusion, 

and racial (120,121) variations. From surface and 

intracutaneous measurements, a series of theoretical 

thermodynamic models for the skin have been con- 

structed, based on several different tissue models. 

Buettner (122) employed a homogeneous tissue 

model, which predicted a temperature maximum at 

the level of 1 mm below the skin surface and a 

corresponding skin temperature minimum 1.8 mm 

below the surface at the level of the arteriolar-ve- 

nous plexus. Several other thermodynamic skin 

models have been proposed (112, 123,124). Re- 

cently, Lahaye & van Gemert (125) calculated tem- 

perature profiles in the skin during laser induced 

blood vessel destruction for the treatment of hae- 

mangiomas and their results may also be applicable 

in studies of radiant heat induced pain. Due to a 

close anatomical proximity of the dense cutaneous 

nervous plexus and the superficial vessels of the 

skin, similar temperature profiles for vessels and 

nociceptors may be assumed. Hardy (126) deter- 

mined the intracutaneous temperature threshold for 

the perception of pain to be 45.7°C. This seems to be 

generally accepted, even though other investigators 

have reported both higher and lower values 

(63,64, 127,128). 
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CHAPTER 3 

Methods for elicitation of experimental cutaneous pain 

Cutaneous pain can be elicited experimentally by a 
series of different stimulation modalities. These may 
be based on either 1), fixed stimulation intensity and 
different stimulation duration or 2), fixed stimula- 
tion duration and variation of the stimulus intensity. 
The tests are normally repeated until a specific pre- 
determined perceptional limit is reached or the per- 
ception is in accordance with a specific perceptional 
rating. Different methods and their limitations have 
been extensively reviewed previously (51,129-131). 
Generally, experimental pain stimulators can be 
classified according to the physical nature of the 
stimulus, — mechanical, electrical, chemical, or ther- 
mal. 

3.1. Mechanical stimulation 

Elicitation of pain by mechanical stimulation 
(15,123,132-134) is always accompanied by firm 
touching or stabbing of the skin. The subject may 
experience difficulty in describing a complex sensory 
stimulus of pain combined with sensations of touch 
and pressure. The peak pain intensity is often reac- 
hed slowly and at various rates. Mechanical stim- 
ulation by shear, pressure or vibration may generate 
pain which in part originate from underlying struc- 
tures, e.g. tendons, muscles, fascia, ligaments, and 
periost. This may obscure the subject’s interpreta- 
tion of the cutaneous nociceptive signal and make 

subjective ratings difficult. 
Although mechanical stimulation seems to be best 

suited to the study of visceral and deep somatic pain 
from tendons, periost and muscles (135,136), prick- 
ing of the skin’s surface or inserting needles into the 
skin, with subsequent determination of pain thresh- 
old or ratings of suprathreshold pain sensations on a 
visual analogue scale (VAS), may be adequate meth- 
ods for determination of analgesia of the skin 
(137,138). Juhlin & Evers (139) reviewed the meth- 
ods of pin-pricking for evaluation of the effect of 
topical analgesia (EMLA cream, an eutectic mixture 
of /ocal analgesics) for minor skin surgery (140) and 
for venous cannulations in children. The pin-prick 
method may supply information on analgesia level in 
the outer layers of the skin, and may be a supple- 
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ment to the non-tactile radiant heat of CO,- and 
argon laser stimulation techniques. These latter 
techniques are assumed to generate a more selective 
form of pain (28,88,107,141,142). Other investiga- 
tors have inserted thick needles or cannulas into the 
skin to investigate the effect of topical EMLA cream 
analgesia in the deeper layers of the skin and in the 
subcutaneous tissues. Determinations of this type 
have been used to estimate the utility of EMLA 
application for procedures such as i/v cannulation 
(143-148) or other forms of mechanical incision pro- 
cedures, such as split skin grafting (149,150), or mi- 
nor skin surgery (151-153). 

To allow comparison with the argon laser for stim- 
ulation of sensory- and pain perceptions (III), we 
examined the depth-duration relationship after epic- 
utaneously applied EMLA cream using a specially 
developed method of slow, micrometer-controlled, 
vertical insertion of a thick (18G, 1.2 mm) intrave- 
nous cannula. We registered the depth at which the 
subject first reported the slightest sensation of 
touching by the needle, and the depth at which the 
sensation was perceived as a distinct, sharp pain 
(IV). The depth at which the sensory and pain 
thresholds were reached increased linearly with the 
application time of EMLA cream (fig. 2). For appli- 
cation times shorter than 120 min, the depth of anal- 
gesia increased during the period after removal of 
the cream, which suggests different time constants 
for skin -penetration, -accumulation and -elimina- 
tion of the drugs. The gradual onset of analgesia 
after EMLA cream application seems to make it 
suitable for investigations of the cutaneous nocicep- 
tors and the dynamics of skin analgesia. Results of 
this type of investigation may also be important in 
clinical practice. The manufacturer of EMLA cream 
recommends that it is applied under plastic film oc- 
clusion for one hour. Our studies of EMLA analge- 
sia depths (IV) (and also argon laser stimulated pain 
threshold determinations (II1)) suggest that the pre- 
sent recommendations for the use of these topical 
analgesics should be reconsidered in order to obtain 
maximal effect. 

The needle insertion method may be associated
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by argon laser induced sensory threshold determination 

(@-@). 

with a significant receptor sensitization, — a state of 

enhanced nociceptor responsiveness. The sensitiza- 

tion of the nociceptors is mediated by local algesic 

inflammatory mediators released in response to tis- 

sue injury (155-157). These mediators exert their 

effect on thin myelinated A6é-fibres (158-161), and 

decrease perception thresholds (hyperalgesia and 

hyperpathia) (158,162). Generally, the use of exper- 

imental pain stimulation methods which induce local 

damage and receptor sensitization is declining due to 

lack of stability of baseline receptor excitability. 

3.2. Electrical stimulation 

Electrical stimulation is a technically convenient 

method for elicitation of experimental pain, and the 

use of electrical current is a method which has been 

widely employed for direct stimulation of nervous 

pathways (71,163-165) and for cutaneous sensory 

and pain threshold- and supra-threshold pain stim- 

ulation (6,166-168). A considerable experimental 

bias may be anticipated as the electrical stimulation 

of mixed cutaneous nerves primarily activate thick, 

myelinated nerve fibres, which convey afferent sig- 

nals of touch and temperature. Only stronger stimuli 

activate thin pain-mediating fibres. The resulting af- 

ferent central input is a compound signal which com- 

prises different sensory modalities. The subjective 

perception is therefore usually described as a pecu- 

liar, unfamiliar sensation (169,170). 

3.3. Chemical stimulation 

Induction of experimental pain by application of 

chemicals was introduced by Lewis (171) and has 

since been used extensively to elicit experimental 

cutaneous pain (92,172-176). For an extensive re- 
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view of the early literature, see Keele & Armstrong 

(6). Application or injection of chemicals has also 

been used for elicitation of oral mucosal pain (177) 

as well as for the study of pain in muscles and liga- 

ments (171). Chemical stimulation of cutaneous pain 

is always followed by some degree of injury to the 

skin resulting in sensitization and hyperalgesia (178). 

This excludes repeated measurements on the same 

or adjacent skin areas. Although considered of re- 

duced utility today (177) a commonly used technique 

was to apply chemical substances on the exposed 

base of cantharidin (174) or suction (179) induced 

skin blisters. It was found difficult to obtain repro- 

ducible results because the blister formation requires 

either removal of the epidermis or at least detach- 

ment of epidermis from the dermis, and formation of 

cantharidin- or suction-induced skin blisters (179) 

may thus induce inflammation and pain per se. Neu- 

rogen-dependent inflammation and sensitization is 

also generated as nerve fibres which cross the basal 

membrane will be ruptured during formation of the 

blister. After chemical stimulation, the maximal 

pain sensation does not always reach its peak imme- 

diately. This could be due to an indirect action of the 

algesic substances, presumably by generation or acti- 

vation of endogenous secondary algesic tissue- or 

plasma- derived pain producing substances. Also, 

temporal and spatial summations in the central nerv- 

ous system of afferent impulses from chemogenic 

sensitive C-fibres might in part account for the ob- 

served latency from a chemical pain stimulation to 

the perception of pain (5,62,94). 

3.4. Thermal stimulation with contact elements 

Experimental pain may also be evoked by skin con- 

tact with high or low temperature probes 
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Fig. 2b. The effect of EMLA cream on the cutaneous pain 
threshold measured by needle insertion (O-O) and by ar- 
gon laser induced pain threshold determination (@-@). 
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Fig. 3a. Histological section of a skin biopsy taken 18 h after CO, laser stimulation. The laser parameters were: Power 3.5 
W, duration 0.2 s, spot size 3 mm. The high absorption of the CO, laser irradiation in the outermost skin layers induces 
increased skin temperature and superficial damage. Low power view: original magnification x 100, high power view: 
original magnification x 400. 

(131,180,181). Experimental pain stimulators have 
been developed in which contact probes, (or ther- 
modes), can change the skin surface temperature to 
preset values in fractions of a second. However, the 
heat transfer is accomplished by direct contact be- 
tween thermodes and the skin and therefore not only 
nociceptors, but also receptors for other sensory 
modalities will be stimulated (89). 

3.5. Non-touching thermal stimulation 

Techniques allowing thermal stimulation of the skin 
without contact have been developed by Hardy et al 
(5,182,183). Their initial studies resulted in con- 
struction of the first reliable optical instrument, the 
Hardy-Wolff-Goodell radiant heat dolorimeter. The 
mode of action was based on pain stimulation by 
visible and infrared radiation generated by an elec- 
tric bulb, from which the light was transmitted 
through a lens system to the skin. Subsequently, 
numerous investigators employed this apparatus or 
modifications of it (79,111,122), and_ significant 
knowledge of normal and pathological pain mecha- 
nisms has since been accumulated. The basic proper- 
ties of the method have been reviewed by Procacci 
(131). A major disadvantage of this method is that it 
requires blackening of the skin by e.g. carbon black 
or India ink to obtain a high cutaneous absorption of 
the light energy. A series of methodological prob- 
lems have also been encountered using the infrared 
radiant stimulator for pain threshold determina- 
tions. Different investigators experienced difficulties 
in relating experimental laboratory findings to clin- 
ical observations when long stimulation times were 
applied. Also, inconsistencies between results ob- 
tained in different laboratories, even when similar 
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methods and equipment were used, were encoun- 
tered (8,181,184). Finally, the constant time/ var- 
iable intensity method for pain stimulation can in- 
duce skin damage, and if such damage occurs, noc- 
iceptors in both the test area and the area 
surrounding the stimulated tissue will be sensitized 
(84,158,159,185-187). Methodological problems 
such as these forced Goetz et al (188) to conclude 
that the infrared radiant heat stimulation method 
lacks reproducibility. 

Recent experiments with a visible light laser as 
pre-pain and pain stimulator (I) indicate that visible 
light, which in part is conveyed by radiation in the 
skin, is a reliable heat energy source for cutaneous 
stimulation. However, as part of the laser energy is 
reflected off the skin surface, it is essential that the 
skin reflectance can be monitored (I,II,189). 

3.5.1. CO, laser stimulation 

Brief pulses from a CO, laser have recently been 
introduced as a new source of noxious thermal en- 
ergy for experimental pain stimulation of the skin. 
This laser emits a spectrally narrow band of radi- 
ation in the far infrared region (10600 nm). CO, 
laser radiation has been extensively used for cutane- 
ous pain stimulation (1,12,22,64,68,87,89,103, 
107,191-193), and this method allows selective ther- 
mal stimulations at both noxious and non-noxious 
levels to be applied to the skin without significant 
stimulation of other sensory modalities. One major 
problem which has been observed by several in- 
vestigators however, is that the CO, laser induces 
superficial tissue damage, especially when the stimu- 
lus is very short (0.1 ms to 0.1 s) and the laser energy 
is high. Energy from the CO, laser beam is, for



Fig. 3b. Histological section of a skin biopsy taken 18 h after argon laser stimulation. The laser parameters were: Power 3.5 

W, duration 0.2 s, spot size 3 mm. No damage could be observed. Low power view: original magnification x 100, high 

power view: original magnification x 400. 

practical purposes, totally absorbed in water mole- 

cules in the stratum corneum (194). This may result 

in rapid temperature rise, often to tissue-destructive 

levels. Carbonization of the skin surface may occur 

at energy levels just above the pain threshold at 

levels normally used for experimental elicitation of 

pain perception in lightly pigmented — skin 

(1,12,22,195), (fig. 3a, 3b and 4). The CO, laser 

energy is transmitted from the stratum corneum to 

the lower layers of epidermis and to the papillary 

Fig. 4. Dorsum of the hand 18 h 
after CO, laser (outer ring) and 
argon laser (central area) irradia- 
tion. The laser parameters were: 

Power 3.5 W, duration 0.2 s, spot 

size 3 mm. No damage could be 
observed after the argon laser ir- 
radiation. 
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dermis, where most nociceptors are situated, exclu- 

sively by tissue conduction. 

3.5.2. Argon laser stimulation 

The argon laser was introduced into medicine in the 

mid-sixties. It was initially used for coagulation of 

diabetic retinopathy and later used in dermatology 

for treatment of haemangiomas. Willer et al (196) 

introduced this laser to cutaneous neurophysiology 

for elicitation of flexor reflexes. In contrast to the 
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CO, laser the argon laser emits visible radiation (488 

and S1S nm), which partially penetrate the upper 

layers of the skin. The argon laser possesses a range 

of technical characteristics, e.g. high output power 

(5-10 W) which can be gated into single pulses by 

simple external electronics, and a flexible fibre optic 

light guide system. Based on these properties we 

find that the argon laser is particularly well suited for 

experimental pain stimulation (I). Part of the in- 

cident light from the argon laser is reflected by the 

surface of the skin (105,197) and only 50 — 90 % 

(depending on skin colour) of the laser energy is 

absorbed and utilized for stimulation. Therefore, the 

ratio between reflected and absorbed argon laser 

energy is of major importance for standardization of 

the argon laser technique for pain stimulation. We 

developed an apparatus for the recording and char- 

acterization of optical parameters of the skin in or- 

der to determine the ratio between the absorbed and 
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reflected light (II). When corrections for differences 

in surface reflection are performed, argon laser stim- 

ulations for sensory and pain threshold determina- 

tions have proven to be accurate and reproducible 

both in basic cutaneous neurophysiology (I,IX,X, 

29,31,200), and in clinically related investigations 

(III, XI, XII ,30, 142,202,203). 

The high surface temperatures which are regis- 

tered after CO, laser stimulation are not observed 

after argon laser stimulation due to partial cutaneous 

penetration of the argon laser wavelengths. Argon 

laser stimulations are generally regarded as non- 

destructive. We investigated this topic by comparing 

pain stimulations at the same high energy level using 

either argon- or CO, laser (1,29). The CO, laser 

produced significant skin damage whereas the argon 

laser left the skin undamaged at similar energy levels 
(fig. 3a, 3b and 4).



CHAPTER 4 

Quantification of pre-pain and pain perception 

Pain is a qualitative, subjective phenomenon which 

does not easily lend itself to quantitation. However, 

objective measurements can be made along the pe- 

ripheral part of the nociceptive pathway with a high 

degree of accuracy (71,91,164). Investigation of the 

relationship between the discharge in human noc- 

iceptive C-fibres and the subject’s rating of his pain 

sensation has shown that subjective ratings were bet- 

ter estimates of the stimulus size than discharge rates 

of individual nerve fibres (63). Recently, several 

investigators have correlated subjective reports of 

pain with event-related electrical brain potentials as 

an objective measurement of responsiveness to su- 

prathreshold noxious thermal stimulations (1,12,28, 

31,88,95,192,195,204). The objectively measured 

values can be used in addition to the subject’s own 

report. It cannot be more accurate than the report 

itself, as it is a subjective decision whether a certain 

stimulation is painful or not (63). Finally, studies of 

subjective responses to noxious stimuli are compli- 

cated by the subject’s previous pain experience (68). 

4.1. Quantitative subjective experimental pain 

measurement techniques 

Following short experimental thermal stimulation, 

three well defined subjective perceptions can be 

identified, a lower level of sensation, below which 

nothing can be felt (the sensory threshold), a lower 

level of sharp, pin-pricking pain perception (the pain 

threshold), and an upper level of pain tolerance (the 

tolerance level) (131). Determinations of the toler- 

ance level may lead to tissue damage, and therefore, 

may be a matter for ethical consideration (205). 

Consequently, we have not performed laser stim- 

ulations at energy intensities capable of reaching this 

subjective pain level. Between these fixed levels, 

defined by the sensory threshold, the pain threshold 

and the tolerance level, ratings can be performed 

using different types of descriptive terms (I). Percep- 

tions below the pain threshold, including miscellane- 

ous subjective sensations termed pre-pain sensa- 

tions, have been described after electrical stimula- 

tion, CO, laser (mainly touching sensations) (1,22,- 

29,64,87, 195,206), and argon laser stimulation 

(1,31). The most reproducible pain perception seems 

to be the threshold for the slightest sharp painful 

sensation which can be perceived (the pain thresh- 

old). 

4.1.1. Sensory and pain thresholds 

Both sensory (warmth) and heat pain thresholds 

may be determined with high accuracy (20) in the 

non-trained subject after only a few test trials, pro- 

vided the type of stimulus is familiar to the subject. 

Results obtained by different stimulation methods 

support the finding that C-fibres may mediate the 

perception of warmth just above the sensory thresh- 

old and that thin, myelinated, Aé-fibres are involved 

in the perception of pricking pain at the pain thresh- 

old after brief argon laser stimulations of the skin. 

The subjective discrimination between 1) no sen- 

sation, 2) pre-pain and 3) pain can be determined 

very accurately if the skin is stimulated by both a 

series of increasing energy levels (from below the 

threshold) and by a series of decreasing energy levels 

(from above the threshold) (I). 

The reliability of threshold determinations seems 

to be strongly dependent on the stimulus used. In a 

comparison of different pain stimulators (20) electri- 

cal stimulation had the best reproducibility. Under 

normalized laboratory conditions using healthy vol- 

unteers, electrically induced pain thresholds had a 

coefficient of variation of less than 5 % during im- 

mediate test- re-test sessions, and less than 15 % for 

inter-session tests. However, electrical stimulation is 

a non-physiological and “non-familiar” sensation to 

which the subjects have to become accustomed to. 

Other types of stimulation may be regarded as more 

natural. Infrared CO, laser stimuli are perceived as 

light touching to sharp pinprick, eventually followed 

by a long-lasting, burning pain (I,12,22,29,206). Ar- 

gon laser stimuli are perceived a faint sensation of 

warmth to very strong pin-pricks followed by a long- 

lasting, burning pain (I, 31,196). 

If the argon laser intensity and physiological and 

optical parameters of the skin can be thoroughly 

controlled (I), both sensory and pain thresholds are 

sensitive and reproducible parameters. In our expe- 
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Fig. 5. The relationship between laser power and subjective 
pre-pain and pain ratings in fair caucasian skin. 1= faint 
warmth, touching or late pin-prick (threshold of sensation), 
2 = distinct warmth or faint, late pin-prick (pre-pain), 3 = 
distinct, immediate pin-prick (pain threshold), 4 = sharp, 
distinct pin-prick (moderate pain), 5 = an intense pin-prick 
sensation (strong pain). 

rience, the coefficients of variation is 9.3 % for the 

sensory (warmth) threshold and 4.3 % for the prick- 

ing pain threshold (1). Furthermore, it should be 

emphasized, that these figures are the summarized 

variance i.e. the sum of variances of stimulation, 

skin optics and thermodynamics, nociceptor -sensi- 

tivity and -density, and finally the central processing 

and verbal reporting. It is difficult to evaluate the 

exact contribution of each component participating 

in this complex pathway. Only the stimulation pa- 

rameter, the argon laser energy can readily be mon- 

itored. We calculated a coefficient of variance of the 

laser energy to be as low as 1.8 % for a series of 16 

stimulations. 

Many investigations in pain research are based on 

signal detection- or the sensory decision- theories. 

The basis for separating the subject’s response into a 

sensory and a decision process has been questioned 

(8,23). According to the sensory decision theory, 

any variation in an observed threshold level is a 

result of modulations of sensory transduction mech- 

anism or related to the type and strength of the 

stimulus, whereas the decision process is inherently 

invariable. However, we find that variability in 

threshold levels may arise from either the sensory 

transduction or the decisive process, and that these 

entities cannot be separated easily. Investigations 

combining microneurography of peripheral sensory 

nerves and threshold determination after argon laser 

stimulation should be initiated for the evaluation of 
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the relative contribution of peripheral sensory trans- 
duction in this process. 

It can be concluded that the present use of a 

stimulation method which selectively elicits warmth 

or pin-prick sensations, seems to be advantageous 

compared to other methods. 

4.1.2. Pain ratings and descriptions 

Numerical estimates of subjective pain are used in 

both experimental and clinical pain measurements. 

The most commonly used methods of subjective 

pain assessments include numerical and verbal cate- 

gory scales, and visual analogue or colour scales, in 

which subjective estimates may be assumed to re- 

flect pain intensity (14,18,19,21,50,63,207-214). 

These rating scales may focus on different specific 

aspects of pain, and are often designed for a special 

test situation. Rating scales may also be used for 

subjective estimates of experimental pain (12,31, 

196), (fig. 5). 

The quality of subjective pain level estimation is 

limited by the skill of the observer and the type of 

experimental pain stimulation used (18). Sternbach 

(205) pointed out that subjective pain level estima- 

tions might be distorted by psychological and social 

factors (see also section 4.3.). 

Registration of a series of subjective pain re- 

sponses was suggested by Beecher (184), to be a 

valuable tool in pharmacological measurement. Ste- 

vens (215) explored the relationship between stim- 

ulation intensity and the subjective perception of 

different stimuli reported by the subject. He found 

that the subjective estimation of different sensory 

modalities obeyed a general “psychophysical power 

law” i.e., P= k x ®", where @p is the subjective 

intensity of sensation, ® is the stimulus intensity, k is 

a constant, and " is the power exponent. Power 

exponents have been determined for many different 

sensory modalities. Physical stimuli as brightness of 

light, length of an object judged visually, and painful 

cold and heat have power exponents of approxi- 

mately 1, indicating that a linear relation exists be- 

tween stimulus intensity and subjective perception. 

In contrast, electrical skin stimulation has a power 

exponent of 3.5. A linear correlation between stim- 

ulation intensity and subjective classification of pain 

perceptions has also been established for argon laser 

induced heat pain (31).



4.2. Objective quantitation of pain perception 

Objective methods for quantitation of experimental 

pain perception are based on the registration of 

(clectro)physiological or behavioral patterns. We 

have previously employed recording of electrical 

brain responses after peripheral cutaneous argon la- 

ser stimulations (28-31,88,200). Recordings of this 

kind have also been performed during electrical 

stimulation (166,216,217), mechanical stimulation 

(218), CO, laser stimulation (192), and focused ul- 

trasound stimulation (219). This issue is, however, 

beyond the scope of the present review. 

4.3. Factors which may influence the validity of 

sensory and pain threshold determinations 

Determination of sensory and pain threshold de- 

pends on the registration of a binary response (pres- 

ence or absence of a specific sensational quality). 

Binary responses have been widely used in measure- 

ment of experimental pain. These methods are 

based on the volunteer’s ability to report whether a 

subjective sensation is present or not. Often, a series 

of short stimuli of increasing or decreasing intensi- 

ties is applied. Under normal experimental condi- 

tions, the subject’s ability to communicate informa- 

tion of sensory or pain perception after stimulation is 

only impaired if the pain stimulus very strong and 

the perception is near the tolerance threshold. Chap- 

man et al (23) reviewed this topic and showed that 

infrared heat pain stimulation in combination with 

threshold determinations could not demonstrate 

analgesic effects of clinically proven drugs quantita- 

tively, and Beecher (220) also failed to find a rela- 

tionship between the action of analgesic agents and 

the alteration of experimental pain threshold in hu- 

mans. 

Psychological factors may, under special condi- 

tions, modulate the pain perceived and the reliability 

of pain threshold has therefore been disputed. It was 

found to be susceptible to the influence of psycho- 

logical manipulations by guided suggestions (experi- 

menter bias) or autosuggestions (placebo response) 

or both (221). We have also investigated the effect of 

guided suggestions during hypnosis, and found that 

both hyperalgesia and analgesia could be induced in 

susceptible individuals (200). In such situations, ob- 

jective quantifications, e.g. evoked brain potentials 

(28), may be used as an objective correlate to the 

subjective perception. 

Different physiological and psychological factors 
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which can affect the variability of pain threshold, 

e.g. cooperation and awareness of the volunteers, 

must also be taken into consideration. This means 

that the subjects must be trained in the observation 

and reporting of experimental pain. This is espe- 

cially important for the quantification of nonphysio- 

logical pain sensations after electrical stimulation. A 

sinusoidal variation of the pain threshold with a cy- 

cle duration of approximately one month, — the cir- 

catrigintan rhythm, has previously been described 

(131,222). In fertile women this threshold varies ac- 

cording to the phase of the menstrual cycle (25 

days), and in young men, the cycle time was deter- 

mined to be 24 days. Older men and postmenopau- 

sal women had a cycle time of 30 — 32 days. These 

cyclic variations are very important factors, which 

should be taken into consideration when sequential 

determinations of pain thresholds during long-term 

comparative studies are performed. We have also 

found a variation in both thermal sensitivity and pain 

perception during the day, as part of an circadian 

rhythm. This has previously been described for 

pricking pain in men, but not in females (222,223). 

Part of the circadian variation can be inhibited by 

naloxone (224). 

Both spatial and temporal summation in the cen- 

tral nervous system may influence sensory and pain 

determination (5,90,94,225). In order to avoid these 

phenomena, and also to avoid receptor sensitization 

due to release of inflammatory mediators, we de- 

cided to refrain from stimulating the same skin area 

more than once during a test session. 

We found that a 3 mm stimulation area and a 

duration of 200 ms constitutes the best combination 

of stimulation parameters (1). This spot size provides 

a relatively large area for stimulation and it overlaps 

several receptor fields (7,71,91,226). This size of 

area does not require very high energy density for 

pain stimulation, whereas smaller areas might lead 

to skin burns due to generation of very high in- 

tracutaneous temperatures (27), (fig. 3a, 3b, and 4). 

The effect of different stimulation times was also 

investigated. Ideally, the energy pulse should be 

kept extremely short, but this would require a very 

high energy density and a substantial risk of burning 

the skin surface during transmission of the stim- 

ulation energy to the deeper skin layers. In the pre- 

sent studies, the laser intensity was always kept be- 

low 3.2 W using the 3 mm laser spot size and 200 ms 

stimulation duration. Laser energy levels of 0.5 to 

1.0 W and 1 to 1.5 W were usually sufficient to reach 
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the sensory and pain thresholds respectively, in nor- 

mal, lightly pigmented skin on the C7 dermatome 

(dorsum of the hand). We also compared the argon 

laser (Cooper Medical, USA) and the CO, laser 

(Sharplan, Israel) as pain stimulators (I). The CO, 

laser often induced superficial skin burns at stim- 

ulation intensities just above the pain threshold. In 

contrast, no clinical or histological damage was ob- 

served after argon laser stimulation at energy levels 

which induced the same perception of pain. 

4.4. Conclusions 

The determination of heat induced sensory and pain 

thresholds by a series of short argon laser impulses 

of both increasing and decreasing intensity may be 
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an accurate and reproducible method for the deter- 

mination of the functional state of the peripheral 

part of the cutaneous sensory system. Standardized 

conditions should however be maintained for the 

central afferent and the perceptional part of the 

nociceptive system. Thresholds may be assumed to 

reflect the liminal perception for activity generated 

in low threshold thermal C-fibre innervated recep- 

tors (sensory threshold), high threshold Aé-fibre 

mediated nociceptors (the first pricking pain) and 

high threshold C-fibre mediated nociceptors (the 

burning after-sensation). It may also be concluded 

that the argon laser method for pain stimulation may 

be superior to previously used focused bulb- and 

CO, laser based methods for pain stimulation.



CHAPTER 5 

The optical properties of the skin —- compensation for 

partial surface reflection of argon laser irradiation 

Natural variations of skin colour and transparency 

due to melanin pigmentation, skin thickness and 

vascular status (227) were not routinely monitored in 

previous experimental pain stimulating systems. In 

the Hardy-Wolff-Goodell apparatus, a focused elec- 

tric bulb provided radiant heat in a continuous, 

broadband spectrum ranging from the visible spec- 

trum (400-700 nm) into the infrared. The peak 

wavelength of the emitted spectrum depends on the 

glowing filament temperature. To eliminate any 

wavelength-dependent tissue absorption, the stim- 

ulated skin surface was blackened to obtain a high 

absorption of the energy (fig. 6). Blackening of the 

skin eliminates the possibility to monitor vascular 

reactions during a stimulation session. Conversely, 

the CO, laser emits radiation in the far infrared 

region and since this region of the spectrum is 

strongly absorbed by water molecules no blackening 

is required to obtain a high absorption in the out- 

ermost few nanometres of the stratum corneum. 

The argon laser emits visible radiation at two 

wavelengths, 488 nm (blue) and 515 nm (green), 

with a power distribution between these wavelengths 

of approximately 1:3 in the power range used. A 

shift towards a higher proportion of the green (515 

nm) component occurs for increasing power, but the 

two wavelengths penetrate the upper skin layers 

with nearly the same attenuation (105). 

The absorbed fraction of the pain-stimulating light 

energy which is absorbed by the skin can be deter- 

mined accurately. Only an insignificant part of the 

absorbed energy penetrates the full skin thickness 

(105), and only a small fraction of the irradiation 

passes beyond the upper vascular plexus. Therefore, 

the absorbed fraction of an incident beam of radiant 

energy can be calculated from scanning reflectance 

spectrograms. The absorbed energy equals the in- 

cident energy minus the reflected fraction. Reflec- 

tance spectroscopy of the test areas is necessary in 

order to ensure that the optical conditions of the skin 

remain constant during and between different test 

sessions of pain stimulations (I,II). Argon laser sti- 

muli at energy levels sufficient to elicit sensations of 

either warmth or pricking pain, do not induce recep- 

tor sensitization judged by threshold variation after 

repeated stimulations. It has been suggested that 

release or generation of sensitizing proinflammatory 

substances (228) might account for the immediate, 

sharp pin-prick pain after argon laser stimulations. 

However, the short time constants (229) involved in 

generation of action potentials after laser stimula- 

tion indicate that either the cutaneous nociceptors or 

the distal parts of afferent nociceptive Ad-fibres are 

the primary target for the argon laser stimulation. 

This is in accordance with recordings of event-re- 

lated brain potentials, which can be detected only 

0.3 sec after the start of a 0.2 sec laser stimulation at 

the C7 dermatome (28,31). This short latency corre- 

sponds to the time required for transmission of the 

signal through peripheral and central nervous path- 

ways. Also, we observed no alteration in sensory or 

pain threshold or latency after suppression of in- 

flammatory mediators (230) by topical application of 

an non-steroidal antiinflammatory substance (indo- 

methacin cream 5%, Amuno, MSD, FRG) (unpub- 

lished results). 

5.1. The optical properties of human skin 

The optical properties of the skin are very complex 

and are still not fully described. The skin is a highly 

heterogenous tissue and mathematical models such 

as Beer’s law, which may be used to determine the 

attenuation of the laser energy level in a homogene- 

ous tissue, cannot be applied directly. Due to this 

complexity, all models are based on a series of ap- 

proximations, which may be valid only under certain 

conditions (111,112,231-235). A simple but still use- 

ful optical model is the multi-layer model. Here, the 

skin is conceived as a series of homogenous either 

absorbing, scattering, or reflecting layers (236,237). 

A beam of visible light aimed at the skin surface will 

sequentially penetrate an outer, strongly scattering 

stratum corneum, an absorbing layer comprising 

melanin in the epidermis and haemoglobins in the 
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Fig. 6. Reflectance spectroscopy of human skin. Spectral 
range: 350 nm — 670 nm. A = skin blackened by colloidal 
carbon. B = moderately pigmented skin. C = fair cauca- 
sian skin. D = reflectance from collagen fibres in vitro. 

upper dermis, and a collagenous reflecting layer in 
the deeper parts of dermis. Part of the light trav- 

elling through the skin layers passes the upper two 
layers twice. The stratum corneum, which provides 
diffuse forward scattering, contributes less than 8% 

to the total skin reflectance (105,238). The absorb- 

ance of epidermal melanin is strongly wavelength- 

dependent with high absorption in the ultraviolet 
part of the spectrum (105,239). The two types of 
haemoglobins, oxygenized and deoxygenized (re- 
duced) haemoglobin have distinctly different ab- 

sorption spectra, which can be detected separately 

by spectroscopy. The dermal collagen present in all 
layers of the dermis mostly reflect visible light in a 
wavelength-independent manner (fig. 6, curve D). 
Theoretical considerations of the interaction be- 
tween argon laser irradiation and skin have been 

performed in order to improve the techniques for 

treatment of haemangiomas (231). Since the irradia- 
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tion target for laser therapy, the superficial blood 
vessels, are located in close proximity to the target 
for experimental pain stimulations, the nervous 
plexus in the skin (240), these theories may also 
apply for argon laser induced sensory and pain stim- 
ulations. 

5.2. Argon laser stimulation and skin optics 

Two primary modes of energy transfer are involved 
in the argon laser stimulation of cutaneous nocicep- 
tors. The laser energy reaches the level of the noc- 
iceptors partly as radiation and partly by heat con- 
duction. The wavelength dependent attenuation of 
radiation transmitted through the skin (105) causes 
most of the incident light to be transformed into heat 
along the pathway to the level of the most dense 
network of nociceptors around the vessels in the 
superficial dermis. However, a significant part of the 
incident irradiation in the blue and green (488 nm 
and 515 nm) spectrum is reflected from the surface 
of the skin. The magnitude of this fraction depends 
mainly on the amount of skin pigments (oxygenized 
and reduced haemoglobins and melanin) (fig. 6) 
(1,1I,241). The fraction of the stimulating laser en- 
ergy which is retained by the skin can then be calcu- 
lated. This fraction constitutes the true pain stim- 
ulation energy, and therefore reflectance data 
should always be reported when absolute values of 
laser energies applied on the skin surface are re- 
ported. With a few exceptions, dosimetric data re- 
ported in the literature originate from readings of 
laser power meters, assuming a 100 % absorption in 
the skin. The same type of considerations apply for 
other types of optical stimulation of the skin e.g. low 
level laser treatment (242-244).



CHAPTER 6 

Acute experimental non-immunological skin inflammation 
— neurogenic aspects 

6.1. Aé- and C-fibre primary afferents and the 

pathophysiology of acute cutaneous 

inflammation 

Upon stimulation, peripheral nociceptors signal the 

occurrence of a peripheral noxious stimulus to the 

central nervous system and release potent inflamma- 

tory neuromediators into the local peripheral innerv- 

ation field. Action potentials travel not only toward 

the spinal cord but also spread antidromically to 

nearby peripheral branches of the same nerve fibre, 

where impulses spread towards the peripheral end- 

ings of the nerve fibre branches. The neurogenic 

spread of inflammation can be encountered as sec- 

ondary hyperalgesia surrounding a traumatized skin 

areas (185,186). Hyperalgesia is produced by the 

release of secondary inflammatory mediators which 

decrease the threshold for firing of the nociceptors 

and induce a state of ongoing activity. Sensitization 

of primary afferent nociceptors decreases the thresh- 

olds (36,161,174,245-247). The peripheral sensory 

neurons may thus have a dual (both afferent and 

efferent) function (76,248-250). Release of neuro- 

transmitters occurs at both the central and periph- 

eral nerve endings (251), but approximately 90% of 

the neurotransmitters produced in the nerve cell 

body are transported to the peripheral endings and 

released into the tissue upon stimulation (42). In 

animals, this neurogenic inflammation can be elic- 

ited by antidromical electrical stimulation of dorsal 

roots or peripheral sensory nerves (252). It leads to 

both vasodilation and plasma protein extravasation 

near the nerve fibre endings (4,36,253-258). In hu- 

man skin, the local reaction after antidromic electri- 

cal stimulation is less pronounced as only the flare 

reaction can be elicited (75,259). 

6.2. Sensitization of nociceptive receptors 

Receptor sensitization has only been shown to occur 

in Aé-fibre mediated nociceptors (160,260). In con- 

trast, vasodilation (flare) is mediated in particular by 

nociceptive C-fibres (173,261) and only to a small 

degree by the Aé-fibres (74,262). Sensitization can 

be induced either by neurogenic inflammation, e.g. 

antidromical electrical stimulation or local applica- 

tion of inflammatory chemicals (263,264) e.g. mus- 

tard oil (allyl-isothiocyanate), or by non-neurogenic 

inflammatory mediators as carrageenin, dextran or 

formalin (36). The effect of neurogenic influence on 

inflammation can be demonstrated by e.g. surgical 

sensory denervation, after neonatal systemic capsai- 

cin treatment or after long term topical capsaicin 

treatment. Capsaicin is a selective neurotoxin which 

is well known as the pungent principle in hot peppers 

and chilies. The exact mode of action is not known. 

After local, peripheral application it induces release 

of neurotransmitters from both peripheral and cen- 

tral endings (36,265-270). Cutting of the nerve fibres 

and capsaicin application both abolish the neuro- 

genic part of an inflammatory reaction (271). 

6.3. The axon reflex flare 

The concept of axon reflex flare and neurogenic 

inflammation has undergone a series of evolutionary 

processes since the beginning of this century (fig. 7). 

In 1927, Lewis (1) described the axon reflex flare as 

an erythema mediated through activity in a single 

neuron short are axon reflex, in which both ortho- 

and antidromical propagation of the axon potential 

to other branches of the same nerve fibre occurred 

(36,272-274). Accordingly, the flare should be con- 

fined to the most distal arborizations of neurons 

projecting into the inflamed area, and the spread of 

flare should be inhibited by local analgesics. In a 

later model (275), the spread of flare is described as 

a cascade of local neuro-mediator release between 

neighbouring fibre endings arranged in parallel. 

Helme and McKernan (276) found that capsaicin- 

induced flare on the forehead in humans did not 

spread across the midline to the area innervated by 

the contralateral trigeminal nerve. This favours the 

concept of neurally mediated spread of inflamma- 
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tion (277). According to the “cascade theory” the 

flare reaction will be limited to an area delineated by 

the spatial distribution of blood vessels, which are 

innervated by branches of the fibres terminating 

near the trauma or histamine skin prick. Our experi- 

ments with EMLA analgesia of the skin question this 

theory. A flare reaction generated by a histamine 

skin prick applied in the centre of a small area of 

EMLA treated skin (3 cm diameter) is inhibited in 

the EMLA treated area, but reappear outside the 

EMLA treated area (V). This finding is in accord- 

ance with the “neurally mediated spread” theory. 

The size of the skin area which is supplied by the 

collateral axon network of fibres terminating near 

the trauma or histamine skin prick will limit the area 

of neurally spreading of the flare reaction. C-fibre 

innervation fields have been determined by micro- 

neurography to be in the order of 1 cm? (64,92), 

which is much smaller than the flare responses nor- 

mally encountered in humans. This is in favour of 

the “cascade theory”. A plausible explanation of the 
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different experimental findings is that both mecha- 

nisms may be operating simultaneously. 

6.4. Mast cells and peripheral sensory nerves 

The functional role of the sensory nervous system in 

acute inflammation has been addressed by several 

recent investigators. The suggestion has been put 

forward that cutaneous mast cells and the peripheral 

sensory nervous system may communicate. Mast 

cells are highly active in the initiation of both imme- 

diate hypersensitivity reactions, neurogenic inflam- 

mation (279), (fig. 7), and non-immunological in- 

flammatory reactions (280-284). Mast cells undergo 

hyperplasia in chronic inflammatory conditions, 

which may also indicate a functional role in these 
situations (285,286). 

Cutaneous mast cells, besides being located peri- 

vascularly, have been found in close proximity to 

peripheral nerve terminals (287-289), and may even 

be selectively innervated by afferent fibres. Celan- 

der & Folkow (290) suggested the existence of a



local neuro-effector unit involving mast cells and the 

peripheral sensory nervous system. The same sen- 

sory nerve fibre is assumed to deliver branches in 

upper layers of the skin, where noxious stimuli are 

likely to occur, and branches which terminate 

around blood vessels and mast cells. Short arc axon 

reflexes may mediate antidromic action potentials, 

generated in the superficial branches following a 

noxious stimulus, to the deep, perivascular termi- 

nals. Here, local release of neurotransmitters influ- 

ence mast cell- and vessel- functions. This theory is 

supported by 1) studies of Kiernan (291), who sug- 

gested that cutaneous mast cells might even be selec- 

tively innervated, and 2) by light microscopic obser- 

vations of direct contact between nerve fibres and 

mast cells (287). Also, ultrastructural studies of ani- 

mal skin show that thin unmyelinated nerve fibres 

and mast cells may be invested by the same perineu- 

rial cell suggesting a functional unit (287,292). 

6.5. Histamine and neurogenic inflammation 

Histamine is an algesic agent and is assumed to be a 

major mediator of cutaneous pain (171,293). Hista- 

mine stimulation of peripheral nerves generates ac- 

tion potentials in thin myelinated Aé-fibres and un- 

myelinated C-fibres and releases neurotransmitters 

locally (36,294,295). The neurotransmitters contrib- 

ute to the formation of wheal and flare either by 

secondary release of endogenous histamine (272), or 

directly by a histamine-like effect on endothelial 

cells and vessel wall smooth muscles (296-299). Sub- 

stance P (SP)(300,301) has been shown to stimulate 

the synthesis and release of mediators e.g. histamine 

(302) prostaglandins (303,304) and leukotrienes 

(305-308). Injection of SP into the skin produces 

physiological changes similar to the initial events of 

acute inflammation: vasodilation and increased vas- 

cular permeability (36,253,309,310), mast cell de- 

granulation (295), accumulation and adhesion of 

leukocytes at venule walls, and stimulation of phago- 

cytosis by polymorphonuclear leukocytes (311). The 

increased vascular permeability may also lead to al- 

gesic kinin formation in the skin (312). 

6.6. Elicitation of acute non-immunological 

inflammation by histamine skin pricks 

Histamine is the classical mediator of inflammation 

and is generally used to elicit acute experimental 

non-immunological inflammation of the skin (313). 

It is used clinically as positive control test for imme- 

diate type reaction tests, either by intradermal in- 
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jections, superficial scarification through a drop of 

histamine solution or superficial pricking of the skin 

with a lancet covered by lyophilized histamine (Pha- 

zet, Pharmacia, Sweden) (314). However, circadian 

variations of the reaction size occur. These should be 

recognized and corrections should be made if in- 

vestigations are carried out at different times of the 

day (315). Histamine increases the micro-vascular 

permeability as described in detail by Lewis (1). 

Classical studies by Majno et al (316), and by Hul- 

strom & Svensj6 (317) show that following exposure 

to histamine, vessel leakage occurs from post-capil- 

lary venules. In low concentrations, histamine sensi- 

tizes nearby nociceptors, and in higher concentra- 

tions nociceptive and itch mediating receptors are 

activated sufficiently to generate a sensation of pain 

and itch (318). Histamine may initiate cutaneous 

inflammatory reactions, but it cannot sustain inflam- 

mation (319). Consequently, histamine induced 

acute inflammatory reactions will subside in min- 

utes, if secondary mediators are not generated or 

released in sufficient amounts to perpetuate the re- 

action. In the skin, endogenous histamine is mainly 

confined to the mast cells (320-322), where it is 

synthesized and stored, bound to proteoglycans in 

secretory granules (323) and released during mast 

cell degranulation or degeneration (324). 

The histamine effects are mediated through char- 

acteristic receptors. In the skin, plasma extravasa- 

tion and itch is mediated by the H, receptor, whereas 

flare, and probably also itch, is mediated through 

the H, receptor. Recently, an inhibitory action of 

histamine on lymphocyte-mediated inflammatory re- 

actions has been attributed to the H, receptor on 

leukocytes (325-327). This receptor may also medi- 

ate inhibition of mast cells, basophils and polymor- 

phonuclear leukocytes (328,329). Finally, an H; re- 

ceptor, previously described in central pain regu- 

lation systems, may be involved in neurogenic 

vasoreactions (330-334). 

6.7. Peripheral mediators of acute non- 

immunological inflammation 

The axon reflex flare involves release of both pre- 

formed pro-inflammatory mediators and/or local 

production of various mediators of inflammation, 

including kinins, prostaglandins, leukotrienes and 

interleukins (310,334-336). These may be synthe- 

sized from plasma precursors or released from in- 

flammatory reactive cells. The physiological reaction 

is clinically recognized by the cardinal components 
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of inflammation: rubor (redness), calor (heat), tu- 

mour (swelling), dolour (pain) and functio laesae 

(diminished or loss of function). 

6.8. The relationship between the peripheral 

autonomic nervous system and experimentally 

induced pain and inflammation 

In addition to thin myelinated and unmyelinated 

sensory afferent nerve fibres, the peripheral limb of 

the sympathetic nervous system may contribute to 

the neurogenic component of inflammation (337). 

Linde et al (338) demonstrated increased vascular 

permeability following sympathetic nerve stimula- 

tion and Engel (339,340), showed that lumbosacral 

sympathectomy substantially reduced _ baseline 

plasma extravasation. Chemical sympathectomy in- 

hibits plasma extravasation evoked by intradermal 

injection of compound 48/80, a potent histamine 

depleting agent (341). Inflammation induced by in- 

tradermal injection of non-neurogenic inflammatory 

mediators, e.g. carrageenin, dextran or formalin has 

also been shown to be significantly reduced in sym- 

pathectomized rats (342-343). 

Neurogenic inflammation is not dependent on the 

sympathetic or parasympathetic nervous systems 

(4,75,291). However, activation of nociceptive affe- 

rents may increase the activity of postganglionic 

sympathetic efferents as well as sympathetic efferent 

activity and may induce antidromic activity of the 

sensory afferents with subsequent local release of 

neurotransmitters. Capsaicin treatment, which does 

not affect autonomic fibres (344), may modulate the 

initial local inflammatory events in localized skin 

trauma elicited by firm stroking on the skin surface 

with a blunt object. This procedure will initiate a 

sequence of events termed “the triple response” by 

Lewis (1) which consists of a primary local erythema 

due to dilatation of superficial vessels of the skin, a 

peripheral flare elicited by a local axon reflex, and a 

late wheal reaction, indicating increased permeabil- 

ity of local vessels (256). 

6.9. Inhibition of nociception and inflammation by 

local analgesics 

The effect of different application times on the ac- 

tion of the local analgesics lignocaine and prilocaine 

(EMLA cream) has been thoroughly investigated 

using many different pain stimulating procedures 

(for a review, see 139). In studies employing pin- 

pricks (139), argon laser stimuli (III), or deep needle 

insertions (IV) as pain stimulators, it was found that 
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the pain inhibitory effect of EMLA cream increased 

with application time. The analgesic effect reached a 

maximum approx. 2 h after application, and a linear 

relationship between duration of application and 

analgesic effect could be demonstrated (III). These 

results indicate, that both superficial pain induced by 

pin-pricks, the intracutaneous pain threshold quanti- 

fied by the argon laser stimulations, and the deep 

cutaneous and subcutaneous pain elicited by intro- 

duction of a thick intravenous cannula into the skin, 

can be modulated quantitatively by EMLA. The 

analgesic effect correlated to the inhibition of flare 

area after histamine skin pricks (V). The wheal reac- 

tion was not affected by local analgesia. This is in 

accordance with findings of Pipkorn and Andersson 

(345) who tested the acute immunological inflamma- 

tory reactions in EMLA treated areas. The present 

findings suggest that the excitability of cutaneous 

nociceptors, evaluated by argon laser stimulated 

thresholds determinations, may be a sensitive in- 

dicator of the cutaneous vascular reactivity to acute 

inflammatory reactions induced by histamine skin 

pricks. However, the inverse relationship may not 

always be found, i.e. the magnitude of the vascular 

reaction after a histamine skin prick does not neces- 

sarily reflect the excitability of the peripheral sen- 

sory nervous system. This is supported by the in- 

vestigations of systemically administered antihista- 

mines (XI,346). All antihistamines inhibit the 

inflammatory response after histamine skin pricks, 

but some do not exert any direct inhibition of noc- 

iception. The cutaneous vascular reactions induced 

by EMLA cream were investigated by Juhlin & Roll- 

man (347), Bjerring et al (VI) and Juhlin & Evers 

(139). Using different application times, these 

groups found a biphasic, vascular effect of EMLA 

cream. After longer application times, an initial pal- 

lor was followed by increasing erythema, indicating 

a sequence of different events during analgesia 

(348). This biphasic reaction was accelerated in pa- 

tients with atopic dermatitis (139,349,350) presum- 

ably due to enhanced skin penetration of EMLA in 

these patients. However, the exact mode of action of 

local analgesics on the cutaneous vascular system 
still remains to be elucidated. 

6.10. Effect of topical application of capsaicin 

Local treatment of the skin with a solution of capsai- 

cin (trans-8-methyl- N-vanillyl-6-noneamide) or res- 

iniferatoxin inhibits sensory neuronal excitation. 

Both substances are neurotoxins with selective ef-



fects on neuropeptide-containing small-diameter 

sensory afferent fibres (352-363). The neurogen me- 

diated part of an acute inflammation can be inhib- 

ited by these substances. The antiinflammatory ef- 

fects are dependent on an intact peripheral sensory 

nervous system (36). Capsaicin depletes SP (364) 

and somatostatin (365) and presumably other neu- 

rotransmitters (366,367) from sensory afferents. 

During the initial depletion or release of neurotrans- 

mitters, action potentials are generated. If the deple- 

tion occurs rapidly, the process will be perceived as 

an intense, stinging and burning pain (368-372). Af- 

ter the initial phase, a state of desensitization leading 

to total analgesia is produced (XII,369). The neuro- 

gen-dependent part of local inflammation induced 

by histamine skin pricks (X) and by antidromic elec- 

trical stimulation (248,373) may also be inhibited by 

capsaicin treatment. In rats, both systemic and top- 

ical capsaicin treatment can cause widespread de- 

generation of nerve fibres but in humans the sensory 

nerve fibres are normally only temporatily inhibited 

after local capsaicin treatment (364). This has been 

inferred from estimates of the number of opiate 

receptors which was found to be unaffected by cap- 

saicin treatment (374). Studies performed in rats 

have indicated that capsaicin treatment affects che- 

monociceptive C-fibres selectively, with little or no 

loss of function of the AS- and Af-fibre mediated 

sensations (36,375,376). In humans, we found a 

strong inhibition also of Ad-fibre mediated pricking 

pain after repeated capsaicin applications (IX). The 

neurotoxic effects of capsaicin seem to be associated 

to its pungent properties, and non-burning congen- 

ers fail to induce inflammation after topical applica- 

tion (377). Recently, ruthenium red was described as 

a specific inhibitor of capsaicin (378). This com- 

pound may be of interest in future studies of the 

functions of capsaicin. 

In humans, repeated applications of capsaicin on 

the skin does not produce any significant inhibition 

of that part of the inflammatory reaction which is not 

influenced by the sensory nervous system. Plasma 

extravasation, monitored for example by the wheal 

formation after histamine skin pricks, could not be 

modified quantitatively by capsaicin (X). The ob- 

served inhibitions of erythema (flare) and nocicep- 

tion have different kinetics. Data from two experi- 

ments (IX,X) show that the flare is inhibited at a 

much faster rate than argon laser induced pin-prick 

pain (fig. 8). This may be due to different effect on 

the fibre populations involved in the generation of 
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his tamine induced flare and in pain perception after 

short argon laser pulses. 

The selective action of capsaicin on Ad- and C- 

fibre mediated sensory functions, renders capsaicin a 

valuable tool for investigation of the sensory nervous 

system. Total anaesthesia cannot be obtained, how- 

ever, as fibres mediating e.g. pressure and vibration 

are not affected by capsaicin. Interestingly, LaMotte 

et al (62) have reported an effect of capsaicin on the 

itch mediating subpopulation of cutaneous C-fibres, 

which suggests a possible role of capsaicin in the 

symptomatic treatment of itching conditions. 

6.11. Analgesic effect of antihistamines 

H, antihistamines were previously used for local 

analgesia in dentistry (379-381), and in various ani- 

mal studies, a series of antihistamines of both the H, 

and H, class were shown to possess analgesic effects 

(382). However, also conflicting reports of the anal- 

gesic effect of antihistamines have been published 

(383-385). These discrepancies may presumably be 

due to different test systems, dosage schedules, or 

routes of administration. Histamine H, receptors 

have been identified on primary afferent nerves 

(295), and inhibition of histamine binding to nerve 

terminals may reduce the excitability of pain mediat- 

ing nerve fibres to histamine. This effect has been 

observed for the itch sensation (386). Part of the 

antiinflammatory effects of those antihistamines 

which also possess analgesic properties, may be attri- 

buted to a direct inhibition of cutaneous nociceptors 

with consequent inhibition of the neurogenic compo- 

nent of inflammation. As yet no clinical studies have 

focused on this effect of antihistamines. 

Argon laser-stimulated sensory and pain thresh- 
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olds were used for determination of the antinoc- 

iceptive effects of antihistamines in humans and 

these were correlated to their antihistaminic effect 

on standardized histamine skin pricks (XI). How- 

ever, a correlation between antihistaminic efficacy 

and analgesic effect could not be established. Only 
diphenhydramine, an H, antihistamine with both pe- 
ripheral and CNS effects, induced moderate analge- 

sia, as measured by an increase in the argon laser- 

stimulated pain threshold. The effect was not as- 

sumed to be due to a central sedation, as sedatives 

e.g. diazepam, meprobamate, and barbiturates do 
not elevate the pain threshold (383). Still, the mech- 
anisms involved in analgesia produced by systemic 

administration of antihistamines are unknown. 

6.12. The neurogenic influence on inflammation 

and the immune system 

Inflammation-induced activation of sensory AS- and 
C- fibres releases SP and other neurotransmitters 

either directly or via histamine release from mast 
cells (272,295 ,387,388). To date, three SP receptors 
have been identified; neurokinin (NK)-1 (SP prefer- 

ring), NK-2 (NK-A preferring) and NK-3 (NK-B 

preferring) (389-392). Due to the multiple actions of 
SP, it has not been clarified as yet which receptors 

reported are involved in neurogenic inflammation. 

However, Piotrowski et al (393) showed that the SP 

receptor on mast cells differs from that involved in 

the production of a wheal response in human skin. 

SP receptors have been demonstrated on mast cells, 
polymorphonuclear leukocytes and macrophages 

(391-395). The physiological relevance of SP is in- 
dicated by the fact that in vitro stimulation with SP in 

physiological concentrations (30 ng/ml), may induce 
interleukin-1 secretion from the macrophage cell 
line P388D1 (396). This effect can be inhibited by 

NK-1 receptor antagonists. Proliferation of human T 
lymphocytes may be stimulated in vitro by SP at 
107" M (397), and phagocytosis may be enhanced by 
SP (398). Capsaicin, which induces release of SP 
from nerve endings, inhibits the rate of immunoglo- 
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bulin secretion in the rat (399), and it also inhibits 
the stimulation of human B-lymphocyte differentia- 
tion by SP and NK-A (395,400). 

Thus, evidence is accumulating that the peripheral 
sensory nervous system may be a potential initiator 
and modulator of skin inflammation by peripheral 

secretion of neuropeptides (401,402). 

6.13. Vascular effects of intradermal injections of 

CSa and leukotriene B4 

The inflammatory effect of the 74 amino acid com- 
plement fragment CSa is independent of local mast 
cell degranulation. This type of inflammatory media- 
tor is not significantly inhibited by antihistamines or 
by inhibitors of kinin formation (403,404). In the 
skin both the CSa inflammatory response and that of 
the arachidonic acid-derived leukotriene B4 (LTB4) 
have been shown to be delayed in onset, presumably 
because LTB4 and C%Sa trigger reactions between 
polymorphonuclear leukocytes and vascular endo- 
thelial cells resulting in increased vascular perme- 
ability (405407). We investigated, if also these types 
of inflammation could be monitored objectively by 
reflectance spectroscopy. Yancey et al (408) found, 
that C5a produced maximal wheal reactions 20 min 
after administration and maximal erythema (flare) 
after 10 min. This time for the flare maximum was in 
accordance with our findings of maximal erythema 
index recorded by reflectance _ spectroscopy 
(VII, VIID). The actual mechanisms behind the C5a- 
induced neurogenic part of acute inflammatory reac- 
tions (flare) and the differences in kinetics of the 
flare -area and -intensity are not known (see chapter 
6.3). The time course of the development of a flare 
reaction after C5a injection is comparable to that 
induced by histamine. This suggests either direct 
effects on the nerve terminals or involvement of 
mast cell products. The latter suggestion is sup- 
ported by observations of mast cell degranulation in 
CSa test sites by both light- and electron microscopy 
of biopsies (411).



CHAPTER 7 

Methods for static and dynamic measurements of the 

cutaneous vascular responses during acute experimental 

non-immunological inflammation 

The physiological reactions of wheal (plasma extra- 

vasation) and flare (erythema) can be quantified 

according to various principles. In most investiga- 

tions, only the wheal is monitored. The wheal can 

easily be measured having relatively well defined 

borders, and it is relatively insensitive towards ma- 

nipulation and touching of the test area. 

The flare reaction may, in contrast, be difficult to 

quantify. It is often only faintly discernible from 

normal skin and the size reaches a maximum after a 

few minutes and then decreases. The flare area is 

sensitive to light mechanical traumas to the skin, and 

may easily be increased by gentle handling of the 

skin surface by callipers, rulers, or pens, used, for 

example, for measurement of diameters or for trac- 

ing the border on a transparent plastic film for pla- 

nimetry. In order to eliminate these methodological 

problems, we have developed a method for non- 

invasive, non-tactile quantitation of skin flare and 

for the monitoring of the time intensity relationship 

during the early phases of experimental acute skin 

inflammation (II, VI, VII, VIII). Various other 

methods are currently used for this purpose, and in 

the following sections, a survey of some non-invasive 

techniques for measuring the wheal and flare reac- 

tions is provided. 

7.1. Plasma extravasation (wheal) 

The central wheal reaction induced by a histamine 

skin prick is assumed to be a direct histamine effect 

on the endothelial cells of the vessel wall, and cannot 

be reduced by infiltration of local analgesics, topical 

application of EMLA cream or topical application of 

capsaicin (V,X). Similar results were reported by 

Jancs6 et al (343) and by Pipkorn & Andersson 

(345). 
Plasma extravasation to the intercellular space 

produces oedema (413) accompanied by a more or 

less pronounced migration of cells. It is generally 

agreed that the wheal can be quantified non-inva- 

sively by measurement of the diameter, or prefer- 

ably, by measurement of two orthogonal diameters. 

Planimetry of wheal areas can be performed, but 

due to the often small areas involved, these meas- 

urements require a high degree of technical skills to 

be accurate. For special purposes, determination of 

oedema volume may supply further information. 

7.1.1. Quantification of wheal by skin thickness 

Increased skin thickness, induced by inflammatory 

oedema, has been quantified by soft tissue X-rays 

(414), skin fold measurements (415) and by meas- 

urements on histological specimens (416). The ra- 

diographic method is hampered by the requirement 

for very expensive equipment and is best suited to 

measurements on large skin surfaces. The skin fold 

method includes at least some subcutaneous tissue in 

the skin thickness determination, and is not suited 

for tightly bound skin. Skin thickness determinations 

on histological sections of the skin are often in- 

accurate due to artifacts produced during dehydra- 

tion, cutting and fixation of the tissues. Repeated 

measurements on the same area are not possible 

(417). Recently, high frequency ultrasonographic a- 

scans have been applied to the measurement of skin 

thickness (418). This technique was later improved 

and is now very accurate (419). Ultrasound measure- 

ments have been used for quantification of histamine 

wheal thickness (420) and for quantification of skin 

thickness increments in patch testing (421). The ul- 

trasound b-scan method has also been employed in 

measurements of skin thickness (422,423). 

7.1.2. Quantification of wheal reactions by skin 

elasticity 

Several methods for the determination of skin elas- 

ticity in vivo have been introduced (424426). Alter- 

ations in the mechanical properties of the skin have 

been shown to be a significant finding in inflamma- 

tion. The oedema induces a relative increase in the 

non-elastic mass of the skin, and the tensile dis- 

tensibility and hysteresis is increased in the wheal 
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area (420). In humans, the wheal reaction is only 
slightly affected by sensory nervous activity, which 
indicates that skin elasticity measurements may not 
be of particular value for quantification of the neuro- 
genic part of inflammation in humans. 

7.2. Monitoring of the histamine induced flare 

reaction 

The physiological flare reaction may be monitored 
non-invasively by monitoring the vasodilatation 
which produces both increased blood content in su- 
perficial cutaneous vessels, clinically encountered as 
an erythema (427), and increased blood flow in the 
superficial vascular plexus resulting in increased skin 
temperature. Rating of erythemas for the quantifica- 
tion of inflammatory vascular reactions was used in 
early studies by Lewis (428) and Winder et al (429), 
who used coloured tiles or cards for visual compari- 
son of skin colours. More modern techniques for the 
monitoring of flare reactions may principally be di- 
vided into 1) tracing of the flare circumference for 
planimetric area calculations, 2) determination of 
the relative increase of blood content in the super- 
ficial vessels by reflectance spectroscopy, and 3) 
monitoring the increase in skin perfusion, either di- 
rectly by blood flowmetry, or indirectly by the eleva- 
tion of skin temperature. We developed a method 
for dynamic reflectance spectroscopical monitoring 
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of vascular reactions in the skin (VI). We have also 
used reflectance spectroscopic monitoring combined 
with flare area determinations (VII,VIII) and fi- 
nally, flare area determinations were used alone 
(V,X,X1,430). In principle, reflectance spectroscopy 
should be used when repeated, time-course meas- 
urement are essential and flare area determinations 
when single measurements would suffice. We found 
a good correlation between flare area and erythema 
index kinetics. (VIII) 

7.2.1. Subjective visual quantification of flare area 

by planimetry 

Flare area has traditionally been quantified by trac- 
ing the circumference with a pen on a transparent 
plastic film for subsequent manual or computerized 
planimetry (V,XI,X,XI,430). In studies which re- 
quire less accuracy, calculations based on the mean 
of two orthogonal diameters can be used as a mea- 
sure of flare area, but due to the variability in shape 
of the reactions, the method cannot be recom- 
mended for accurate determinations. The planim- 
etry method is, however, not suited for time-course 
measurements, as even light manipulations of the 
sensitized skin by the tracing pen may trigger further 
increase of the flare area.



7.2.2. Objective quantification of flare by 

reflectance spectroscopy 

Visual readings of the flare reactions may be suffi- 

cient in clinical research, but for quantitative time- 
course investigations the more accurate, but also 
more tedious reflectance spectroscopic method 
should be used (II,431-433). The spectral reflec- 
tance of the skin may conveniently be expressed as 
computer calculated pigment indices, suitable for 
statistical analysis (236,238). The scanning reflec- 
tance spectrophotometer may, however, also be 
used for accurate determinations of concentrations 
of the main chromophores (oxidized haemoglobin, 
reduced haemoglobin and melanin) in the skin 
(239,434). 

The principle of scanning reflectance spectroscopy 
is to irradiate the skin surface with a spectrally well- 
defined quasi-continuous light source (320 nm to 
1200 nm). The light which is reflected back from the 
skin surface is collected by an integrating sphere and 
guided to a monochromator for quantification (fig. 
9). 

A major advantage of the reflectance spectro- 
scopic method is that repeated measurements do not 
interfere with the natural course of the flare reac- 
tion, and repeated measurements can be performed 
at intervals of less than 30 sec in order to monitor the 
dynamics of flare reactions. Finally, computer-con- 
trolled scanning reflectance spectrophotometers are 
highly accurate, but the price of the instruments 
restricts their use to a few experimental set-ups 
(II, VII,114,236,435). 

7.2.3. Accuracy of reflectance spectroscopy for skin 
measurements 

We have tested the accuracy of reflectance spectro- 
scopic measurements on human skin in vivo by the 
variance of repeated measurements on the same skin 
surface (3.1%, n=10), and by comparison of meas- 
urements on UV-induced erythemas using reflec- 
tance spectroscopy and laser Doppler flowmetry 
(11,436,437). We found a high degree of correlation 
(r=0.96) between the reflectance spectroscopically 
determined EI and the laser Doppler blood flow 
measurements (114). 
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7.3. Objective quantification of flare reactions by 
cutaneous blood flow 

The erythema associated with acute inflammatory 
reactions in the skin may also be monitored by meas- 
urement of the concomitant increase in cutaneous 
blood flow. Photoelectric pulse plethysmographic 
measurements (438 439) and radioactive *mTC-per- 
technetate- or '’Xenon wash-out methods have 
been extensively used (440-442). Photopletysmo- 
graphic methods seem to be too insensitive for de- 
tection of the minute increases in superficial skin 
blood flow in a flare reaction and the isotope wash- 
out techniques are time consuming. Non-invasive 
laser Doppler blood flowmetry was introduced in 
1977 (443), and was later improved by Tenland 
(436). Although objective quantifications of blood 
flow may be performed continuously only relative 
variations of blood flow are measured. Good corre- 
lation has been shown with direct capillary micros- 
copy (444) and with the ‘Xenon wash-out tech- 
niques (445), and this method is now widely used in 
cutaneous vascular research (74,104,262,446,447). 
We found, however, that skin reflectance spectros- 
copy was a more sensitive technique for detecting 
minimal erythemas than laser Doppler blood flow- 
metry (114). 

7.4. Objective, indirect quantification of flare 
reactions by measurement of skin temperature 

Increased skin temperature following increased skin 
blood flow in the flare area of an inflammatory reac- 
tion has been detected by thermometric measure- 
ments, either by surface contact probes or by ther- 
mography (110,124,126,441,448-453), or by intrac- 
utaneous implantations of thermocouples (126,234). 
Increased skin temperature may be used as an in- 
direct measure of increased blood flow during in- 
flammation, and it has been assumed to reflect the 
degree of vasodilation in inflammation. Increase in 
skin surface temperature does not necessarily in- 
dicate an increase in blood flow, but can be influen- 
ced by many different factors, e.g. the stratum cor- 
neum water content and evaporation, heat loss by 
radiation, the ambient temperature, and air -flow 
and -humidity. However, since the instrument is in- 
expensive, it is still widely used. 
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CHAPTER 9 

Summary in Danish 

Emnet for oversigten og de 12 originalarbejder er 

kvantitativ monitorering af den perifere del af hu- 

dens nociceptive nervesystem. Pa baggrund af eks- 

perimentel hemning af hudens nociceptorer er der 

foretaget undersggelser af nociceptorernes funktion 

sat i relation til hemning af det akutte inflammatori- 

ske respons efter histaminpriktest i huden. Den in- 

flammatoriske reaktion er kvantiteret ved hjelp afet 

computerstyret reflektansspektroskop, som med 

stor ngjagtighed bestemmer hudens erythem som 

udtryk for graden af inflammatorisk vasodilatation. 

Mange metoder til kvantitering af smertehemning i 
huden har gennem tiden veret afprdvet, men mang- 

len pa en entydig smertestimulations-metode, der 

udelukkende stimulerer smerte og ikke samtidigt an- 

dre sansekvaliteter, har begrenset verdien af disse. 

Med udviklingen af en metode til kortvarig varme- 

og smertestimulation af huden med en argon laser er 

der Abnet mulighed for at stimulere varme- og smer- 

tefglsomme sansenerver uden samtidig at beskadige 

det stimulerede vev. Teknikken er anvendt dels til 

basale undersggelser af perifere aspekter af hudens 

sansenervesystem og dels til undersggelse af effek- 

ten af forskellige metoder til at hamme smerteop- 

fattelse fra huden. Metoden er baseret pa stimula- 

tion af huden med kortvarige argonlaser impulser af 

stigende intensitet. Det registreres, hvilken lasere- 

nergi som netop svarer til mindste sanseopfattelse 

(sensorisk terskel), og hvilken der netop svarer til 

den mindste skarpe nalestikssmerte (smertetzersk- 

len). Ved lasereffekter over smertetersklen kan den 

subjektive smerteopfattelse udtrykkes via en de- 

skriptiv skala for smerteintensitet. 
Ud over at informere centralnervesystemet om 
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potentielle vevsskadelige pavirkninger spiller det 

sensoriske (nociceptive) nervesystem en rolle i mo- 

dulation af inflammatoriske reaktioner. Elektrisk, 

mekanisk, termisk eller kemisk stimulation af peri- 

fere sansenerver udldser inflammatoriske reaktioner 

i nervernes innervationsomrader via friggrelse af 

proinflammatoriske neuropeptider fra nerveender. 

Denne proces kaldes neurogen inflammation. Ved 

andre non-neurogene former for inflammation pa- 

virkes de sensoriske nerver af lokale inflammatori- 

ske mediatorer, og bidrager til inflammationen ved 

lokal sekretion af neurotransmittere. I originalarbej- 

derne er effekten af forskellige typer af smerteham- 

mende stoffers virkning undersdgt dynamisk med 

hensyn til den tidsmessige relation mellem applika- 

tion og smertehemmende virkning i huden og med 

hensyn til deres effekt pa eksperimentel, akut in- 

flammation. Der er foretaget undersggelser af gra- 

dueret analgesi, induceret enten ved applikation af 

lokalanalgetika, capsaicin (chilipeber ekstrakt) samt 

peroralt indgivne antihistaminer. Capsaicin, ct se- 

lektivt neurotoxin der udt@mmer sansenervernes 

indhold af neuropeptider, er fundet effektivt til 

hemning af postherpetiske neuralgismerter. Den 

hemmende effekt af analgetika og capsaicin pa in- 

flammation findes relateret til graden af analgesi af 

huden. Der fandtes derimod ikke relation mellem 

antihistamineffekt og analgetisk effekt efter syste- 

misk administration af antihistaminer. 

De udviklede metoder synes at kunne finde an- 

vendelse dels i den basale humane neurofysiologi og 

dels ved undersggelser af dynamiske effektforlab af 

analgetika og antiinflammatoriske farmaka.
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