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Despite all our efforts in dermatological and 
skin physiological research, man will be left, in 
1974, with the right to scratch: "For better by 
far than all the worlds riches, to rub where it 
smarts, and to scratch where it itches". 

- Wilkinson -
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Introduction 

One of the more important functions of the human integument is that of a 
protective covering just like the skin around a sausage. The deeper parts of the 
skin, subcutaneous fat and connective tissues give protection against mechanical 
forces, and by their insulating properties against heat and cold. The outermost 
layer, the keratinized dead part of the epidermis, some tenths of a millimetre thick, 
is the first protection against chemical influences, which might damage the under
lying living tissues. Damage to this layer is signalled by the skin chemical media
tors resulting in itch or pain. 

Up to the beginning of the previous century, the skins' chemical contacts were 
mainly restricted to naturally occuring substances. Following industrialization the 
first artificial noxious influences on the skin arose. The introduction of soda based 
washing materials was the cause of lesions of the hand in countless laundry 
workers and housewives. The construction of the underground in Paris produced 
the first hundreds of cases of cement dermatitis. After the Second World War the 
expansion of the chemical industry caused the penetration into all walks of life of 
substances which might cause damage to the skin. Not only professional contact, 
but the more casual and ubiquitous contact with finishes on clothing, plastics, 
fertilizers, desinfectants and synthetic detergents could cause lesions to the skin 
surface. An ever increasing amount of difficulties was due to the spread of the use 
of cosmetics through the whole population. Following the development of indus
trial medicine and laws restricting or regulating the use of noxious substances in 
industry, a gradual interest developed regarding the study of the effects of these 
materials on the skin of man. As it appeared to be difficult to obtain sufficient 
information with human skin, many experiments were carried out on animal skins, 
the structure and reaction of which are, however, very different from those of man. 
Animal experiments might be sufficient to explore carcinogenic effects, coarse 
reactions between chemicals and the skin, and the capacity for sensitisation. 
However, when looking for the effects of long term applications of only slightly 
injurious and not very readily sensitising substances, it became evident that one 
had to return to man. Therefore in the United States of America various methods 
were developed in order to be able to predict the noxious or sensitising capacity of 
a given chemical. They were used first on prison inmates, and later in groups of the 
population, for example housewives who were paid for their collaboration. The 
aim of the experiments was to elicit a visible alteration of the skin, which should 
mimic the alterations seen under real-life conditions. As these methods grew more 
sophisticated, it became easier to elicit these reactions both by indirect interaction 
between chemicals and skin or by sensitisation. But now it is becoming much more 
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difficult to find people who are willing to be subjected to these forms of experi

ment. Moreover, it is ethically not justified to sensitise somebody to a substance he 

might come into contact with his day to day environment. 

In the Department of Dermatology of the Nijmegen University we have tried 

from the start of this Department to develop physiological and physical methods 

which would be able to detect subtle changes in the skin, long before they became 

clinically apparent to the patient or to the clinician. On the presumption that 

disturbances of the anatomical structure by chemical reactions from the outside, or 

by pathological or physiological reactions from the inside, would be evident from 

physiological functions very soon after exposure, a number of methods were 

developed. 

The first was the continuous registration of the amount of water lost from the 

skin; regulation and restriction of this loss of water (insensible or sensible) being its 

most important function. 

A further method was developed by testing the activity of sweat glands, before 

and after exposures to damaging chemicals, by pharmacologically active substan

ces. Since the active sweat gland produces not only water but carbon dioxide as 

well, methods to continuously measure this gas were also developed. 

Finally the changes which could occur in the behaviour of a living system such as 

the skin, when exposed to electrical current, were studied by measuring the 

impedance of this structure at low frequency and constant amperage. These 

measuring methods which would permit a study of the different parameters of skin, 

mentioned above, are summarized in Figure (A), and presented in the relevant 

chapters of this thesis. 
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The effects of a number of substances were studied. As damage to the skin is 
very frequent in housewifes, and as insights into the factors which play a role in 
such damage are urgently needed by both customer and industry, the noxious 
agents which were investigated were in part those substances used by housewives 
during their houshold activities. 

In order to understand the problems of this research on the membrane function 
of the skin, it is yet necessary to take a closer look at the membrane structure from 
the physico-chemical point of view. 

It is generally held that the horny layer of human skin exhibits a barrier function 
(11,13,14, 16). This barrier is considered to be a lipid-embedded solid aggregate of 
protein molecules (11), adequately hydrated. It has been assumed that the protein 
macromolecules form a coherent, well orientated network with the water "enmes
hed" as in a sponge (12). It is self evident that different sized pores will be present 
in this network. It has been postulated that the pH of the liquid phase in the sponge 
should approach values of 4.0 to 4.5. This pH, most likely maintained by the 
exudate of the sweat glands (lactic acid and amino acids), permits the protonation 
and thus generates the conformation, coherence and water binding capacity of the 
horny layer proteins (17). The lipids of the horny layer structure may be associated 
with the proteins, perhaps as relatively stable complexes in an ordered fashion 
(micelles: 5, 23). 

It seemed most likely that the orientated protein molecules are hydrogen bonded 
through orientated water shells, perhaps by hydrogen bonded aggregates of water 
molecules (cluster formation: 2, 6, 8, 9, 10). This situation may be represented 
schematically by the formula: protein - (H20)n - protein (17). 

It is also generally held that by withdrawing from the horny layer either water or 
organic solvent soluble components, this three-dimensional network of proteins, 
lipids and water will become more rigid and porous. These structural changes, 
accompanied by a loss of water binding capacity, can be promoted by external 
factors, such as atmospheric and climatic influences (i.e. exposures to sunlight), or 
by a too frequent contact with substances used in industry and in daily life. On the 
other hand, these changes can either be age-dependent or be induced by internal 
factors of an unknown origin, maybe genetically controlled (Mali). 

Thus the initial "porosity" of the horny layer, although of a "statistical" nature, 
can greatly vary or be changed by a large number of quite different factors. 

This line of thought has been summarized schematically in Figure (B), in which 
ORGAN = organized pores (sweat glands), STAT = statistical pores, GEN = 
genetic pores, ARTI = artificially induced pores, and (R) = skin resistance 
(impedance), WL = insensible water loss, CO2 = insensible carbon dioxide 
release. 

It is obvious that the sweat glands are considered to be "organized" pores. The 
scheme indicates (a) that the restriction and the regulation of the water loss (WL) 
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HORNY LAYER 
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S T A T I S T I C A L P O R E S 

r a p i l l a r y bed 

temperature 

and the carbon dioxide release (CO2L) via the skin, i.e. via the porous structure of 
the outer skin layers can also be a function of the sweat glands (1, 8, 19, 20), and(b) 
that the capillaries in skin, surrounding these sweat glands, may play a dominant 
role in both regulation of temperature, and the flow or diffusion of water and 
carbon dioxide via the outer layers of the skin (1, 3, 4, 7, 15, 16, 18, 20, 21, 22) 
and/or its adnexa. 

A number of observations viz. the pattern of sweat gland activity detected by 
scanning electron micrography and the permlastic rubber imprint technique arose 
the question whether the temperature dependent water loss by skin and sweat 
glands could perhaps reflect the magnitude of heat transfer across this skin. 
Therefore we wish to propose a working hypothesis for the mechanism of this heat 
transfer and thus for human thermoregulation in general which is at variance with 
the present concept of heat flux (see references Chapter 5). 
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In summary, it was the aim of my research to establish whether condition and 
porosity of skin and its water binding capacity could be evaluated, and preferably 
expressed in numerical values. 
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CHAPTER 2 

Relationship between skin temperature 
and the insensible perspiration of the human 

skin 
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ТНВ JODBNJX OF iNVEemOATlVE DERMATOLOOT Vol 47, No 4 
Copynght О 1966 by The Williams & Wilkina Co Prtnud m U S Л. 

RELATIONSHIP BETWEEN SKIN TEMPERATURE AND THE 
INSENSIBLE PERSPIRATION OF THE HUMAN SKIN· 

F A J. THIELE, AND K. G VAN SENDEN, 

In recent years a number of methods have 
been developed for the quantitative determina
tion of the water loss (insensible perspiration) 
of the human skm (1). 

The results of measurements carried out m 
a large number of test subjects, both men and 
women, under different climatic conditions, 
show wide variations. 3 to 25 /u,g НгО-ст"*· 
min"1 on the forearm and 30 to 150 jug H,0· 
cm 2-mm" 1 on the palm of the hand. These 
experimental data suggest that external factors 
contribute considerably to these differences 
Factors responsible for these differences have 
been investigated. 

METHODS AND APPARATUS 

Measurements were carried out in a climate 
room in which both humidity and temperature 
could be adjusted The accuracy of a chosen 
temperature is ±0 25°C and the humidity is ±2%. 

Continuous measuring methods were chosen, to 
obtain a detailed picture of the processes in
volved, a.nd to keep the influence of the measuring 
system on both the skin and the processes taking 
place as constant as possible 

Measurement of the water loss 

A small metal cup is pressed lightly against the 
skm surface with special adhesive cotton strips 
A constant stream of dry nitrogen gas is passed 
thiougli this cup The water vapor exuded by the 
skin is transferred by the carrier gas, and de
termined elcctrolytically with an electrolytic mois
ture meter (Moeco).t 

By converting the determination of the amount 
of water to an electric measurement, registration 
on a Kipp BD 2 recorder^ is possible From these 
recordings the water loss curves have been plotted 

Received for publication December 15, 1965 
'From the Unilever Research Laboratory, 

Vlaardingen, The Netherlands 
t Manufacturers Engineering and Equipment 

Corp Warrington, Penna ( U S A ) 
Î Kipp, N V Delft (The Netherlands) 
§ Yellow Springs Instrument Co Yellow Springs, 

Ohio ( U S A ) 

Temperature measurements 

Yellow Springs Thermistorsg (No 402 or 421) 
arc mounted inside the cups m such a way that a 
constant contact pressure of the thermistor head 
on the skin is ensured (2) For measuring skm 
temperatures outside the cups, the Yellow Springs 

Thermistors (No. 408) or a ThermistanH glass-
embedded thermistor are used The ambient 
temperature is determined with a Yellow Springs 
Thermistor (No 405). 

By using thertnistors the temperature measure
ments are converted to electric measurements, 
which are likewise registered on a Kipp BD2 re
corder From these recordings and with suitable 
calibration curves, the temperature curves are 
plotted 

EXPERIMENTAL 

Measuring area 

The volar side of the forearm is divided into 5 
measuring areas, as shown in Fig 1 

Water loss and temperature measurements are 
carried out on these five areas after one hour 
acclimatization of the test subjects in the climate 
room, at comfortable conditions (23° С and 50% 
R H ) 

The temperature of all measuring areas, left 
as well as right, were the same (within 0.3° C) but 
the water losses decrease with the distance from 
the measuring area to the wrist 

If the test subject stays for some hours m a 
climate room, adjusted at 15° С and 70% R H , 
the water losses at all measuring areas tend to 
become equal, after an initial decrease The skm 
temperature, however, decreases as the measuring 
area is nearer to the wrist 

From this it follows that the site of the meas
urement is important In our experimental re
sults, the measuring areas have, therefore, always 
been mentioned 

RESULTS 

Measurement on one forearm 

Fig 2 shows the course of the water loss and 
the skm temperatures with time at measurmg 

f Femx, Nice (France 98 Av. Samt-Lambert 
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area 3 of a test subject in the climate room, in 
comfortable conditions. 

Covering the foreann with a towel, baring 
this forearm, fanning air at room or higher 
temperatures over the upper arm or the palm 
of the hand—that is not at the actual site of 
the measurement—or cooling by lowering the 
temperature in the climate room are rapidly 
followed by a change in skin temperature. A 
change in the water loss follows about 30 seconds 
after a change in skin temperature has been 
recorded. After each alteration of the external 
conditions, both skin temperature and water 
loss tend to attain equilibrium values. 

In Fig. 3 the water loss curves are given for 
two measuring areas on one forearm, viz. be
tween measuring areas 1 and 2 as well as 3 and 

4. We observe again an influence, from changes 
in the external conditions. Both curves run 
about parallel with a difference in water loss 
values of 2 to 3 /ig H 1 0 , cm" , , min" 1 . 

If Fig. 2 shows that there is a relationship be
tween skin temperature and water loss, Fig. 3 
illustrates once more that the measuring site 

»-Іб.Б cm.—-» 

0.5 cm 

Fia. 1. Schematic drawing of the forearm show
ing S measuring areas; measuring area (3) is the 
midpoint between wrist and elbow. 

WATER LOSS 
μς cfn_ï.mirr1 
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-H 

Fia. 2. Changes in water loss ( ) and skin temperature ( ) at the measuring area 
3 under the influence of cooling and heating [Subject A]. Forearm covered with a linen towel 
(a) ; forearm uncovered (b) ; fanning of the hand at a distance of 100 cm (c) and 25 cm (d) ; 
forearm and hand covered with a linen towel (e). 
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is one of the factors which determine the value 
of the water loss ultimately recorded. 

Measurements on both forearms 

If simultaneous measurements at area 3 are 
carried out on both forearms, and during the 
experiment the temperature in the climate 
room is lowered, almost equal water loss and 
temperature curves are recorded. 

The water loss curves are given in Fig. 4, and 
the corresponding temperature curves in Fig. 

5. The curves plotted for the right forearm, are 
invariably somewhat higher than those for the 
left one for this subject. Fig. 5 shows 
strikingly the fluctuating course of the яІНп 
temperature. Particularly the curve of the left 
forearm—in which case the skin temperature 
was recorded immediately next to the cup on 
the skin—clearly demonstrates these fluctua
tions. I t is very likely that they are caused by 
variations in the ambient temperature. These 
fluctuations occur when the temperature of the 
climate room changes periodically. I t should be 

WATER LOSS 
цд.егггЗ.тіп-'1 

10.0-

8.0 

6.0 

4.0 

RIGHT FOREARM 

1-2 MEASURING AREA 

3-4 MEASURING AREA 

20 40 60 90 

4· 
100 

4— 
120 140 160 

+ 
1 0 mm. 

И 

Fia. 3. Changos in the water losses at two measuring areas (between measiiring area 1 and 
2 and between 3 and 4) under the influence of cooling [Subject B]. Forearm uncovered (a) ; 
temperature drop in the climate room (b); fanning of the upperarm (c); fanning of the 
forearm (d) ; temperature increase in the climate room (e). 
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WATER LOSS 
Hg.cm~2.min"1 

8.0 

7.0 

6.0 

RIGHT FOREARM 

LEFT FOREARM 

20 40 60 90 

Fia. 4. Changes in the water losses at the measuring area 3 of the left and right forearm 
under the influence of coohng [Subject A]. These curves were recorded together with those 
of Fig. 5. 

noted that these measurements were carried out 
on one of our most temperature-sensitive test 
subjects. Fig. 5 further shows that temperature 
measurements inside or outside the cup give 
only small differences, probably also caused by 
differences in contact-pressure of the thermistors. 

Measurement on the palm of the hand 

Measurements on the palm of the hand and 
on the forearm give similar reaction patterns. 
At a skin temperature of 21° C, a water loss 
varying from 15 to 25 jig HaO-cm" s ,min_ 1 was 
observed. At temperatures of ca. 32° C, how
ever, values were recorded which are higher 
than 150 μg Η,Ο-οπΓ'-ιηίη-1. 

These high values are mainly caused by in
creased sweat gland activity. 

DISCUSSION 

From the results of our experiments it appears 
that a relationship exists between skin tempera
ture and water loss. 

The supply of water to the extravascular 
tissue is effected via the vascular bed by 
capillary filtration (3, 4, 5). Moreover, it is well-
known that the blood flow in skin and muscle 
is controlled by vasomotor mechanisms (6, 7). 
Contraction of those blood vessels which pro
vide and regulate the supply of heat to the 
surface of the skin will result in decreased 
capillary circulation. Through this mechanism 
the heat supply is decreased and skin temper
ature drops. However, vasoconstriction will also 
reduce the known determinants of trans-capil
lary fluid movement, viz., surface area and 

http://Hg.cm~2.min%221


15 

SKIN 
TEMPERATURE (°C) 

31.0 

30.0 

29.0 

28.0 

27.0 

26 0 

RIGHT FOREARM 

1ЕП FOREARM 

20 40 60 90 

FIG. 5. Changes in the skin temperatures at measuring area 3 of the left and right forearm 
under the influence of cooling. On the right forearm the temperature was measured in the 
cup, on the left forearm outside the cup [Subject A]. These curves were recorded together 
with those of Fig. 4. 

filtration pressure (6). Consequently less 
water is filtered through the capillary wall per 
unit time. Besides, the temperature drop proba
bly reduces the permeability of the terminal 
capillaries of the skin. 

A similar relationship between temperature 
and permeability has been established by us for 
erythrocytes (8). 

It seems reasonable that these effects fi
nally influence the water loss at the skin 
surface. 

If the ambient temperature is kept constant, 
equilibrium values for water loss and skin 
temperature are eventually reached. 

The rat« at which the water loss follows a 
temperature change on the skin surface is 
striking. If the external conditions are suddenly 
altered, the temperature change does not cor
respond with the increase or decrease of the 

water loss to be expected. I t appears that this 
water loss does not instantly reach the level 
which corresponds with the skin temperature 
previously recorded. 

Fig. 6 emphasizes the relationship between 
skin temperature and water loss at two dif
ferent measuring sites. These measurements 
were carried out during exposure of the subject 
to low ambient temperature (15° C). The de
crease in water loss during this exposure has 
already been shown in Fig. 3. In the measured 
temperature-range the points appear to be on a 
straight line for each of the measuring sites. 

Except for some small differences (0.1 to 
0.5 μg HjOcnr'-min" 1) on the left and right 
forearm, equal water losses and temperatures 
are recorded at identical measuring areas. 

Under constant external conditions, the 
measurements are reproducible. 
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FIG. 6. Relationship between water loss and 
skin temperature at two measuring areas (between 
measuring area 1 and 2 and between 3 and 4) under 
the influence of cooling [Subject Bl Forearm un
covered (a) ; temperature drop in the climate room 
(b); fanning of the upper arm (c); fanning of the 
forearm (d). 

Left- or right-handedness of the test subjects 
was found to have no influence on the extent 
of the water loss. 

In spite of the difference in anatomical 
structure of the skin of the forearm and the 
palm of the hand {e.g thickness of the stratum 
corneum, sweat gland population), the decrease 
or increase in the water loss on the palm of the 
hand was found to be proportionally equal 
to that of the forearm. On both skin areas the 
water loss finally reaches a constant level at 
low skm temperatures The blood flow behaves 
in a similar fashion (4, 9, 10, 11). Simultaneous 
measurements of heat loss (calonmetnc) and 
blood flow under steady conditions (10) are in 
agreement with these observations. 

Climatic factors determine the ultimate 
value of the water loss (12). 

SUMMARY 

An investigation into the relationship between 
skm temperature and water loss has indicated 
that a correlation exists between these p.iram-
eters Climatic factors determine the degree 

of the water loss. I t seems justified to assume 
that the driving force of the water loss is re
lated to the vascular microcirculation in the 
tissues, which is controlled by vasomotor mecha
nisms. 

The reaction patterns of forearm and palm 
of the hand are basically equal and the water 
losses of all skin areas decrease or increase 
proportionally per degree centigrade. The re
sults of this investigation clearly show that 
quoting a value for the insensible water loss 
of the skin without denoting the skin temper
ature—measured with a constant contact pres
sure of the thermistor head—and without in
dicating the measuring site is inadequate. 
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temperature 
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The Insensible Water Loss and Skin Temperature 
F. Α. J . T H I E L E and К . G. VAN S E N D E N , Unilever Research Laboratorium, 
Vlaardingen (Netherlands) 

Quantitative measurements of the insensible water loss of the human skin, 
for example at different sites on the forearm and on the palm of the hand show 
wide variations: 3 to 60 micrograms of water, c m - 2 • m i n - 1 on the forearm, and 
30 to 150 micrograms of water c m - 2 · m i n - 1 on the palm of the hand. 

0,5 cm 3,Tcm 

Kig. 1. Мгаяіігіпг areas on forearm φ is midpoint between wrist and elbow 

These experimental data suggest that external factors contribute considerably 
to these differences. Factors responsible for these differences have been investigated. 
Continuous measurements of water loss and skin temperature a t constant contact 
pressure showed a striking relationship between both parameters. 

These measurements have to be carried out in a temperature controlled room 
( + 0.25 °C), the subjects being allowed to relax during a pre-conditioning period 
of 1 h. Emotional influences (e.g. mental stress) must be excluded. In all cases skin 
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temperature and water loss tend to attain equilibrium values. In a stationary 
condition heat production and heat loss are in equilibrium. Climatic factors, such 
as temperature change, local heating and cooling, air turbulence, covered and 
uncovered state of the measuring sites, and the like, determine the degree of water 
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loss. If water loss and skin temperature are plotted, we obtain straight lines. The 
reaction patterns of the forearm and the palm of the hand are basically equal 
in spite of the differences in anatomical structure and sweat gland population. 
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Measurements on both skin areas invariably confirm tha t these water losses 
decrease or increase proportionally per degree Oentrigrade. 

The straight lines which represent this relation all intersect the temperature 
axis at the same point. This point, calculated by means of the least squares, lies 
at 17.0 0C (J_ 0.5). irrespective of the measurinii site and the extent of the water 
loss. 

Exceptions to this rule can be simply explained on considering the shape and 
volume of the forearm. The individual behaviour appears to be constant and the 
range over which a water loss value for a single measuring site may fluctuate, due 
to several minor external influences, can be determined. The results of the measure
ments are reproducible, even 12 months later. 

These findings led to the supposition that the mechanism involved invariably, 
operates according to the same principle, irrespective of the way in which the 
insensible water reaches the skin surface : through the skin or via the sweat glands. 
Therefore the determinants of transcapillary fluid movement (the hydrodynamic 
flow of water), and the permeability of the capillaries of the skin and its adnexa 
(the sweat glands) have been considered. I t seems justified to assume that the 
driving force of the insensible perspiration is related to the vascular micro
circulation in the tissues, which is controlled by vasomotor mechanisms. : see 
references 4, 5, 6. 7, 9, 10 and 11 of Chapter 2. 
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CHAPTER 4 

Skin temperature and water loss by skin 
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SKIN TEMPERATUKE AND WATER LOSS BY SKIN 

F. A. J. THIELE, H. G. W. M. HEMELS and K. E. MALTEN* 

The article entitled "Skin Temperature and Transepidermal Water Loss" by 
Grice et al.' raised some interesting points in relation to the insensible and sensible 
water loss by skin and the influences of ambient and local temperatures on the responses 
of the sweat glands (probably by neural activation) 1>s. 

Grice et al. suggested that the relationship between skin temperatures and diffusion 
rates had to be studied elfter sweating was inhibited, presumably because the water 
loss by skin is thought to be a temperature dependent diffusion phenomenon through 
a water barrier located in the homy layer. However, we presented experimental evi
dence that no essential differences existed between the water losses by skin sites on 
the forearms and palms of the hand in their relation to skin temperatures, in spite of 
the differences in anatomical structures and sweat gland populations'. Therefore we 
assumed that the water loss by skin was more likely to be a hydrodynamic flow via 
the sweat glands. The consequent working hypothesis imphed that the water vapour 
transport via the skin was not so much based on diffusion through the homy layer, 
which was supported by Bullard's experiments,1 but occurred by diffusion and hydro-
dynamic flow via the sweat glands. 

Recently we presented further evidence that this flow is related to the anatomical 
size of the forearms (the circumferences : large and small), and the number of sweat 
glands functioning under comfortable conditions.· This flow of /¿g amounts of water 
could not be effectively blocked by atropine iontophoresis. Therefore it also seems doubtful 
that the hydrodynamic flow via the sweat glands at rest (which is a question of actual 
pressure via these glands : the globule formation in Permlastic rubber base, probably 
by water vapour,'·8) could be blocked by topical application (occlusive dressing) of an 
alcoholic solution of poldine methosulphate (an acetylcholine receptor blocking drug). 
If the transepidermal water loss curves (TEWL) published by Grice and sweating rate 
curves (Esw) pubhshed by Bullard1 are re-drawn for comparison on an equal scale 
(water loss in mg.cm-2. h r - 1 vs. skin temperatures in 0C'), one can see from the com
bined plot (Fig. 1) that transepidermal water loss curves of different subjects (dotted 
lines) and sweating rate curves of one particular subject (solid lines) hardly differ 
over a similar range of local skin temperatures between 20° and 40oC. The TEWL 
measurements were carried out at ambient temperatures between 22° and 24eC, 
whereas the sweating rate measurements were carried out at various ambient tem
peratures : 34°, 35°, 37° and 390C. The differences between the four sweating rate 
curves of Bullard are the result of local influences caused by the various ambient 
temperatures at a constant neural drive for each experiment1. Therefore it seems 
more likely that poldine methosulphate to some extent influenced the neural activation 
of the sweat glands,1'3 although Grice does not report the effect of a control experiment 
using an occlusive dressing and alcohol alone. Neither does she consider the possible 
causes of the differences between her experimental subjects : skin temperature and 
circumference. 

'Department of Dermatology, С University of Nijmegen, Javastraat 104,Nijmegen,The Netherlands. 



26 

sweating r a t e ( l ) c J ^ > 340-350-370-390C 
water loss (3) · »a-b-c-d 
(mg", cm'2-, h r~*) 
30 τ 9 39« 

2 5 -

2 0 -

15 

1 0 -

5 -

o-i 
20 

FIG. 1 

25 30 35 40 
local skin temp.(0C) 

sweating' rate 

Fio. 2 

170C 
25 30 35 40 

local skin temperature (0C) 



27 

An analysis of the sweating rate curves of Bullard et al. raised another interesting 
point." If we calculate the least squares of the dotted points of his Ta=390C curve 
(Chapter 4, Fig. 40-4, p.6-2 in Physiological and Behavioural Temperature Regulation, 
editors Hardy, Gagge and Stolwijk, 1970) in the interval between a local skLi temp
erature of 20° and 330C, the line that may be drawn intersects -the temperature axis 
at about 170C, with a slope of about 0-5 (Fig. 2). This agrees very well with our 
findings, 5>e although we measured Insensible Water Loss by skin at the level of micro
grams cm - a . min-1,being l/60,000th of the milligrams cm _ 2 .h r - 1 sweating rate values 
of Bullard. 

If these Bullard curves (graph 40-4) are divided into two phases, i.e. Phase 1 at 
local skin temperatures below 330C and Phase 2 above 330C, one can construct a new 
graph (Fig. 3). From this graph is can be seen that the straight Unes of Phase 1 and 2 
(obtained by calculating the least squares of the charted points for each ambient 
temperature) meet at a local skin temperature (Ts) of about 340C. 

The slope, calculated for each line of Phase 2, is shown in Fig. 3. At the Ts of about 
340C the sweat production accelerates abruptly : the increase in Esw (sweating rate/ 
water loss) is proportional to the increase in skin temperature up to about 40oC. A 
similar proportional increase can be derived for Esw at skin temperatures below 
340C. The acceleration of sweat production at a Ts of about 340C, apparently caused 
by neural impulses from the central nervous system arriving at the glands and causing 

FIG. 3 

sweating r a t e 1 

an increase in release of transmitter substance at the neuroglandular junction (Bullard), 
amounts to values about eight times higher in comparison to Esw at skin temperatures 
below 340C. This follows from the ratio of the values of the slope from first and second 
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phases, being 0-075 and 0-59 respectively (Fig. 4). The set point of Ta obtained by 
extrapolation appears to be 32·3Χ, whereas the set point for Ts appears to be 31·90 

(±0-l)C, since at these temperatures the lines of both phases invariably intersect 
the temperature axis (see Figs. 3 and 4). 

FIG. 4 
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The general formulas for the curves from Fig. 3, are for Phase 1 and Phase 2 

respectively : 
Esw=OTa(Ts—17-25) 
Esw=0Ta(Ts—32-0) 

in which ora and /ha are different proportionality constants. 
Since ота appeared to be (Та—32-3) . 0-075 and 

/ha appeared to be (Та—32-3) . 0-59 (from Fig. 4) 
for the particular skin site and the particular normal healthy subject tested* it can be 
calculated that for 

Phase 1 

Phase 2 

T s = 
Esw 

T s = 

0075 Та—2-42 

Esw 

17-25 

0-59 Та—19-0 
320 

in which Esw = sweating rate (e.g. water loss), Ts=local skin temperature, and Ta = 
ambient temperature. 
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The value of 17-250C is taken as representative for the intersection with the temp
erature axis at local skin temperatures below 340C ; it is quite possible that this value 
may fall anywhere in the range 16·25 to 18*26eC, but we were unable to determine this 
more exactly from the points plotted in Bullard's curves, although the slopes could 
be approached. 

The value of 320C for intersection with the local Ts-axis is taken as representative 
for the range of local skin temperatures above 340C : the calculated values are : 
31·94(390), 31-8 (37°), 31-89 (35"). and 31-8 (34°). We want to stress that the calculated 
slopes of 0-076 (below Ts 340C) and 0-59 (above Ts 34eC) were considered to be repre
sentative for the particular subject which has been tested by Bullard (graph 40-4), 
with the assumption that it was a normal healthy one. 

If the responses of the sweat glands after exposures to Ta's above 340C (sauna) 
appear to deviate, as can be expected with dermatologie abnormal subjects (atopics 
or anhydrotics and hyperhydrotic abnormals), the slope values of 0-075 and 0-59 
will deviate as well. The same holds true for subjects with an ectodermal dysplasia or 
other abnormalities in their sweat gland population, or reactivity. 

The effect of the influence of Ta on these subjects will be expressed by lower or 
higher values for their Esw's. Thus it seems quite possible that for a particular group 
of abnormals (atopic subjects) another proportionality constant or» or βτ* can be 
achieved. Quite different acetylcholine-responses of the sweat glands after intradermal 
beta- blockade by propanolol were already found in atopics if these subjects were 
tested in summer and winter time.2 Moreover, we experienced that the responses of 
the sweat glands to intradermal acetylcholine stimulation decreased greatly, after 
exposing the neck and head (occipital region) of the experimental subjects to 
infrared heat radiation (profuse sweating) : then the sweat production of a non-
damaged skin site appeared to be about equal to the production (water loss) by skin 
sites where the sweat glands have been damaged experimentally by alkaline solutions 
(pH 12-0).* Nevertheless, if Esw and Ta are known, Ts can be calculated ; on the other 
hand if Esw, Ta and Ts are known (or can be measured), the thermal status of an 
experimental subject can be approached, since this status is related to Ta (ambient 
temperature) which influences tympanic membrane temperature and hypothalamic 
temperature, and induces neural activation of the sweat glands. 

From these results we assume that the relationship between water loss and skin 
temperature can be studied reliably, even if this insensible water loss (WL) becomes 
Esw (sweating). Graphical interpretation of the results of measurements appears to be 
of crucial importance. 

Inhibition of sweating, possibly by influencing the neural drive, к not relevant 
in any study concerning the relationships aforementioned, if these studies are carried 
out under controlled (e.g. well-defined) conditions, and if physiological and behavioural 
temperature regulation phenomena and dermatologie abnormalities are taken into 
account. 

SUMMARY 
The relationships between insensible and sensible water losses and skin temperatures 

have been discussed. Two formulas were derived which describe the relationships 
between ambient temperature, skin temperature and sweating rate. Differences in the 
proportionality constants which express the effect of the influences of ambient temp
eratures on atopic abnormals can be expected. 
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CHAPTER 5 

Heat transfer across the skin : 
the role of the resting sweat gland 

A Working Hypothesis 
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HEAT TRANSFER ACROSS THE SKIN : 
THE ROLE OF THE RESTING SWEAT GLAND IN 

THERMOREGULATION 

F. A. J. THIELE, P. D. MIER and R. A. REAY* 

We present the hypothesis that, under „quiescent" conditions, water is continu
ously evaporating in or near the secretory coils of the sweat gland; water vapour 
traverses the lumen of the duct, and is to a large extent recondensed in the terminal 
portion of the duct. This returns via the „wick" effect of the mucilaginous lining, 
the net effect being the transfer of heat across the epidermis with minimal water 
loss. 
Such a concept suggests a striking parallel with the device known as the „heat-
pipe". 

The following aspects of our model can be discussed: -
1. In evolutionary terms, the major role which we visualise for eccrine sweat glands 
in thermoregulation seems more compatible with their number and complextity. In 
addition, the general rule of adaptation towards water conservation is obeyed. 
2. Anatomically, a function (that of a „condensor") is provided for the curious 
spiral structure of the terminal portion of the duct. 
3. Physiological indications of continuous secretory coil activity (electrical and 
other parameters) are now comprehensible. 
4. Theoretical discrepancies between calculations based on heat transfer and those 
of water loss are resolved. 
5. Experimental observations of the rapid penetration of foreign materials into the 
sweat duct are compatible with the postulated reflux of water via the lining of the 
duct. 

* Internat. Research & Development Co, Ltd. Fossway 
Newcastle-upon-Tyne / England. 
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WORKING HYPOTHESIS 

Our present concept of heat transfer across the skin is based on the supposition 
that heat flux from the deeper tissues to the surface occurs by conduction; under 
normal physiological conditions this heat is dissipated from the surface by evapo
ration, convection and radiation (2, 4, 9, 12, 19, 20). Under extreme conditions 
(exercise, high environmental temperatures) active sweating occurs, and evapora
tion provides additional heat loss (4, 21, 22). 

Unfortunately there are a number of observations at variance with this simple 
model. These include the following: 
(i) Despite an increase of more than 2-fold in heat production resulting from 
exercise, the percentage contribution of evaporative heat loss remains constant 
(23). 
(ii) Calculations based on the thermal conductivity of skin (2, 4, 12), rate of heat 
transfer through skin (4), and on observed temperature gradients (1, 9), although 
compatible with a resting heat balance, show serious discrepancies under active 
conditions (23). 
(iii) Measurement of parameters such as insensible perspiration (10) and electrical 
conductivity (7, 13), indicate that the secretory coils of the sweat glands are active 
even in the absence of overt sweating. 
(iv) Individuals who have a disturbed sweat gland function may show a dangerous 
increase in body temperature following mild exercise at environmental temperatu
res as low as 25° C. Examples include inherited disorders (congenital ectodermal 
dysplasia) (15), pharmacological inhibition (atropine) (3), and the atrophic changes 
of old age. 

A. 

В 
t t t t 
НІДТ IN 

Figure 1. (A) Diagrammatic representation of a heat pipe 
(from Eastman5, and Reay14), 

(B) Section of an eccrine sweat gland 
(from Ebling6). 
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All this suggests strongly that the sweat gland plays a significant role in thermo
regulation long before overt sweating occurs (22). We wish, therefore, to propose 
the following model: 
(i) Water is evaporated, taking up latent heat, in or near to the secretory coil of the 
glands, (ii) Water vapour passes outward along the duct. 
(iii) The bulk of this water vapour re-condenses on the walls of the duct, giving of 
latent heat, before reaching the skin surface, (iv) The condensed water returns via 
the mucilaginous lining of the duct by capillary attraction. 

A cycle of this nature will clearly increase the total heat flux across the skin; its 
magnitude will be related to the moisture content of the duct, thus permitting (via 
hypothalamic control) correlation with the absolute temperature of the deep tis
sues (22). Such a model is wholly compatible with the observations outlined in the 
second paragraph. 

Surprisingly, a very similar device for heat transfer has been described and is 
already finding technological application under the name of the,, heat pipe' '(5,14); 
the structural resemblance between the sweat gland and the heat pipe is apparent 
from figure 1, 2 and 3. 
It is pertinent to point out that this model provides an explanation for the presence 
of the mucilaginous („dark") cells of the sweat gland coil and of the remarkable 
spiral construction characteristic of the distal portion of the human eccrine duct 
(6). 

Figure 2. Schematic drawing of the epidermis and sweat gland with a scheme of the heat pipe. 
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Figure 3. Schematic drawing of the supposed thermoregulatory function of the sweat gland in human 

skin. 

Before such a model is acceptable it is necessary to show, firstly, that the 
contribution of the sweat ducts to the total heat flux is quantitatively significant; 
secondly, that conditions existing in the duct are compatible with heat pipe 
operation. 
If the internal diameter of a duct is taken as 14 μ, and the density of sweat glands as 
200 per cm2 (8, 16, 18), a factor of about 1 : 1000 is found for the ratio of 
cross-section of ducts : surface area of skin. Since the thermal conductivity across 
the cells approximates to that of „fixed" water (0.08 Gcal. cm- 1.min- 1. "К - 1 ), it is 
clear that an equivalent conductivity of about 80 Gcal. cm_,.min~1.0K"1 for the 
sweat ducts would result in their contribution equalling that of simple conduction. 
This is of the same order as the conductivity of copper, and could be reached 
without difficulty if the water vapour pressure at the proximal end of the duct were 
sufficient to displace air. Precise data regarding this parameter are not available, 
but it is certainly remarkably high (18, 22); independant evidence indicates that air 
is not present in the ducts (11, 22). 

The electron scanning micrographs (Fig 4) perhaps reflect the magnitude of the insensible water loss, 
e g the magnitude of the heat transfer across the skin Adaptation to novel climatic conditions may 
generate a change in the efficiency of the heat pipe 
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В 

Figure 4. (A) Scanning electron micrograph of water vapour (gas) imprints in the silicone rubber 

replicas of the skin surface of the forearm (room temperature). 

(B) Scanning electron micrograph of water vapour (gas) imprints in the silicone rubber 

replicas of the skin surface of the upperforearm (ambient temperature of about 40oC.). 

(These micrographs were kindly prepared for the author by Dr. I. M. Gibson of Unilever Research, 
Isleworth, England). 

The clearest distinction between the present and previous models is that we 
postulate a continuous reflux of water via the mucins lining the duct. This readily 
lends itself to testing, although we would point out that there are already numerous 
reports in the dermatological literature indicating that water and foreign substan
ces are rapidly transported into the sweat gland (10, 16, 17). 
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CHAPTER 6 

The carbon dioxide release by skin 

1 A Micro Method for measuring the Carbon Dioxide 

Release by Small Skin Areas: 

Trap-technique and Steady State Method 

2 Addendum to "Measuring Procedures" of 6.1: Trap-technique 

Calculation of the CCh-release by Skin either in μg.cm"2.min~ l 

or in nl.cm"2.min~1 

3 Analysis and Improvement of the Micro Method for measuring the Carbon 

Dioxide Release by Small Skin Areas: 

Improved Steady State Method 

4 Examples of Measurements of the Carbon Dioxide Release with the 

Improved Steady State Method on undamaged, slightly and heavily damaged 

Skin Sites: Chemical Contact Dermatitis, viz. Ortho-ergic Dermatitis 





43 

The carbon dioxide release by skin 

6.1 A MICRO METHOD FOR MEASURING THE CARBON DIOXIDE 
RELEASE BY SMALL SKIN AREAS 
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Department of Dermatology (Prof Dr J. W. H. Mali) and Department of Physiology 
{Prof. Dr F. J. Kreuzer), University of Nijmegen, Nijmegen, The Netherlands 

A MICRO METHOD FOR MEASURING THE CARBON 
DIOXIDE RELEASE BY SMALL SKIN AREAS 

F. A. J. THIELE AND L. H. J. VAN KEMPEN 

Summary.—In search for rapid routine methods for the measurement of carbon 
dioxide release by human skin, the authors succeeded in improving the infra
red analytical method which, when carried out at 4-3 μπι, yielded reliable results. 
Two techniques have been compared, viz. the steady state method (for larger 
skin areas of about 8 cm 2 ) and the trap technique (which is less dependent on 
the area to be measured: 1 to 10 c m 2 ) . 

With both techniques micro amounts of carbon dioxide, eliminated by very 
small areas of the skin and/or the sweat glands, can be determined: 2 to 100 
parts/10 e ofCO2l0cm- 2 m i n 1 . 

I t is known that human skin releases very small amounts of carbon dioxide 
(Amman and Galvin, 1968; Fitzgerald, 1957; Rothman, 1957; Schaefer and 
Scheer, 1951; Schulze, 1943; Schutter, 1968; Shaw et al., 1929; Shaw and Messer, 
1930). Several authors have attempted to discuss its significance (Ernsteno and 
Volk, 1932a; Shawe^aZ., 1929; Shaw and Messer, 1930). The alkali neutralization 
capacity of the skin has been related to this COg release (Rothman, 1957; Schulze, 
1943; Schutter, 1968), and experimental evidence has been presented to show 
that alkaline solutions stimulate the amino-acid and C 0 2 release by the skin, 
perhaps by the sweat glands (Thiele and van Kempen, 1971). The wide variation 
in the values for C 0 2 release, dependent on the site under investigation, might 
indicate that physiological variables are involved (Adamczyk et al., 1966). 

However, the pharmacological stimulation of the peripheral circulation (hist
amine) and sweat glands (pilocarpine) revealed no effect on the C 0 2 release 
(Ernstene and Volk, 1932c). Besides this, anomalous C 0 2 release appeared to 
occur at various stages of skin diseases (Ernstene and Volk, 1932b; Pototsky and 
Dyachenko, 1967 ; Pototsky and Scherbakov, 1968) and in older subjects (Ernstene 
and Volk, 1932a) who are supposed to show a decrease in sweat gland activity. 
A systematic investigation of C 0 2 release, with measurements of sensible and 
insensible water loss (Thiele and van Senden, 1966; Thiele and van Senden, 1967; 
Thiele and Malten, to be published), seemed to be desirable. 

For dermatological investigations it is essential that these C 0 2 release measure
ments can be carried out on small skin surfaces. Therefore the method of measur
ing CO2 spectrophotometrically by infra-red analysis at a wavelength of 4-3 μτα 
was selected (Amman and Galvin, 1968; Ortega et al., 1966; Karler and Woodbury, 
1962; Schaefer and Scheer, 1951; Severinghaus, 1960). This communication 
presents a new approach to measuring C 0 2 rapidly in micro amounts (parts/10e/ 

Accepted for publication November 29th, 1971. 
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10 cm - 2 min - 1) by using a trap technique yielding reliable results. This tech
nique is suitable for routine determinations in skin physiological and dermatológi
ca! research. 

METHODS 
Apparatus 

1. Infra-red carbon dioxide analyser URAS2, operating by absorption of radiated energy 
in the infra-red spectrum at a wavelength of 4-3 μπι (specific for COa)- This analyser 
is suppUed with : 

A cuvette with a pathlength of 250 mm : measuring range 0-0 to 0-01 vol % C0 2 

(0 to 100 parts/10e of C0 2 ); 
A thermostat ; 
A calibration curve, and (on request) with 
An interference filter to suppress effects of water vapour (e.g. insensible and sensible 

perspiration and varying atmospheric water vapour pressures). 
2. Perspex skin cups, covering skin surfaces of 1-8, 6-0, 8-0 or 10Ό cm8, and provided 

with a gas inlet and outlet, and a metal ring with two slits for Velcro strips to attach the 
cup to the skin. To make sure that there is no leakage of atmospheric C0 2 into the 
measuring device, the cup can be closed by attachment to a large rubber stopper. 

3. Skin cup dosing system, consisting of 2 magnetic valves (Skinner) each provided 
with a gas inlet and outlet, connected to the inlets and outlets of the skin cup, the 
carrier gas supplier and the URAS meter. The Skinner valves are operated by a 
chronometer. 

4. Electronic second clock (the chronometer), with a metric scale (Jaquet, type no. 
308 BR), was provided with a start and stop switch. Thus the skin cup can be closed 
start) and opened (stop) electrically, thereby making it possible to trap the C0 2 for 
exactly measured time intervals. 

5. Carrier gas suppliers (A) and (B): C0 2 absorber Godart/Statham no. 12211 filled 
with Sodasorb. 

6. Galvanometer, with a mirror scale for accurately reading the zero adjustment and 
full scale deflection at 100 parts/106 carbon dioxide (1 scale division per parts/106). 

7. Two flowmeters (Rotameter no. 16441): maximum flow 500 ml air min - 1 for addi
tional control of the carrier gas flow and control of the fiowrate of the nitrogen gas, 
flushing the URAS detector housing continuously, thus excluding interference from 
atmospheric C0 2 . 

8. Viton tubes: CO2 impermeable; inner diameter 4 mm, outer diameter 8 mm. 
9. Strip chart recorder 10 mV, with a disc integrator and printer (Vitatron). 
10. Gas mixing pump Wösthoff, Model M. 200/a, for calibration of the URAS 2 with 

mixtures of nitrogen/air (with 0-03% C02). 
11. Nitrogen gas and liquid air cylinders, provided with valves, and PVC tubings, inner 

diameter 4 mm, outer diameter 8 mm. 
For simultaneous recording temperatures, use was made of: 
12. Yellow spring thermistors for measurements of skin, carrier gas and ambient 

temperature. Two small banjo thermistors, mounted on adjustable springs, are attached 
to the inner wall of the skin cup, thus ensuring a constant contact between thermistor 
and skin surface. Two large banjo thermistors for measuring skin temperatures next 
to the cup. One air probe thermistor, attached inside the centre of the cup. One air 
probe thermistor for ambient temperature control. 

13. Thermistor measuring bridge (6-channel), converting the temperature measurements 
to electric measurements which are subsequently registered on a Philips (Model PR) 
6-chaimel recorder. The bridge is calibrated in such a way that the skin temperature 
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can easily be read on the recorder chart ; by means of a switch 1 of the 6 temperature 
registrations can be selected. 

14. Water loss meter, type Gow Mac Gasmaster no. 20-100, for measuring sensible 
perspiration with a ventilated skin cup, covering an area of 8 cm2. 

Set-up and Calibration 

The whole assembly is given schematically in Fig. 1. To prevent spoiling of the 
magnetic valves by dust particles of the Sodasorb in the carrier gas suppliers, the outlets 
of these suppliers are covered with filter paper. Care must be taken that the valves are 
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FIG. 1.—Schematic diagram of the assembly of the C0 2 loss measuring device with URAS 2 
analyser (a), chronometer (b), magnetic valves (c), recorder (d), galvanometer (o), flow meters, 
(f), skin cup (g) and skin temperature measuring device (h), spring-mounted small banjo 
thermistors, inside the cup, and large banjo thermistors (TS) and air probe (i) thermistor. 

not contaminated with teflon particles fiom the teflon plates mounted in the holder 
for air-tight closure of the small skin cup (1 ·8 cm2). For zero C02 setting and for moving 
the cup to another skin site, the URAS is provided with a switch for flow of C08-free 
air via the second carrier gas supplier. 

The URAS meter can be calibrated by mixing known amounts of C02 (ex decompressed 
liquid air with 0-03 vol% C02) with dry nitrogen by means of the Wosthoff pump and 
measuring the extinction at 4-3 μτη. The gas flow (100 ml min - 1) is additionally con
trolled by the Rotameter, connected with the gas outlet of the URAS meter. In this 
way, and with the aid of the calibration curve, provided by the manufacturer of the 
URAS 2 meter, its correct functioning can easily be checked. 



48 

Measuring Procedures 

Two procedures have been developed which can be used alternatively, viz. the steady 
state method and the trap technique. 

(a) Steady state method: The perspex cup is attached to the skin on the volar aspect 
of the forearm. A constant flow (100 ml min - 1) of carbon dioxide-free air is passsed 
through the cup. The carbon dioxide exuded by the skin is transferred by the carrier 
gas to the URAS analyser. From the deflection recorded the carbon dioxide concentra
tion in the carrier gas can be calculated and the result is expressed in parts/106 C02/ 
10 cm - 2 min - 1 ; if the skin surface is 8 cm2, the deflection must be multiplied by 1-25, etc. 

(b) Trap technique: The difference from the steady state method is that, in the trap 
technique, the gas inlet and outlet of the cup are simultaneously closed for a limited and 
exactly recorded period of time. After exactly timed intervals of say 1, 3, 6 up to 
15 min, the 2 magnetic valves are then opened again. The carbon dioxide released by 
the skin during these intervals is trapped in the skin cup and then transferred by the 
carrier gas to the analyser by means of a membrane pump mounted in the URAS meter. 
This can be done at flow rates of 100, 200 or 300 ml min - 1 . This technique should be 
used if skin areas smaller than 8 cm2 are to be measured. The total amount of carbon 
dioxide eliminated by the skin is recorded in less than 90 sec by the URAS meter, and 
the surface of the curve related to this amount is simultaneously integrated by the 
recorder and automatically printed in integration units. From the number of integra
tion units per cm2 (i.e. 6), the total surface area can be calculated. The carbon dioxide 
release is then calculated from the following equation : 

C0 2 = ^ * ** * *; X 100 parts/lO« 10 cm - 2 min-1 

сь X e χ j 

where 

a = surface area recorded (cm2) 
6 = calibrated recorder deflection for 1 part/10e of C0 2 (mm) 
с = flow rate (ml min - 1) divided by 100 
d = trap time (min) 
e = chart speed (cm min - 1) 
ƒ = measured skin surface (cm2). 

Thus, on measuring the C0 2 release on 8 cm2 skin surface with a trap time of 3 min 
at a flow rate of 100 ml min - 1, the number of integration units recorded must be multi
plied by a factor of 0-174 to obtain the C0 2 release in parts/106 10 cm - 2 min - 1 

(3-χ-8-^4-χ6=Η· 
If the flow rate is 200 ml min - 1, this factor is 0-348. With a skin area of 1-8 cm2 the 
factor is 0-772 at a flow rate of 200 and a trap time of 6 min. 

For the conversion of parts/106 COz 10 cm - 2 min - 1 into ml CO2ml-11000 cm- 2 h - 1 , 
which is necessary for comparison with the values in the literature, the parts/106 values 
have to be multiplied by a factor of 0-6, as can be seen from the following example. 
The flow rate is 100 ml min - 1 , which means 100 X 10 - e ml/mlmin"1 CO2. The surface 
area should be multiplied by a factor of 100 and the time by a factor of 60. From 
this it follows that the factor is 100 X 10 - 6 X 100 X 60 = 0-6. 

RESULTS 
(a) Leakage 

Any leakage in the measuring system (URAS meter, tubing connection, carrier 
gas suppliers, etc.) can be determined by closing the measuring circuit during a 
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trap time of 3 or 6 min and recording the number of integration units (integr. un.) 
after opening this circuit. Thus, the number of integr. un. recorded during a 
trap technique measurement on skin can be corrected easily: it is approximately 
1 integr. un. m i n - 1 . 

(b) Comparison of the Steady State Method and the Trap Technique on Normal Skin 

When the C 0 2 measurements were carried out on normal skin successively by 
the steady state method and the trap technique, fairly equal results were obtained 
at equal skin temperatures, provided large cups covering a skin area of 6 or 8 cm 2 

were used. The results are presented in Table I. At small skin areas of 1-8 
or 1·0 cm2, C 0 2 measurements with the steady state method are impossible because 
the recorder deflections are of the same order of magnitude as the noise of the 
URAS meter on the recorder. This problem is not encountered in measurements 
with the trap technique (see Measuring Procedures b.); it supports the advantage 
of this technique. 

TABLE I.—C0 2 Release by Normal Skin 
C0 2 Release 

(volar aspect of tho forearm, measured skin surface β cms) 

Subject 
No. 3 
No. 4 
No. 5 

No. 6 
No. 5 

I 
Steady state 

method 
Parts/10« 10 

4-2 
4-2 
4-2 
4-8 
6-7 

14-8 
13-7 

Π 
Trap 

techniques 
values 

cm-» min - 1 

4-2 
4 0 
4-6 
5-3 
6-9 

14-4 
14-4 

Trap 
times 
(Min) 

4 
6 
3 
5 
6 
3 
3 

Ш 
Values obtained by 
multiplication of II 

by a factor of 0-6 
ml 1000 cm-2 h"1 

2-5 
2-4 
2-8 
3-2 
4-2 
8-7 
8-7 

(c) The Reliability of the Trap Technique Measurements 

1. The flow rate of the carrier gas : The reliability of the trap technique was demon
strated by carrying out С 0 2 measurements at different flow rates (100, 200, 300 
and 400 ml m i n - 1 successively, without removing the cup from the measuring 
site on the forearm. The product of flow rate and number of integr. un. remained 
constant within experimental error (Fig. 2A, line a). 

However, the recorder deflection, related to the steady state C 0 2 transport 
through the skin, had to be adjusted to a constant value to overcome the lag 
period of the disc integrator of the recorder. I t this lag period is present, a lower 
number of integr. un. are recorded (Fig. 2A, line b). 

From the curve in Fig. 2 it can be seen that, at flow rates of 200 to 300 ml min""1, 
minor variations in the flow will not markedly influence the measurement: here 
the curves are not too steep, whereas, between 100 to 150 ml m i n - 1 , they are. 
In Fig. 2B the product of flow rate and number of integr. un. is plotted versus 
the flow rate: the straight horizontal line thus obtained confirmed these conclu
sions. Fluctuations in skin temperature, due to the flow of the carrier gas (cool
ing), were not observed. 

2. Disc and electrmiic integration: The reliability of the area integration by the 
Vitatron recorder provided with a disc integrator and printer was controlled by 
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carrying out simultaneous area integration with an electronic integrator (Hewlett 
and Packard). One Vitatron integration unit at values of 27 and 30 integr. un., 
corresponded to 1363 and 1347 H & Ρ integr. un., respectively. This relatively 
minor discrepancy between disc and electronic integration can be ruled out by an 
additive calibration with known amounts of C 0 2 . 

3. Water vapour interference, 
velocity of the C02 release and integration units-

120 

100-

flow χ number of I U 

80-

alternative calibration method : 
The CO 2 measurements are not 
disturbed by small or large 
amounts of water vapour (in
sensible perspiration) trapped 
in the skin cup. The effect of 
the interference filter could be 
demonstrated by injecting small 
amounts of water (5 /¿Ito 0-lml) 
in a perspex block with gas-
chromatographic septum incor
porated in the measuring device, 
near the skin cup. Different 
mixtures of nitrogen/air (003 
vol% C02) were used. More
over, by successively injecting 
known amounts of bicarbonate 
and lactic acid solutions in the 
perspex block via the septum, 
a quantitated minute amount 
of CO 2 will be released by their 
chemical reaction. The recorded 
amount of C02 can then be 
compared with the amount 
actually injected via the septum 
(HCO3- - CO.). 

This is an alternative method 
for calibrating the URAS 2 
meter and acts as a check on 
the correct functioning of the 
other registration devices (re
corder, carrier gas suppliers, 
etc). Injection of small amounts 
of CO 2 saturated water in the 
Viton tube connections showed 
the complete release of CO 2 
within 1 min, approximately. 

4. Trap time variation : The reliability of the trap technique measurements with 
large skin cups (6-0 cm2 surface) on a skin site on the forearm of an individual 
with a relatively high CO2 release was demonstrated by the results with trap 
times of 1, 2, 3, 4 and 5 min; the СОг releases were found to be 8-8, 8-9, 8-5, 9-0 
and 9-1 parts/10e 10 cm _ 2 /min _ 1 , respectively. These measurements were carried 

100 2 0 0 3 0 0 400 S00 
f low (mL mm- 1) 

Fio. 2 —The flow rate of the earner gas. A. Plot of the 
number of integration units (integr. un.) versus flow 
rate of the carrier gas (ml m m - 1 ) : the dotted line (b) 
presents the results without and the drawn line (a) 
with, adjustment of the recorder to a constant 
deflection. The numbers given on the curves indi
cate the sequence in which the continuously per
formed measurements were carried out. B. Plot of 
the product of the camer gas flow rate (ml m m - 1 ) 
and number of mtegr. un. versus flow rate : conver
sion of the (a) curve in 2A to the (a) curve in 2B. 
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out successively, without removing the skin cup from the measuring site on the 
forearm. The C 0 2 releases found with the steady state method were slightly 
higher: 100, 10·8, 10-8, 10-0 and 9-6 parts/10e 10 c m - 2 m i n - 1 respectively, because 
the zero C 0 2 gas calibration lino had shifted below zero. This problem will not 
be encountered with the trap technique. The measurement with a small skin 
cup (1-8 cm 2 surface) on the forearm of a subject with a lower C 0 2 release gave 
values of 3·6 and 3-7 parts/10e 10 c m - 2 min - 1 , with trap times of 5 and 10 min 
respectively. 

From these results it follows that, on increasing the trap times, and thus the 
CO2 concentration in the skin cup, no reabsorption of СО г or decrease in C 0 2 

elimination occurs at different time intervals. 

carbon dioxide 0 · ^ . ) 
waterless (recorder scale) 
100 τ 

FIG. 3.—Carbon dioxide release and water lose curves (release versus time) after intradermal 
stimulation of the sweat glands with different amounts of acetylcholine (in 0 1 ml solvent). 

5. Skin cup size variation: Measurements of the C 0 2 release with small (1-8 cm2/ 
6 min) and large (8-0 cm2/3 min) skin cups revealed values of: 8 integr. un. χ 
0-7716 = 6-17, and 18 integr. un. χ 0-348 = 6-26 parts/106 of C 0 2 10 cm- 2 min- 1, 
respectively. 

(d) The Influence of Some Physiological Variables on C02 Loss 

1. The relationship between skin temperature and C02 loss: By varying the 
climatic conditions in the measuring room, the C 0 2 losses decreased or increased 
with the skin temperature in a fashion similar to the variations found for the 
insensible water loss (Thiele and van Senden 1971). 

2. The effect of exposure to heat radiation on the C02 release by human skin : The 
effect of exposure to heat radiation, although inducing very slight sweating, could 
be recorded on the skin of a normal subject; the initial values of 3-8 increase 
continuously to values of 4-6, 5-5, 7-5 and 14-4 parts/10e/l0 c m - 2 min - 1 , although 
the skin temperature remained constant. The increase occurred after exposure 
of head and neck of the subject to direct radiation by sunlight. Similar effects 
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were found with another subject whose CO2 losses increased from 6-9 to 12-3 parts/ 
IO71O cm- 2 min" 1 . 

3. The effect of acetylcholine stimulation on the C02 loss by skin: Stimulation 
of the sweat glands by intradermal injections of acetylcholine (1, 10 and 50 μg| 
01 ml) and simultaneous continuous measurements of the CO2 loss and H2O 
loss (with the Gas Master) revealed fairly similarly shaped water loss and carbon 
dioxide loss curves, with similar disappearance-times (Fig. 3). These preliminary 
experiments indicate that large amounts of C 0 2 can be exuded by the sweat 
glands, with the water. The method for writing a C02 loss curve, i.e. by using the 
results of intermittent trap technique measurements during a period of over 
90 min, will be published shortly. Since the blank (initial) values of the C 0 2 

loss are measured before the stimulation, the increase in the C 0 2 loss can be 
calculated in percentages. 

DISCUSSION 

From the results of our experiments it appeared that the C 0 2 release by human 
skin could be measured quantitatively by infra-red analysis. The trap technique 
is less dependent on the surface area to be measured compared to the steady state 
method. I t could be demonstrated that comparable results were obtained with 
both techniques. The C 0 2 released from normal skin at different sites on the 
volar aspect of the forearm of different subjects varies widely: 3-5 to 15 parts/lO6/ 
10 c m - 2 m i n - 1 . We should like to emphasize that the recent mass spectrometric 
evaluations of the C 0 2 release by other skin sites of an apparently normal subject 
appeared to vary between 8-5 and 24-0 (breast), 18 (back of the trunk), 30 and 36 
(cubital fossae), 42 (stomach), 42 and 48 (palms), 90 (forehead) and 325-425 
(axilla«) parts/10e/10 c m - 2 m i n - 1 (recalculated values) (Adamczyk et al., 1966). 

The widely varying values might indicate that the sweat glands contribute 
to the CO 2 release (Schulze, 1943; Shaw and Messer, 1930); it has been reported 
that there is a sudden dramatic rise in C 0 2 release at the onset of visible sweating 
(Rothman, 1957; Rothman and Schaaf, 1929; Shaw and Messer, 1939). Our 
results with exposures to heat radiation were very similar; the preliminary 
experiments with acetylcholine showed a striking relationship between water 
loss and C 0 2 release. The increase in C 0 2 loss at a higher skin temperature 
confirmed the findings of other authors ; they reported that environmental temper
ature should be the principal factor influencing the rate of C 0 2 elimination (and 
oxygen absorption) by the skin. The increased C 0 2 release at higher skin tempera
tures may explain why the C 0 2 losses increase with increasing cutaneous blood 
flow (Rothman, 1957), arterial hyperaemia (Kramer, 1928), inflammatory condi
tions (u.v. erythema) (Kramer, 1928; Rothman, 1957; Shaw and Messer, 1930) 
and decrease to minimum values a t maximal vasoconstriction (Rothman, 1957; 
Rothman and Schaaf, 1929). Venous stasis, with greatly increased C 0 2 content 
in the blood, however, does not increase the C 0 2 loss (Ernstene and Volk, 1932a; 
Rothman, 1957; Schulze, 1943). 

The results of the measurements carried out on normal and damaged skin with 
the C 0 2 meter described in this communication will be published shortly. 

This study waa supported by a grant from the Organization for Health Research T.N.O.—den 
Haag (The Netherlands). 
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Inetruments 

1, 5, 6, 7, 8 and 10: Godart/Statham N.V., Bilthoven, The Netherlands. 
9: Vitatron, Dieren, The Netherlands. 
2, 3 and 13: These apparatuses were constructed at the Intrument Workshop of the University 

of Nijmegen (The Netherlands) by Mr J . G. van Wamel under the supervision of the Head of that 
department. 

Schematic Circuit Diagrams are available on request. 
12: Yellow Sprmgs Instrument Co., Yellow Springs, Ohio (U.S.A.). 
4 : Jaquet, Basel, Switzerland. 
4 : Stop and Start Switch Circuit Diagram is available on request. 
14: Gasmaster No. 20-100, Gow Mac \ 10-454, Gow-Mac Instrument Co., Madison N.J. (U.S.A.). 
13: Philips β-channel Recorder P R . 3500/00 Philips—Eindhoven, The Netherlands. 
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The carbon dioxide release by skin 

6.2 ADDEMDUM TO "MEASURING PROCEDURES" OF 6.1: THE 

"TRAP-TECHNIQUE" 

Calculation of the CO2 Release by Skin 

in [ig.cm - 2.min - 1 or in ц 1 . с т _ 2 . т і п - 1 

1. Measuring Data 
2. Concentration CO2 in the Measuring Circuit 
3. Analysis of a Recorder Registration of CO2 trapped in a Skin Cup 

4. Calculation of the CO2 Release in μg.cm - 2 .min - 1 (Formula 2.) 

5. Dimensional Analysis of Formula 2. 

6. Calculation of the CO2 Release in nl.cm~2.min- 1 
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CALCULATION OF THE CO2 RELEASE BY SKIN 

in μg or in nl.cm~2.min_1 

For an easier comparison of the results of subsequent measurements of the 

carbon dioxide release (CO2L) and the water loss (WL = insensible; Esw = 

sensible) by skin, it appeared desirable to express the carbon dioxide release in a 

fashion similar to that of WL and Esw, viz. in terms of either μg.cm_ 2.min_ I or in 

nl.cm" 2.min_ 1. Therefore the units "parts/lO 6", which give no difficulty when 

dealing with percentage changes, were replaced by μg or nl.cm _ 2 .min - 1 to make 

absolute comparisons simpler. 

The following example of calculation of the CO2L in μg or nl. refers to a measure

ment with the "trap-technique". 

1. Measuring data 

a. Recorder chart speed: 4 cm.min - 1 b. 100% recorder deflection = 20 cm 

c. The mixture of 70% pure nitrogen and 30% air gave a recorder deflection of 

80.5% 

d. Air: with 0.033 vol% CO2 e. Carbon dioxide-free air, obtained by soda-

sorb filtration of air, gave a recorder deflection of 0% 

f. Skin cup diameter: 2.8 cm g. Trap time: 3 minutes 

h. Ventilation of the measuring circuit by C02-free air at a flow rate of 

200 ml. min"1 

i. Six Integration Units printed by the recorder = 1 cm2 recorded curve area 

2. Concentration CO2 in the measuring circuit during calibration 

The measuring circuit was ventilated by the mixture of nitrogen (70%) and air 

(30%) until a constant recorder deflection of 80.5% was achieved. This mixture 

contained 0.033 χ -^- = 3.3 χ ΙΟ"2 χ 3 χ IO"1 = 9.9 χ ΙΟ"3 vol% carbon dioxide. 

From this it follows that 1 m3 mixture contains 9.9 χ ΙΟ"3 χ Ю-2 = 9.9 χ IO"5 m3 

CO2. 

From — ' = n R in which Ρ = 1.014 χ 10s N/m2, and Τ = 273 + 20 = 293 "К, 
Τ 

R = 8,314 J/0K and V = 9.9 10-sm3 

1.014 χ 10s χ 9.9 χ IO"5 

η χ 8.314 = , or 
293 
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η = 4.12 χ ΙΟ-3 moles CCh/m3 = 4.12 χ ΙΟ"3 χ ΙΟ"3 moles CO2/L 

Thus 4.12 χ ΙΟ - 6 moles CO2/L ventilation gas gives a recorder deflection of 

80.5% and 0 moles CO2/L a deflection of 0%. 

Let the percentage recorder deflection be Q, and the number of moles CO2/L in 

the measuring cell of the CO2 detector (URAS II meter) be (y). Then 

Ay 
У = • 

A Q 
χ Q 

Thus 
4.12 χ IO"6 

80.5 
χ Q = 5.12 χ ΙΟ-8 χ Q 

3. Analysis of the CO2 recorder registration 

On considering the curve written by the recorder during the transfer of the 

trapped CO2 from the skin cup to the detector (measuring) cell of the CO2 meter 

by a carbon dioxide-free carrier gas, the following functions can be derived (see 

Figure 1.): 

L (cm) 

Figure 1 Schematic drawing of a CO2 recording after trapping the CO2, released by skin, inside the skin 

cup 
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3.1 Q = the percentage recorder deflection 
К = the number of cm along the K-axis 

If 100% recorder deflection 20 cm (and 0% = 0 cm) it follows from 

Δ К 20 1 
К = χ Q that К = x Q or К = — Q 

Δ Q 100 5 

3.2 L = the number of cm along the L-axis 

t = the number of minutes (from zero deflection to zero deflection) 

If 1 minute = 4 cm along the L-axis (and 0 min = 0 cm), it follows from 

AL 4 
L = χ t that L = — χ t or L = 4 t 

Δ t 1 

3.3 I = the number of integration units, and 

S = the curve area in cm 2 

If 1 cm 2 = 6 integration units (and 0 cm2 = 0 integration units) it follows 

Δ I 6 
from I = χ S that I = — χ S or I = 6 S 

Δ S 1 

4. Calculation of the СОг release in щ>.ст~г.тіп~ъ 

From ƒ Κ χ dl = curve area in cm2 = S, 

and I = 6 S, it follows that 

I = 6 χ ƒ К . dl > 

1 

it follows that 

Since 

Since K = — Q — > 
5 

I = 6 x - ƒ Q . dl > 
5 

Q = 
1 

5.12 χ 10-8 
• У 

it follows that 
1 

1 = 6 χ — χ 
1 

5 5.12 x lO- 8 
ƒ y-d l 

Since 

it follows that 

L = 4 t M l = 4 d t 

1 
1 = 6 χ — χ 

1 

5 5.12 χ 10-« 
4 ƒ у . dt 
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Since ƒ y .dt = Β χ С χ — in which В = the number of moles CO2/L in the 
A 

skin cup; С = the volume of the skin cup in which the CO2 is trapped (L); and A 
= the flow rate of the ventilation (L.min - 1), the formula now becomes: 

1 1 1 
I = 6 x — χ x 4 x B x C x — (1) 

5 5.12 χ IO-8 A 

It will be clear that Β χ С = the total number of moles CO2 in the skin cup after 

trapping the CO2 released for 3 minutes by a skin area of— . 71 (diameter of the 
4 

1 
skin cup) =—х7Гх(2.8)2 = = 6.15 cm 2. At a flow rate of 200 ml.min-1 for (A), 

4 
200 1 

A becomes = — L.min - 1 

1000 5 

By substituting this value for A in Formula (1) it follows that 

1 1 1 
Β χ С = Ι χ —χ 5 x5.12 χ ΙΟ"8 χ - χ - m o l e s CO2 

6 4 5 

will be released by 6.15 cm2 skin surface during 3 minutes, if this CO2 release is 

linearly related to skin area and trap-time. Expressed in moles cm - 2 .min - 1 the 

formula with which the CO2 release by a particular skin site can be calculated 

then becomes 

1 1 1 1 1 , 
I x — x 5 x 5 . 1 2 x 10~8 χ - χ — χ— χ moles, cm - 2 , min - 1 (2) 

6 4 5 3 6.15 
On multiplying by 44 χ 106 this release can be expressed in μg. 

Thus the CO2 release by skin in μ§.εηι 2.min ' can be found by multiplying the 
recorded number of integration units (I.U.) by a factor of 0.509 χ Ю-2, 
if the trap-time = 3 minutes; the measured skin area = 6.15 cm2; 
Ρ = 1.014 χ 10s N/m2, and Air contains 0.033 vol% CO2 

5. Dimensional Analysis of the Formula (2) 

The general formula is 

a χ b χ с 
= g.C02.cm." 2.min_ 1 

d χ e χ f 
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a = number of Integration Units (*) 

moles CO2 

% ree.deflection L 
b = x (5 x 5 . 1 2 x IO"8) 

cm ree.paper % ree.deflect. 
с = flow factor - ^ — (200 ml.min-1) 

min. 
1 

d = chart speed (4 cm.min - 1) 
cm. ree. paper, min - 1 

e = trap time (—:—) (3 min.) 
mm. 

1 
f = measured skin area (6.15 cm2) 

cm2 

By substituting these dimensions in the formula it follows that 

g CO 2 1 
g.C02.cm~2.min_ 1 = χ 

crtr mm. 

Conclusion: Dimensions allright. 

6. Calculation of the CO2 release in nl.cm^.min-1 

a μg CO2 = a χ ΙΟ- 6 χ — g moles CO2 
44 

P.V. 
From = nR in which the values given in subsection 2 can be used, it follows 

Τ 

1.014 χ 10s x V 1 
that = a x l 0 - 6 x — χ 8.314 

293 44 

8.314 χ ΙΟ-6 χ 293 
or V = a χ m3 

44 χ 1.014 χ ΙΟ5 

8.314x293 ΙΟ-6 ΙΟ3 χ 10» 
V = a χ χ χ 

44x1.014 ΙΟ5 conversion into 
(dm3) (ni) 
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Thus V = a χ 54.599 χ IO1 nanolitres 

Since a = 0.509 χ IO - 2 χ I (number of integration units): (see subsection 4.) 

V = 0.509 χ 54.599 χ IO1 χ IO"2 χ LU. 

V = 2.779 χ LU. 

Thus the release by skin in nl.cm-2.min"'can be calculated by multiplying the 
recorded number of integration units (LU.) by a factor of 2.779, 

if the trap-time = 3 minutes, and the measured skin area = 6.15 cm2. 
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The carbon dioxide release by skin 

6.3 ANALYSIS AND 
IMPROVEMENT OF THE MICRO METHOD FOR MEASURING THE 

CARBON DIOXIDE RELEASE BY SMALL SKIN AREAS 

F. A. J. Thiele and G. J. de Jongh 
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ABSTRACT 

It was investigated whether an increase in the sensitivity produced by an 
adjustment of the Uras 2 spectrograph would permit rapid and reliable measure
ments of small amounts of carbon dioxide by means of the steady state method in 
comparison to the trap-technique. The analysis of the measuring methods and 
calculations showed that no difference between the results of the trap-technique 
and those obtained with the steady state method at increased sensitivity could be 
demonstrated. The more direct steady state method could shorten the time inter
vals for each measurement. However, an increase in the sensitivity of the CO2-
meter required calibrations of the meter before and after each specific measure
ment on the skin. It was argued that a calibration gas with about 3 volume ppm CO2 
in dry nitrogen perhaps could further simplify the steady state method to be used 
routinely for diagnostic purposes: this investigation is in progress. 

INTRODUCTION 

The procedures for measuring the carbon dioxide release by human skin and/or 
sweat glands have been described, viz. (a) the steady state, and (b) the trap-
technique (Thiele and van Kempen, 1972). Since the carbon dioxide release by 
normal undamaged skin is very small, this release was invariably measured by 
means of the trap-technique. The carbon dioxide released by the skin was trapped 
in a perspex cup attached to the skin surface (6 cm2) by simultaneously closing with 
magnetic valves the gas inlet and outlet of this cup for a limited and exactly 
recorded period of time (3,6 or 9 minutes). After these timed intervals the valves 
were then opened again and the carbon dioxide transferred by the carrier gas at a 
known flow rate to the analyzer by means of a membrane pump mounted in the 
Uras 2 spectograph. To prevent overburdan of this membrane pump during the 
closing procedure, the magnetic valve-system was provided with a bypass. The 
surface of the curve, traced by the recorder connected to the CO2 meter, was 
simultaneously integrated by this recorder and automatically printed in integration 
units. Thus the carbon dioxide release by skin could be calculated in cm-2.min-1. It 
was found that CO2 measurements with the steady state method on small, normal 
skin areas of 1 or 2 cm2 were almost impossible because the recorder deflections at 
low CO2 releases were of the same order of magnitude as the noise of the Uras 2 
meter on the recorder. Therefore it was investigated whether an increase in the 
sensitivity produced by an adjustment of the Uras 2 spectrograph, would permit 
rapid and reliable measurements of small amounts of carbon dioxide by means of 
the steady state method. It seemed likely that the more direct method could 
considerably shorten the time intervals for each measurement if for instance eight 
measurements on both forearms had to be performed. On the other hand, an 
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increase in the sensitivity of the CCh-meter might require calibrations of the meter 
before and after each specific measurement on the skin. 

The method by which the accuracy of CO2 measurements could be increased 
and the differences, if any, between the two methods (steady state method and 
trap-technique) was investigated. Methods and Apparatus have been previously 
described (Thiele and Van Kempen, 1972). A calibration gas with a concentration 
of 16.7 ppm. volume CO2 in nitrogen was prepared. By means of the Wösthoff gas 
mixing pump (Model M 200/a) a % calibration gas could be mixed up to 100% with 
dry carbon dioxide-free nitrogen. Thus a gas mixture could be prepared having a 
concentration of CO2 in the order of magnitude comparable to the concentration of 
CO2 previously found in the gaseous phase (viz water vapour) released by the skin 
surface. 

It was argued that a second calibration gas with about 3 ppm. volume CO2 in dry 
nitrogen could perhaps enable CO2 measurements and calibrations to be carried 
out without the aid of a gas mixing pump. This could further simplify the CO2 
release measuring method to be used routinely for diagnostic purposes. 

DEFINITION OF THE PROBLEM 

The production of CO2 by the skin and present in the skin cup (volume Vi) can be 
measured by 1) the steady state method and by 2) a method by which CO2 released 
by skin is trapped during a particular time-interval in the skin cup (Fig. 2). The CO2 
in this skin cup is released by the skin at a rate of Q Mol/min. 

In relatively short periods of time and under standard conditions the rate of 
C02-production may be considered to be constant. 

A l/min A l/min 

4 X 

skin cup 

V, 

f ^ 

me 

У 

asuring cell 

v, 

f 
measuring 

s y s t e m 

signal 

Figure 2. Schematic drawing of the CO2 measuring device with the skin cup (volume Vi ; concentration 
C02=x Mol/litre), and the measuring cell (cuvette) of the Uras Meter (volume V2; concentration = у 
Mol/litre), ventilated by a flow of A litres/minute. The registration device is drawn separately: The 
measuring signal is directly proportional to the concentration of CO2 in the measuring cuvette of the 
Uras Meter. 
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The measuring system is devised such that the recorder deflection is directly 
proportional to the CCh-concentration in the measuring cuvette (volume V2) of the 
CCh-meter. The CO2 present in the skin cup is transferred to the measuring cuvette 
by a carrier gas at a know flow rate (A 1/min). The transfer of CCh-gas from the skin 
cup to the measuring cuvette, and the elimination of CO2 from the measuring 
cuvette to the atmosphere, may be described by a set of linear differential equa
tions: 

^iS -Ax + Q or á J L , . A . x + Í . 
dt dt V1 V, 

ï*ls Ax-Ay or ¿1= Α . χ . A.y 
dt ' dt V2 V2 

d Q e l д 

in which Q is the rate of CO2 production, A is the flow rate of the carrier gas, Qi and 
Q2 the quantities of CO2 (Mol) in the skin cup and in the measuring cuvette, Qelim. 
the quantity eliminated, and χ and у the concentrations of CO2 in the skin cup and 
in the measuring cuvette, respectively. 

1. The steady-state method 
If the production rate of CO2 is constant, which is the case under standard 

conditions, the amount of CO2 that is transferred per minute from the skin cup to 
the measuring cuvette is equal to the rate of CO2 production. The same holds for 
the rate of entry into and exit from the measuring cuvette. 

Then т ^ s о and -7^ s 0 and as a consequence 

x s Q / A and y s Q / A 

The recorder deflection therefore is directly proportional to the rate of CO2 
production and inversely proportional to the carrier gas flow. Experimentally it 
could be verified that the CCh-production remains constant over at least one hour, 
provided that ambient conditions are kept constant. 
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2. The trap-technique 
In this case the skin cup is closed for a few minutes while the carrier gas 

ventilates the measuring cuvette. The CO2 gas therefore accumulates in the skin 
cup, e.g. the CO2 is trapped during that period of time. However, the CO2 in the 
measuring cuvette is washed out, provided that the period of trapping is long with 
respect to the time constant of elimination of CO2 (the washing-out). At the end of 
the "trap" period, the original situation is re-established, so that now the amount 
trapped is transferred to the measuring cuvette and finally again a steady state is 
reached. 

2.1 Before the trapping period 
Obviously, before the trapping period, the CCh-concentration in the measuring 

cuvette is constant (y = Q/A). During the trapping period the concentration of CO2 
in the skin cup increases from χ = Q/A to χ = (Q/A + Q.T/Vi) since the amount 
produced during the trapping period Τ equals Q.T. For the concentration in the 
measuring cup the following differential equation now holds: 

¿У _ _A_ У 
2 

- — t 
Integration leads to у = — · β ^ 

This implies that if the trapping period Τ is large with respect to the time constant 
(V2/A), the CCh-concentration approaches to zero. The time constant (V2/A) 
depends on the time, the volume of the cuvette and the flow rate of the ventilation: 
experimentally about half a minute. 

2.2 After the trapping period 
The concentration in the skin cup decreases exponentially towards the steady 

state value, provided that the CO2 production rate remains constant throughout 
the experiment 

^ , . ^ . - , , Λ , ν , , ] 

The concentration in the measuring cuvette initially increases and then decrea
ses to the steady state value. The time constant for this process (Vi/A) is in the 
order of 0.05 min. 

The concentration, in the measuring cuvette, increases rapidly by the same time 
constant (Vi/A) towards a maximum and then decreases again towards the steady 
state value. 
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Under the conditions that the product of the flow rate and the trap-time is large 
which respect to the volumes of the skin cup and measuring cuvette, the equation 
may be reduced considerably (AT >> Vi and AT > > V2). 

Because of the dimensions of the apparatus and the rapid flow rate, the time-
constants and the steady state CCh-concentration are such that the equation can be 
re-arranged by subtraction of the steady state value 

fy'sy -Q/AJ ••'••1 
This value is used in the experiments because the steady state value is taken as 
reference (zero point). 

2.3 Analysis ofy1 

Obviously the amount that leaves the measuring cuvette is equal to the amount 
trapped (under the given conditions). 

IM 

So ¿^elsA.y1 and QelsA/^.dt 

Now Q e | is equal to the amount trapped, therefore 

s A/y1, dt and yyldtaSI Q T L 
о 

/ y l d t The integral у у .dt is measured by the integrator of the recorder. 

3. Conclusion «¡» 
From the mathematical approach, the conclusion that integral у y.Ax 

о 
is a linear function of the initial concentration of CO2 in the skin cup in which the 
CO2 has been trapped, seems to be warranted. However, this integral is inversely 
proportional to the flow rate of the ventilation gas (A in litre/min.). This linear 
function should be apparent from the beginning if the apparatus responds linearly, 
e.g. proportionally to the concentration over the entire range. This could be 
confirmed experimentally. 
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ANALYSIS OF THE RECORDER REGISTRATIONS OF CARBON DIOXIDE 
RELEASE BY SKIN 

From Figure 1. of subsection 6.2, the following equations can be derived: 

1. О = the surface of the curve area recorded (in cm2) = ƒ k.dl 
Thus О = ƒ k.dl 

2. Q = percentage of the recorder deflection 
к = number of cm along the K-axis 
100% recorder deflection = 20 cm along К 

0% recorder deflection = 0 cm along К 

Δ к 20 1 
Thus к = . Q k = . Q o r k = - . Q 

Δ Q 100 5 

3. t = number of minutes (ventilation time: from zero deflection to deflection) 

L = number of cm along the L-axis 

1 minute = 4 cm along L ; 0 minute = 0 cm along L 

AL· 4 
Thus L = . t or L = — . t or L = 4.t 

Δ Ι 1 

dl 
Since t = ventilation time, — = 4 or dl = 4 dt 

dt 

From these three equations it can be derived that 

О = ƒ - . Q . 4 . dt or 0 = - / Q . d t 

A mixture of 30% air (with 0.033 vol% COz) and 70% of nitrogen contains 0.033 χ 

30 
vol% COz, viz. 9.9 χ IO"3 vol% CO2 viz. 9.9 χ IO"5 litre CO2 per litre of 

100 
mixture. 

0 L CO2 per litre of mixture = 5% recorder deflection, whereas 9.9 χ IO- 5 litre CO2 

per litre of mixture = 86.1 % recorder deflection Let у = the number of litres CO2 
per litre of gas mixture, and Q = the percentage recorder deflection, it follows that 

Q z - Q i 
Q - Qi = - — — (y - yi) 

у г - у і 
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л , Ä 86 .1-5 .0 
or Q - 5.0 = (у - 0.0) 

9.9/10s-0.0 

or Q = 8.1919 χ 10s у + 5.0 

Since О = - ƒ Q.dt it follows that 
5 

4 , 
О = — ƒ (8.1919 χ 10s у + 5.0) dt 

or О = 6.5535 χ IO5 ƒ y.dt + 4t 

Since y y . d t . B J ì (equal to fì.dts^l. ; 

see 6.5: Definition of the problem. Sub. 2.3), 

in which у = the number of litres CCh per litre mixture in the measuring cuvette; 
В = the number of litres of CO2 per litre mixture in the skin cup after trapping the 
carbon dioxide released by the skin for t1 minutes; during this procedure the carrier 
gas ventilates the bypass of the closing system; С = the volume of the skin cup in 
litres; and A = the flow rate of the carrier gas (L/min), ventilating the skin cup. 
Let B.C. = the amount of CO2 in the skin cup = X. 

С r , 
Thus the integral y.dt = B — becomes J y.dt = X . i and О becomes 

A " 

1 
О = 6.5535 χ 1 0 5 . X . - + 4 t 

A 

Since A = 200 ml/min = 0.2 L/min, it follows that 

1 
О = 6.5535 χ 105.X + 4 t 

0.2 
Thus the amount of CO2 in the skin cup after a trap-time of t1 minutes and 

simultaneous ventilation of the skinner valves via the bypass (the closing system) 

becomes: 

X = 3.0518/107 (0-4 t) litres of CO2 

or X = 3.0518 χ 102 (0-4 t) nanolitres of CO2 
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INTERPRETATION OF THE VITATRON RECORDER READINGS 
(Vitatron 402: 2 mV = 100%) 

Measurements were carried out by 
(I) adjusting the recorder to a constant deflection by means of the 

zero-adjuster, and 

(II) reading the number of integration units from the printer 

It must be kept in mind that the rectangle drawn by the recorder-pen is perhaps 
misleading regarding the actual surface area since the integrator of the recorder is 
unable to print negative numbers of integration units. 

The zero-value of the integrator was determined by plotting the number of 
integration units per unit of length of the rectangle vs the width of the recorder 
deflection (in cm). 

length of 
the 

rectangle 
(cm) 

20.04 
20.04 
20.00 
20.00 

width of 
the 

rectangle 

4.02 
3.07 
2.03 
1.03 

number 
of 

Integr. 
Units 

374 
256 
132 

16 

number of 
Integration 
Units per 

cm of length 

18.67 
12.77 
6.60 
0.80 

Least squares: 
Width of the recorder deflection in cm = 0.16744 

Integr. Units 

cm length 
+ 0.91164 

From this it follows that if the recorder deflection does not exceed a value of 
0.9116 cm, the number of integration units will invariably be zero. 
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length1 of the 
rectangle 

(cm) 

20.04 
20.04 
20.00 
20.00 

width2 of the 
rectangle 

(cm) 
(counted above 

0.91 cm) 

3.11 
2.16 
1.12 
0.12 

surface3 

(cm2) 

62.32 
43.29 
22.40 

2.40 

number of 
Intr. Units4 

374 
256 
132 

16 

Least squares: 
Surface Area (calculated from above 0.91 cm recorder deflection): 

0.167482 χ INTEGRATION UNITS + 0.02718 

Column 3 = Column 1 χ Column 2 = the surface of the rectangular area calculated, 
however, above the recorder deflection of 0.91 cm. 

INTERPRETATION OF FIGURE 3 
(CARBON DIOXIDE RELEASE RECORDINGS) 

ρ c m < 

O, w i t h 
• - - ' - , 2 . -

O 2 = 0.167482 0 3 = p 4 t 
<) = 3 0 5 1 в х Ю 2 д . ( 0 - 4 г ) Intégration units recoivler c l«rt_sp«?d 

+ 0 02718 4 c m . nun 1 

c o n t i n u o u s 
r e g i s t r a t i o n 
o f C 0 2 release» 

5 % r e c o r d e r 
d e f l e c t i o n 

(= zero С О г ) 

0.91cm 
(zero i n t e g r a t o r ) 

0 °A> recorder 
d e f l e c t i o n 

Figure 3. Schematic drawing of a carbon dioxide release registration : magnification of the registration 
below and above zero СОг 
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From Figure 3 it can be derived that Oi = O2 + O4, 

or Oi = 0.167482 I.U. + 0.02718 + 0.91 χ 4 t 

By substituting the value for Oi in the equation 

Xi = 3.0518 χ 102 ( O i - 4 t ) 

in which Xi is the amount of CO2 in the skin cup after a trap time oft 1 minutes, it 

follows that 

Xi = 3.0518 χ ΙΟ2 χ (0.167482 I.U. + 0.02718 + 0.91 χ 4 t - 4 t) 

or Xi = 3.0518 χ ΙΟ2 χ (0.167482 I.U. - 0.36 t + 0.02718) 

Since Хз is the continuous CO2 release by skin, including the time in which the 
skin cup has been ventilated via the bypass, it follows that X і-Хз consequently will 
be the amount of CO2 in the skin cup after a trap-time of t ' minutes. 

Since Хз = 3.0518X 102(p4 t - 4 t) = 3.0518x 102.4t(p-l) = 12.207x 102 t(p-l) 

it follows that 

Xi - Хз = 3.0518 χ IO2 (0.167482 I.U. -0.36 t + 0.02718) - 12.207 χ 102t (ρ-1) 

viz. the amount of CO2 in nanolitres in the skin cup after a trap-time oft1 minutes. 

If the zero of the integrator equals the zero of the recorder deflection, and 

6 Integration Units (I.U.) = 1 cm 2 curve surface, whereas the continuous CO2 

production reaches a nil-value, then 

1 
Xi - Х з = 3.0518 χ 1 0 2 x - I . U . 

6 

( — i s taken as an approximation of 0.1666 instead of 0.167482). 
6 

If the trap-time amounts to 3 minutes and the skin area measured is 6.15 cm 2 then 

1 1 1 
Xi - Хз = 3.0418 χ ΙΟ2 χ — χ — χ χ LU. = 2.7568 Integration Units 

6 3 6.15 

Now at 70% N2 + 30% air the recorder deflection amounted 81.1% (calibration 

value), or 
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Χι - Хз = 2.7568 χ 
81.1 

80.5 
χ I.U. = 2.777 Integration Units 

if the recorder deflection appeared to be 80.5%' 

LEAKAGE OF CCh 

INFLUX OF CARBON DIOXIDE DURING CLOSURE 

If the skin cup is closed by a rubber stopper and the inlet and outlet of this cup 

subsequently closed for a time interval oft 1 minutes (ventilation via the bypass of 

the magnetic closing system) it appreared that a particular deflection and a particu

lar surface area could be invariably recorded. This surface area is a linear function 

of time, viz a minor leakage of CO2, perhaps via the magnetic valves. This amount 

of CO2 can be determined by the same formula 

Integration 

Units 

(recorded 

number) 

8 

11 

14 

time interval 

of the recor

der deflection 

(wash out time) 

0.8175 

0.780 

0.800 

(P) 
width 

(cm) 

1.13 

1.14 

1.17 

Xi-Хз 

nanolitre 
CO2 

197.6 
351.5 
470.0 

trap-time 

(t) 
(minutes) 

5 
10 

15 

Least squares: nanolitres CO2 = 27.24 t1 + 67.30 

EXPERIMENTAL 

(EXAMPLES OF MEASUREMENTS AND CALCULATIONS) 

(a) Measurements with the trap technique (left forearm) 

skin 

site 

LA 

L3 

Li 
LA 

LA 

recorded 
number of 

Integr. 

Units 

20 
17 
21 

19 

40 

recording 

time 
t 

(min) 

0.805 
0.780 

0.7975 

0.805 

0.9925 

recorder 
deflection 

width in 
cm 

1.27 
1.22 
1.30 

1.27 

1.25 

Xi-Хз 
nl 

CO2 

leakage 
during 

t1 

(ni CO2) 

676.8 
582.0 
702.0 

625.7 
1653.0 

149.0 

149.0 
149.0 
149.0 

312.5 

CO2 
release 

by skin 
(ni CO2) 

527.8 
433.0 
553.0 

476.7 

1340.5 

trap 

time 

(min) 

3 
3 
3 

3 
9 

CO2 
release 

by skin 

(ni CO2. 
c n r ^ m i n - 1 ) 

28.6 

23.5 
30.0 

25.8 
24.2 
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L4 = 28.6 
25.8 
24 2 

Standard deviation :СГП = 1.81 with η = 3 

L4 = 26.2 

Best estimate of the standard deviation 0= \J χ 1.81 = 1.22 χ 1.81 = 2.2 
v n-1 

(b) Measurements with the steady state technique 

Calibration gas : 16.7 ppm. volume carbon dioxide in nitrogen 

By means of the Wösthoff gas mixing pump a% calibration gas with 16.7 
volume ppm CCh in Nz can be mixed up to 100% with CCh-free nitrogen. 
The Uras 2 meter is calibrated before and after each measurement of C02-release 
by skin. 

Let S = number of litres CCh per litres gas mixture, with S = IO-8 U 

or S = a ΙΟ-2 χ 16.7 χ IO"6 = a χ 16.7 χ IO"8 

By substituting S = IO- 8 U the equation becomes Ю - 8 U = a χ 16.7 χ IO - 8 

or U = a χ 16,7 

in which a = % calibration gas in the nitrogen (up to 100%). 

b.l Calibration by steady state recordings 

(a) (U) reading of the 

% calibration recorder 

gas (16,7 ppm by volume) deflection 

20 334.0 96.4 

15 251.5 73.8 

10 167.0 51.9 

5 83.5 30.4 

20 334.0 94.9 

15 251.5 72.3 

10 167.0 50.2 

5 83.5 28.8 
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Least squares: 

U = 3.792878 χ R - 27.4385 

Standard error of estimate 8и = cfuVi - г2 = 3.3 

95% confidence limit — ^ 2 χ Sy = 6.6 

27.4385 
Zero level CO2 : R = = 7.2342 

3.792878 

This result agrees well with the reading obtained by closing the skin cup with a 

rubber stopper alone: here R = 7.2 

Reliability of the correlation coefficient (Transformation with the ζ of Fischer) 

г = 0.99937696 

z = 1.15xlogio( -)= 1.15xlogio3200= 1.15x3.505 = 4.03 (mean value of z) 
l - r 

1 1 
σ, = = = 0.447 

Since the ζ of Fischer is about 9 χ tfz it follows that г is very reliable. 

b.2 Measurements by the steady state method (left forearm) 

skin 

site 

LA 

LI 

Li 

recorder 
reading 

(R) 

36.0 
34.1 
33.0 

(U) 

109.1 
101.9 
97.72 

nanolitres CO2 

release, cm - 2 .min 

26.6 ± 1.6(95%) 
24.9 ± 1.6(95%) 
23.8 ± 1.6(95%) 

The 95% confidence limit was approached as follows: 

S = L CO2/ L gas mixture, viz. S = 10' nanolitres of CO2/L gas mixture. 

Since S = 10-βχ U it follows that 10-8x U χ IO9 nanolitres, or U χ IO1 ni carbon 

dioxide will be present per litres gas mixture. 
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Flow rate of the ventilation = ISOml.min"1, viz 0.150 L.min - 1 This 0.150 litres 

mixture contains 0.150 χ U χ 101 nanolitres CO2 exuded during 1 minute by a skin 

area of 6.15 cm 2 . This means that the amount of CO2 released in nl.cm~2.min_1 = 

0 . 1 5 0 x U x 10' χ 
1 

6.15 

The calculation showed that the standard error of estimate Su = 3.3. 

Thus the 95% confidence limit — ^ 2 χ 3.3 = 6.6 , i.e. 

1 
0.150 χ U χ 101 χ = ± 1.6 nanolitres of С О г . с т - ^ т т " 1 

6.15 

(с) Comparison of the results of the measurements by the trap-technique 

and the steady state method 

skin 

Li 

L3 

L·. 

nanolitres CO2 

trap-technique 

30.0 
23.5 
26.2 

(28.6 / 25.8 / 24.2) 

.cm - 2.min_ 1 

steady state 
method 

23.8 

24.9 
26.6 

(d) Treatment of the results by the t-test 
(Small Sample Method : Student's t distribution) 

TRAP TECHNIQUE 

Xi = 26.42 
m = 5 
χι = 2.506 

STEADY STATE METHOD 

X2 = 

П2 = 

X2 = 

25.10 
3 
1.152 
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Let we take 2 samples of the same population ; a pooled estimate of the variance 

can now be calculated: 

. 2 _ nisi 2 + n2S22 _ 5 . (2.056)2 + 3 . (1.152)2_ 

m + П2 - 2 5 + 3 - 2 

.•.σ = γ 5 . 9 = 2.43 

It follows that our best estimate of the standard error for the difference of the 

means of 2 samples of this size is 

(7, = σ \ / — • + — or 2 . 4 3 \ / - + — = 1.77 
ω v m П2 v 5 3 

Difference of Means 26.42 - 25.10 
Hence t = = = 0.746 

Standard error of Difference 1.77 

Conclusion 

The calculations showed that no difference between the results of the measure

ments of carbon dioxide release with the trap technique and the steady state 

method could be demonstrated. 
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The carbon dioxide release by skin 

6.4. EXAMPLES OF MEASUREMENTS OF THE CARBON DIOXIDE 
RELEASE WITH THE IMPROVED "STEADY STATE METHOD" 
ON UNDAMAGED, SLIGHTLY AND HEAVILY DAMAGED SKIN 
SITES. 
(CHEMICAL CONTACT DERMATITIS, VIZ. 
ORTHO-ERGIC DERMATITIS) 

(a) Calibration 

(b) Measurements in vivo on undamaged skin sites 

(c) Measurements in vivo on slightly and heavily damaged Skin Sites. 
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EXAMPLES OF MEASUREMENTS ON HUMAN SKIN 

CO2 release in nanolitres.cm^.miir1 

(a) Calibration : 

C02-free nitrogen was mixed by means of the Wosthoff Gas Mixing with an 
analytical grade of nitrogen containing 16.7 volume p.p.m. carbon dioxide. Thus 
the COz-free nitrogen contained either 5, 10, 15 or 20 percent of the 16,7 v.ppm 
CO2/N2 mixture. By plotting the recorder deflections vs. the percentages of the 
mixture in C02-free nitrogen, a straight calibration line could be drawn. 
The least squares calculation showed that 

% M = 0.2537 χ % Recorder deflection + С 

(see Figure 4.) 

% 

100 

50 

RECORDER 
DEFLECTION 

1.86 A 

-Ml· 

% M = 0 . 2 5 3 7 . % R - L i t 

CO,/ N , IN N , 

% MIXTURE 

L-
10 15 20 

Figure 4 Calibration Curves of Carbon Dioxide/Nitrogen Mixtures 

Percentage Recorder Deflection vs CO: - concentration in Nitrogen 
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Since the Sodasorb Filters , c.q. the leakage in the measuring device gave a 

recorder deflection of 7.3% (mean value), the value for 

С = -7.34x0,2537 = - 1.86 

(a) 

Thus: % M = 0.2537 x % R - 1.86 

in which % M = % mixture (= 16.7 v.ppm CCh in nitrogen) in nitrogen, 

and % R = % recorder deflection 

The CCh release by skin in nl.cm"2.min~1 can now be calculated with the formula 

% Μ χ χ 16.7 χ ΙΟ-6 χ 150 χ χ IO6 = nl.CO2.cm-2.mur1 (b) 
100 6.15 

in which 

16.7 = vol p.p.m. CO2 in nitrogen; 150 = flow rate of the ventilation gas; 

6.15 = surface of the measuring cup covering the skin; 

106 = conversion of ml to nl. 

(b) Measurements in vivo (left forearm : measuring sites Li,L2,L3 and L4) 

skin 

sites 

Li 

L2 

Ls 

L4 

% R 

48.2 

56.0 

50.9 

43.2 

% M 

(a) 

10.4 

12.3 

11.1 

9.1 

release of CO2 

nl. cm - 2 .min - 1 

42.4 

50.1 

45.2 

37.1 

(24° С ; 1 atm) 

subject (J) female 

(c) Measurements in vivo on slightly and heavily damaged skin sites (chemical 

contact dermatitis , viz. ortho-ergic dermatitis) 

Calibration with 20 vol parts of a mixture of nitrogen with 16.7 v.ppm. CO2; the 
measuring cup was closed by a rubber stopper and ventilated by C02-free (Soda-
sorb filtered) air. 

http://nl.CO2.cm-2
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У = 

v.ppm СО2 

(У) 

у. = 0 
У2 = 3.34 

Recorder 
sensitivity 

2mV 

% recorder 

deflection 

(x) 

χι = 16.3 

X2 = 89.0 

in which У2 = 
16.-) 

5 
- ( 2 0 

v.ppm CO2 

(У) 

yi = 0 

У2 = 3.34 

100 dilution) 

Recorder 
sensitivity 

5mV 

% recorder 
deflection 

(x) 

xi = 5.0 
Х2 = 33.8 

From these data it follows that: 

3.34 

89.0 - 16.3 
(x - 16.3) 

or 

у = 0.045942 . χ - 0.7488 

3.34 

33.8-5.0 
( χ - 5.0 ) 

у = 0.115972.x-0.579860 

(У) v.ppm = у χ Ю - 6 litres of СО2 in 1 litre mixture 

1 
The flow rate of the ventilation is 200 ml.min - 1 (= —litre.min - 1) and the skin 

surface measured = 6,15 cm 2 . 

nl.CCb.cm^.min-1 = 200/6.15(y) = 32.52(y) 

(see 6.2, sub. 5) 

у = 0.045942 . % R - 0.7488 

CO2 - release 

32.52 (0.045942 χ 82.5 - 0.7488) 

32.52 (3.04) = 98.9 

у = 0.115972. % R - 0 . 5 7 9 8 6 

CO2 - release 

32.52 (0.115972 χ 80.5 - 0.57986) 

32.52 (8.7559) = 284.7 
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Slightly damaged 

skin site 

Temp. Skin = 33.9° С 

Ree. Sens. 2 mV 
% R = 82.5% 

CO2 release 
= 98.9 nI.C02.cni-2.min-

Heavily damaged 

skin site 

Temp. Skin = 33.2° С 
Ree. Sens. 5 mV 

% R = 80.5 % 
CO2 release 

284.7 nl.C02.cm-2.inin-

Converted to a skin temperature of 32° С by means of the formula 

15 χ CO2 release 

' meas. - 17 

the CO2 release values will become 

87.9 nl.cirr^min. - 1 and 263 nl. С О г . с т - ^ т і п - 1 
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Evaluation of skin damage (I) 

a. INTRODUCTION TO EVALUATION OF SKIN DAMAGE (I) 

1. Theoretical Aspects and Interpretation of Skin Impedance 
The resistance of skin to an alternating current (skin impedance) was dçfined as 

the "transfer" impedance value (Z) divided by the cos F (the impedance phase or 
phase angle), which are dependent on the particular frequency (Hz) used, viz. R = 
Z/cos F (Thiele and Malten, 1973). This definition was derived from the following 
considerations. 

1 1 Theoretical As peels 
Reviewing the aspects of Ohm's Law at a given voltage (V) across the terminals of a circuit with a 
resistance (R), the current will be (ι), ι e V = ι R V, ι and R are real numbers However, (i) can also be a 
periodic alternating current V = ι R becomes V» = i . Ζ in which Ζ is termed the impedance of a 
particular circuit. V» , •» and Ζ are complex numbers ,Ζ and Rare of comparable magnitudes 

The impedance, also called transfer impedance, is actually the resistance to an allemaling current in a 
particular circuit (symbol ACR) An ACR, however, consists of three basic elements (a) an Ohm's 
Resistance = Ro, (b) a Capacitance = Re viz the resistance of a condensor, and (c) an Inductance = RL 
viz the resistance of an induction coil with a selfinduction coefficient L 

V effective 
Since the (R)-values (in which R = ) of these three basic elements can vary with the 

ι effective 

frequency, it will be clear that an alternating current resistance is frequency-dependent (see FIGURE 

«Hz) 
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1 2 Interpretation and Formula for the Calculation of Skin Impedance 

To interpret the impedance values measured in a circuit with a particular skin site as the resistance 

factor (R), it has been assumed that skin is comparable to a leaky condensor This can be represented by 

a circuit with a resistance (Ro) and a parallel capacitance (Re), however, neglecting the contribution of 

the inductance ( R L ) Represented schematically 

A 

41 

•*> 

4 2 

о о 

R 

• • 

II 

Z i 

Figure 2 

As already staled V, = i , . Ζ v , in which Z v is the complex substitution impedance Moreover 

V, = i. . Ζ and V, = І , . Z 
' Ί I ' ' 2 2 

¿ ν " ζ , ζ , 
-L -_L -L 
zv~ z, * z2 

The complex impedance of a resistor Z , = R + j (o). and the complex impedance of a condensor 

Z , = о + i ( — ). in which j = an imaginary unit and ω = 2 π{. in which f = the frequency in Hz 

Thus — = — + і.шС From this it can be derived 
Z v R 

•i 1 1 

Z v = 

_ I / R - j-^c 
l / R + j w . - C l / R + j . ' . ' C ]/R-j.o,C 

1 / R - '"C . 

d / R I 2 . (,.,C)Z ( 1 / R ) 2 * [шС)г 

deal part) (imaginary part) 

This tan be lepiesented geometncally as follows 



1/R 
(1/ К )Ч(соС) 2 

cüC 
( 1 / R ) 2

+ ( C O C ) 2 Ì 

Θ = -90° 
j - a x i s 

(¡m a g i n a r y ) 

Figure 3. 

The impedance Z, however , is the modulus of the complex impedance, so 

Z " | z v | . £„ is the length of the arrow. 

θ = ο 

Izl . v / " / R l ' ' " " C | ' Z = ' 
1 v |

 ( ( і / я , г . ( ш С ) 1 ) 1 г—г ^ ( і / р ) Ч ( ш с ) 2 

Expressed in terms of the polar coordinator , viz the phase angle θ : 

cos « 
R E A L 

M O D U L U S 
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COS» = ÌÌ2. - . ( | l / R ) 2 « . ( a , C ) Z ) 
(і/я) 1 *( Ш с) г ,/ΓΤΓΤΤΤΤΤ / ( , / R ) 2

+ ( c C ) 1 

and Ζ = 

\[ы*?~* (-с)2 

cos θ = J _ . Z or R = 
R cos θ 

This formula has been used for calculating the resistance to particular skin sites. 

2. The electrodes and the frequency 

Since polarization could be expected when using platinum electrodes, compara

tive skin impedance measurements were carried out with platinum electrodes 

versus platinized platinum electrodes. These measurements revealed that no 

essential differences are to be expected if the frequency applied is kept above 25 

Hz. Hence polarization was not a serious problem. It must be realized that the 

platinizing of platinum electrodes is a relatively time-consuming procedure which 

has to carried out immediately before each series of measurements (perhaps daily). 

This would therefore considerably hamper routine measurements in the clinic on 

the skin of patients and carried out by relatively unskilled operators. 

Further investigations into the methods for measuring skin resistance are in 

progress : the measurements will be carried out with a vector impedance meter 

which permits a continuous recording of both impedance and phase angle of a 

particular skin site (damaged or undamaged) vs. time, applying various frequen

cies in the range of 1 to 1000 Hz. However, under these conditions it will be 

essential to use silver-silver chloride electrodes since these electrodes show a very 

low resistance in both current directions and they are almost potential-

independent. (Rosendal, 1943 : see references in (I Sub. b.). 

3. The alkaline solutions (NaOH and НаэРО-», pH 10 and 12) 

Since alkaline solutions viz. NaOH, are frequently used in studies of skin 
function (Spruit, 1971) and in studies related to the regeneration after injury 
(Malten and Spruit, 1966 / Malten and Thiele, 1973) this substance was considered 
as a "standard" for damaging skin without further complications. 

In addition to this we studied the behaviour of skin when exposed to alkaline 
phosphate solutions (pH 10, or adjusted with NaOH to pH 12). It must be stressed 
here that human skin is frequently exposed to phosphates, since these are primary 
components of washing powders and other domestic cleaners, used in daily life. 
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SUMMARY 

The impedance of human skin was measured at a frequency of 25 Hz and 0-032 mA before, during 
and after exposing 6 cm2 skin for 60-240 min to 10 or 12 ml of alkali (NaOH and sodium phosphate) 
and sodium chloride solutions, adjusted to different pHs. From the impedance and phase angle 
values, measured at intervals of 10-60 min between different pairs of skin sites, the changes in the 
single transition resistances of these skin sites were calculated. 

Sodium hydroxide (NaOH) solution at pH 120, within 10 to 15 min, abolished skin resistance 
completely; a solution of sodium phosphate, adjusted to the same pH, affected skin resistance simi
larly, but only after 60 minutes. 

The order of severity in skin effects of solutions of other alkaline substances, adjusted to different 
pHs was determined. 

Most studies of irritation have focused on the skin's morphological appearance; more quantitative 
and convenient objective methods are needed to determine functional abnormalities in incipient 
dermatitis. Transepidermal water loss measurements fit such a requirement (Spruit, 1970, 1971; 
Thiele & Horst, 1967). In a search for other routine measurements, attention was direaed towards the 
resistance of skin to an alternating current (impedance measurements) (Allenby et al., 1969; Rosendal, 
1944; Tregear, 1965). Although skin impedance measurement in vivo is physiologically more difficult 
to understand, it may have the advantage that it can show the damaging effect quantitatively during 
the exposure to the irritant (Salanski & Nezval, 1968; Schutter, 1969, 1970). 

The resistance (R) of skin to an alternating current (skin impedance) is defined as the (transfer) 
impedance value or magnitude (Z) divided by the cosine of the phase angle F (cos F), being 
dependent on the particular frequency (Hz) applied: R^= Z/cos F. Hazewinkel 
(1971) and Hazewinkel & Lubbers (1971) claimed that they can possibly differentiate in vivo the 
resistance of the homy layer from that of the sweat glands by varying the frequencies and amperages 
at which measurements are performed. The experimental circumstances used here lead to results 
which are related to changes in the properties of the homy layer (Yoshida et al., 1971) and sweat 
glands. Our approach, deliberately empirical, aims to investigate whether skin impedance measure-
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ments could be used to determine at an early stage (during the exposure itself) whether externally 
applied water soluble substances influence the skin to such an extent that changes in freedom of 
movement of water and ions occur, manifesting themselves by variations in resistance. 

MATERIALS AND METHODS 

Apparatus 
Radiometer Impedance Meter, type GB iic (Radiometer/Copenhagen). This meter enables the 

measurement of impedance (Z) up to ίο 6 Ω, in a frequency range from 25 to 100 kHz. Impedance (Z) 
and phase angle (F) can be read directly. 

Routine measurements were carried out at a frequency of 25 Hz and 0032 mA; at high skin 
resistances 032 mA was used. 

Platinum electrodes were used, which consisted of a horizontal platinum plate (1 cm2) with a soldered 
wire, insulated by a hard PVC tube, passing through a rubber stopper at one side of which a flexible 
thermistor (rectal thermistor. Yellow Spring) could be introduced for measuring the temperature of 
the test solutions during the experiment. The electrodes, provided with insulated wires and plugs 
for connecting to the impedance meter, are marked Κ (ι), L (2), M (3) and N (4), sequentially depen
dent on the number of electrodes in use. 

Perspex skin cups, covering a skin surface area of 6-4 cm2 and marked in a similar fashion, were 
provided with metal rings with slits and Velcro strips for convenient attachment to the volar aspect 
of the forearm. The cups could be closed with perspex lids or with the electrode-supporting rubber 
stoppers. 

Performance of measurements 
On the volar aspect of one or both forearms of a test subject, three or four measuring sites were marked 
K, L, M and N respectively from the wrist upwards. The site К on each forearm was about 6 cm 
proximal to the wrist, and the distance between the midpoints of the measuring sites was about 
4-5 cm. The perspex cups were attached to these marked skin areas and filled with 10 ml of 0-015 M 

NaCl solution. The cups were closed with the rubber stoppers pierced by the electrodes (see exposure 
scheme I). After 5,15 or 30 min contact between the skin and salt solution, the electrodes were con
nected to the impedance meter and the first measurements made. Impedance (Z values in ohms) and 
phase angle (F values in degrees) readings were taken from any combination of two cups. On carrying out 
measurements with three cups, these consisted of readings between K-L, K-M and L-M (Fig. 1), 
whereas with four skin cups, six values for Ζ and F each were matched, i.e. between K-L, K-M, K-N, 
L-M, L-N and M-N (Fig. 2). The readings were recorded as Ζ K-L for the impedance between К 

^ - R L - M ^ 

/ \ 

\ - R K - C 
\ 

\ 

rs I 

/ 
/ 

FIGURE i. Scheme for measuring impedance at three skin sites on the forearm. 
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/Г-С^Ч 

\ ч / 1 

\ / 

— с — — 

FIGURE 2. Scheme for measuring impedance at four skin sites on the forearm. 

and L and the phase angle recorded as F K-L, etc. The negative or positive positions of the phase 
angles were measured. The values obtained after 15 or 30 min contact with NaCl were used as the 
blanks for the measuring sites. 

After the blank measurements, the cups were emptied and then filled with the test solutions of 
known composition and pH; 10 or 12 ml in each cup. At least one or two cups on one or both forearms 
were refilled with 0015 м NaCl solution, since they served as the blank references in case any un
expected drift in the blank occurred during the experiment. After 30, 60, 90 or 120 min (or longer) 
the readings of Ζ and F for any combination of two cups were repeated. 

After the last measurement on the test solution, the cups were emptied again, the skin surface, 
cups and electrodes were thoroughly rinsed with the 0-015 M NaCl solution, and the cups were sub
sequently refilled with this solution. After replacing the electrodes in the skin cups, the Ζ and F 
measurements were repeated and recorded as 'end values'. If measurements were carried out on four 
areas of both forearms, a maximum of six solutions could be evaluated simultaneously, since at least 
two areas continuously served as blank NaCl references. 

Even though each experiment was not designed according to the Latin Square Method (only the 
measuring sites 2 and 4 are interchanged with the duplicates), statistical analysis of the numerical 
results makes it clear that the measuring sites were not significantly different. This conclusion, already 
presented for water loss measurements after skin exposures to detergent (Stephens, 1963), was 
reported by Schutter (1969), after reviewing his data obtained during a period of about 3 years with 
the measuring technique described in this communication. 

Calculation 
From the impedance/phase angle combinations, the resistance value R can be calculated, according 
to R = Z/cos F. It is assumed that the Z-values of the skin consist of a capacitance with a parallel 
resistance. If two measuring sites were exposed to test solutions with unknown properties, and a 
third site to the blank reference NaCl solution (0015 м); three Ζ and three F values could be read 
from these three R values may be calculated (Fig. i.).Each of these resistances is composed of two 
single transition resistances (skin-NaCl-electrode). So RK_L is composed of RK + RL, whereas 
RK_M and RL_M are composed of RK + RM and RL + RM, respectively. 

Mathematically it can be derived that : 

RL = i R K - L — i RK-M + І RL-M 

RM = — i R R - L + Ì RK-M+ i RL-M 
Thus RK + RL = RK_L, etc. 
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It implies that RK, the single transition resistance of one measuring site, can be calculated from the 
resistance values derived from the Ζ and F values for three measuring sites. 

If four measuring sites were exposed to three different test solutions and one NaCl solution, six 
values for Ζ and F could be read (a-f) (Fig. 2). 

All calculations were performed on a computer, programmed in Fortran IV. Since there are only 
four unknowns (the R-values of K, L, M and N : the single transition resistances of four measuring 
sites), the computer is programmed so that four equations are used for calculating these four unknowns, 
although six measurements for Ζ and F are routinely taken, giving six equations. By using 
different combinations of four equations (i.e. a + b + c + d or a + b + ç+f, etc.), the results of the 
measurements and of the computer calculations can be routinely checked against each other. 

The print out of these calculations are given in the tables as ( — RED) and (Pet RED). The values 
under ( — RED) are the delta R-values (single R transitions for each measuring site) with respect to 
the measured NaCl blank references (in Ω χ io3). If the delta R-value is printed positive the resistance 
has decreased, whereas a negative printed delta-value under (—RED) indicates an increase in the 
resistance relative to the blank. The Pet RED is the residual resistance as a percentage of the initial 
blank NaCl values of each of the sites measured. 

Since the computer is unable to print the phase angle in degrees, these degrees are recalculated by 

the computer in radians. 1800 = 180/3-14159 = 5У2975. Thus R = Z/cos F becomes R = Z/cos 
F/57-2975· 

Graphs 
The Pet RED (residual resistance) values may be plotted against the time-sequence of the measure
ments. It is more informative if the percentage decreases in skin resistance (100—Pet RED) are 
plotted against time. The curves obtained by connecting these points are designated 'skin resistance 
curves'. At 100% the resistance of skin has reached zero. Corrections on the test area values for the 
occasionally observed drift in the R-values occurring on contact with NaCl solutions (used as blank 
references) can be carried out as well, resulting in 'delta skin resistance curves'. 

Experimental design 
Measuring conditions and measuring areas. The measurements were carried out on the volar aspects 

of the left and right forearms of male and female subjects, after a pre-conditioning period of relatively 
low physical activity of about 1 h in a temperature controlled room. 

Compositions of the test solutions (solutions of exposure scheme no. J ) . The compositions and pHs of 
the solutions under test were as follows : the phosphate solutions were № з Р 0 4 ooo2 м, the pHs of 
which were adjusted with a few drops of concentrated NaOH solution to io-o or 120 (controlled by 
electrical pH measurement). 

RESULTS 

Exposure scheme no. 1 
The changes in skin resistance on exposing skin sites of left and right forearms for 1 h to solutions of 
NaOH and ^ з Р С ^ , adjusted to different pHs, are shown in Table 1 and Figs. 3-5. The NaCl 
references are given by the broken lines in Fig. 3b. From these data it could be seen that : . 

NaOH (pH 12) solution decreased skin resistance (R) almost completely within io min (90%) 
(Fig- З5 curve a); after 30 min a decrease of 100% was measured. After 60 min contact, intense 
inflammation with redness, maceration, papules and vesicles was observed. The vesicles disappeared 
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EXPOSURE SCHEME N O . i . Prior to and after each specific exposure, the skin was exposed for 15 min 
to ο-οι s M NaCl. On the О marked skin areas no specific exposure was carried out. Instead of filling 
these cups with the specific solutions under test they were filled with 0-0x5 M NaCl ( = 0-09%) as a 

reference 

Left forearm 

NaOH (pH 12) 
О 
NaOH (pH 10) 
О 

Test area 

N = ( 4 ) 
М = (з) 
L = ( 2 ) 

К = ( ! ) 

Right forearm 

О 
Phosph. (pH 12) 
О 
Phosph. (pH 10) 

Total 
no. of 

exposures 

6 
6 
6 
6 

Duration of first Figures 
and successive 4-5-6 
daily exposures (curves) 

60 min 
60 min 
60 min 
60 min 

(a) 
(b) 
(e) 
(d) 

2 6 0 -

( 0 ) 

оГ γ" pH 120 

/ ' / ь 

/ / 
/ / 
I / 
I / / 

/ 
/ 

/ 
/ 

I ^ pH 10-0 

V/ Ч ч ч 0 ^""••--["."'•OLj 

^ ' d "-OR, 

I I 1 1 

" 

-

.0···· 
.·;. 0... 

''·.'<*'' 
b"' 

1 

(b) 

NaCl references 

...0.. 
0 ....о..'."--

•' . 0 * · · . . _ 

ι ι 

>s 
'"'Ό 

ι 
IO 30 60 90 

Time (min) 

IO 30 60 90 

FIGURE 3. Exposure scheme ι. (a) Skin resistance versus time: curves obtained by exposing skin 
for 60 min to NaOH (pH 12) (curve а), ЫазР04 (pH 12) (curve b), NaOH (pH 10) (curve c), and 
NasPO* (pH 10) (curve d), followed by exposing the four skin sites for 30 min to a 0-09% NaCl 
solution, (b) Skin resistance versus time: curves obtained by exposing four skin sites for 60 min 
to a NaCl solution (0-09%). After 60 min, the cups on left and right forearms were emptied and 
refilled with a fresh NaCl solution for the following 30 min. 
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FIGURE 4. Exposure scheme 1. 60 min values. Skin resistance versus time: curves by connecting 
the daily measured 'end values' for skin resistances after exposing skin to NaOH (pH 12) (curve a, 
skin site L4), NajPCU (pH 12) (curve b, skin site Rj), and Nad (0-09%) solutions (skin sites L3 
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FIGURE 5. Exposure scheme 1. 60 min values. Skin resistance versus time: curves obtained by con
necting the daily measured 'end values' for skin resistance after exposing skin to NaOH (pH 10) 
(curve c, skin site L2), and NajPO.» (pH 10) (curve d, skin site R,). On the sixth day the skin sites 
were all exposed in an identical fashion. However, no skin resistance measurements were carried 
out on that day. 
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TABLE ι. Results of impedance measurements 

NaOH (pH 120) 
Recuperated starting point 

i o min 
30 min 
60 min 

КазРО* (pH 12 0) 
Recuperated starting point 

io min 
30 min 
60 min 

NaOH (pH 100) 
Recuperated starting point 
io min 
30 min 
60 min 

NajPO« (pH 100) 
Recuperated starting point 

io min 
30 min 
60 min 

ist day 

91 
105 
103 

39 
93 

104 

ι? 
2 1 

27 

1 2 

- 5 
5 

Resistance (% decrease) 

2nd day 

87 
1 0 0 

1 0 0 

99 

66 

109 
1 0 2 

1 0 2 

16 

47 
52 

54 

- 4 4 
-88 
- 7 0 

- 6 4 

3rd day 

1 0 2 

99 
98 

ΙΟΙ 

ios 
ΙΟΙ 

ΙΟΙ 

ΙΟΟ 

2 1 

64 
6ι 

50 

- 6 0 

- 2 7 
- ι 8 

- 1 9 

4th day 

1 0 2 

99 
1 0 0 

Ι Ο Ι 

1 0 2 

ΙΟΟ 

ΙΟΟ 

99 

5ΐ 
58 
46 

44 

- 2 7 
- 3 

Ι 

8 

5th day 

Ι Ο Ι 

ΙΟΟ 

ΙΟΟ 

ΙΟΟ 

1 0 7 

Ι 0 2 

Ι Ο Ι 

ΙΟΟ 

- 6 

24 
27 
30 

- 7 ΐ 
- 2 6 

- 1 7 
- 8 

after 60-90 min. The following day tiny brown crusts were observed. Daily repeated exposures on the 
same skin site gave no further alteration: the 100% decrease persisted (Fig. 4, curve a). 

Sodium phosphate (pH 12) solution decreased skin resistance (R) about 40% within 10 min (Fig. 3, 
curve b); after 30 and 60 minutes the values for the decrease in R approached 90 and 100% respec
tively. The inflammation which developed on this skin site was clinically less severe in comparison to 
the NaOH (pH 12) exposed skin site: no vesicles or papules were observed. 

Differences in effect between NaOH (pH 12) and ̂ з Р О д (pH 12) could also be seen from the 
values of the recuperated resistance, about 24 h later, before re-exposure. They were then 13% 
(100-87%) and 34% (100-66%) respectively (Table 1), thus demonstrating a difference in capacity for 
recovery in the first 24 h after exposure. On repeated exposures, the 100% decrease in R persisted 
(Fig. 4, curve b) and no recuperation manifested itself on the third, fourth or fifth day (Table 1). 

NaOH (pH 10) solution decreased skin resistance on first exposure by about 15% within io min; 
the end value (day 1) was similar (Fig. 3, curve c). The second exposure further decreased R (Fig. 5, 
curve c). However, after the exposure on the third day the resistance was less markedly decreased. 
This trend progressed until after the exposure on the'fifth day; end resistance of 70% 'adaptation'. 
The recuperation value on this last day showed a slight increase in R (Table 1) over the initial value 
of the first day. 

Sodium phosphate (pH 10) solution influenced skin resistance during the first exposure to a minor 
extent (Table 1 and Fig. 3, curve d). Subsequently, a tendency to increasing resistance was observed : 
just before the second exposure the resistance was increased by 44% and an increase in resistance of 
about 64% could be measured after this second exposure (Fig. 5, curve d). This same tendency con
tinued during the next days. 
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DISCUSSION 

Allenby et al. (1969) established by in vitro experiments that the impedance of skin is localized in the 
horny layer. At low frequencies the impedance approximates the direct current resistance and polari
zation is not a serious problem. Impedance, in this case, is largely determined by the resistance 
component of skin (Hazewinkel & Lubbers, 1971,1973; Tregear, 1965), and this may be expected 
to correlate with ion mobility in the skin barrier. Nevertheless, impedance measurements in vivo can 
represent the properties of the whole 'surface sheath' including appendages (Rosendal, 1943, 1945), 
which form a sharp electrical boundary with the cutis, the capillary bed and the more highly vascular 
tissues (muscles) whose impedances are known to be relatively low (Bamett, 1938; Cole, 1932; 
Gunn & Curran, 1971; Lullies & Rumberger, 1966; Rosendal, 1944; Schutter, 1970; Spruit, 1971; 
Stephens, 1963). 

The results reported here show that skin impedance measurement in vivo has the advantage that it 
can show quantitatively the damaging effect during exposure to the irritant. 

From the graphs of skin resistance curves it can be seen that certain water soluble substances can 
produce decrease or increase in skin resistance either slowly or rapidly. From the total experimental 
evidence the following conclusions seem warranted. 

The 90 (60+ 30) min exposure of skin on the volar aspect of the forearm of an apparently normal 
healthy subject to a 009% solution of NaCl (10 ml/6 cm2) scarcely influences the skin resistance 
(Fig. 3b). Daily fluctuations may reflect normal physiological variations in the electrical properties 
of the skin. 

The 60 min exposures to solutions with a pH of 100 (NaOH and МазР04), carried out in a similar 
fashion, again scarcely influence the skin resistance (Fig. 3a). 

If the pH of these solutions is increased to 120 (by adding 002 м NaOH), they abolish skin resis
tance completely. 

If the 60 min exposures to NaOH (pH 12) and №зР04 (pH 12) were repeated on successive 
days, skin resistance remained abolished (Fig. 4). Some recuperation from the first damage inflicted 
could be registered only about 24 h after that first exposure: the resistance values appeared to be 13 
and 34% of the initial blank values, measured on the first day, before the exposures were carried out. 
On subsequent days there was no recovery apparent. Repetition of the daily exposures to NaOH 
(pH 10) and №зР04 (pH 10) solutions showed less dramatic effects (Fig. 5 and Table 1). The initial 
progressive decrease in resistance by NaOH (pH 10) was followed by some slight increase after the 
exposures on the third and fourth days. This may be comparable with what Malten & Spruit (1966) 
described as 'adaptation' after carrying out a similar experiment in which, however, the increased 
water-vapour loss (measured with the electrolytic water meter: Meeco) was used as a parameter. It 
must be kept in mind that in our experiments a 6 cm2 skin area was exposed to about 10 ml of a 
pH 10 solution, whereas in the 1966 experiment a 2 cm2 skin area was exposed to only 1 ml of a 
NaOH solution at pH approximately ΐ2·ο. The №зР04 (pH 10) solution was able to increase skin 
resistance: on the second day this increase was about 64% above the initial blank value. However, 
the successive exposures could not maintain this high 60 min value of skin resistance (Fig. 5 and 
Table 1). 

The starting values as measured about 24 h after the foregoing exposure and just previous to the 
following exposure, of both solutions, however, showed a weak [NaOH (pH 10)] or a stronger tend
ency to recover (Table 1), even showing some Overshoot' [КазР0 4 (pH 10)]. As a consequence of the 
repeated №зР04 (pH 10) exposures, an increase in skin resistance was built up. 

No measurements were carried out to determine whether the decreases in skin resistance are 
concentration and/or time dependent. However, in a communication presented at a University 
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Meeting (Department of Dermatology, University of Nijmegen, The Netherlands, May 1970), 
Schutter (1970) reported the following conclusion. 

The statistician experimentally set up the following equation: pCt R = a + b C + c T , in which С 
was the concentration of the solution under test (detergent solutions) and Τ the exposure time. It was 
possible to determine the constants (a), (b), and (c) from the mean values obtained during his measure
ments, and to replace them by numerical values. The equation for the particular detergent component 
under test became pCt RED = 95-3 —018 C+2905 T, in which all the means of the residual resis
tance fitted. So the percentage residual resistance is a linear function of the concentration and the 
exposure time. 

Since in vitro experiments have shown a good correlation of impedance with Water permeability 
(Allenby et al., 1969), and since we have information available about the influence that chemicals 
may have on water loss in vivo (Rollins, 1968; Spruit, 1970,1971; Thiele & Horst, 1967), the results 
of our impedance measurements in vivo were compared with water loss and carbon dioxide release 
measurements performed on the same skin sites, in vivo. 

Extension of this work to other possibly toxic compounds (soaps, detergents, washing powders, 
proteolytic enzymes, etc.), which are outside the scope of this paper, as it is primarily concerned with 
presenting a new methodology, has been carried out and will be communicated separately (Malten 
8c Thiele, 1973; Thiele & Malten, 1973). 

ACKNOWLEDGMENTS 

The authors wish to thank Mr K. Schutter from Unilever Research, Vlaardingen, The Netherlands, 
for his co-operation in aiding this study and the introduction of this measuring technique in derma
tológica! research. This study was supported by a grant from the Organization T.N.O.-Den Haag, 
The Netherlands. 

REFERENCES 

ALLENBY, A.C., FLETCHER, J., SHOCK, C. & TEES, T.F.S. (1969) The effect of heat, pH and organic solvents on 
the electrical impedance and permeability of excised human skin. British Journal of Dermatology, 81, suppl. 

4.31· 
BARNETT, A. (1938) The phase angle of normal human skin. Journal of Physiology, 93, 349. 
COLE, K.S. (1932) Electric phase angle of cell membranes. Journal of General Physiology, 15, 641. 
GUNN, R.B. & CUBRAN, P.F. (1971) Membrane potentials and ion permeability in a cation exchange membrane. 

Biophysical Journal, I I , 559. 
HAZEWINKEL, R. (1971) Personal communication. 
HAZEWINKEL, R. & LUBBERS, J. (1971) De invloed van electrische stroom op de impedantie van de levende huid 

van de mens in situ. I2e Federatieve Vergadering Rotterdam 1971. Med. Biol. Ver. en Vereniging ter Bevorder
ing van het Klinisch Wetenschappelijk Onderzoek, 109. 

HAZEWINKEL, R. & LUBBERS, J. (1973) The influence of sinusoidal electric current on the impedance of living 
human skin in situ. P/lügers Archiv fur die gesamte Physiologie des Menschen und der Tiere, 328, 256. 

LULLIES, E. & RUMBERGER, E. (1966) Über die Bedeuting kleiner Stellen grosserer elektrischer Leitfähigkeit in 
der menschlichen Haut, sogenannter Reaktionsstellen nach Croon. Elektromedizin, 3, 118. 

MALTEN, K.E. & SPRUIT, D. (1966) Injury to the skin by alkali and its regeneration. Dermatologica, 132, 124. 
MALTEN, K.E. & THIELE, F.A.J. (1973) Some theoretical aspects of 'ortho-ergic' (irritant) dermatitis. Archives 

beiges de dermatologie et de syphiligraphie, 28, 9. 
ROLLINS, Т .О. (1968) From xerosis to nummular dermatitis: the dehydration dermatosis. (1968). Journal of the 

American Medical Association, 206, 637. 
ROSENDAL, T . (1943) Studies on the conducting properties of the human skin to direct current. Acta scandmavica 

physiologica, 5, 130. 



102 

ROSENDAL, T. (1944) Further studies on the conducting properties of human skin to direct and alternating 
current. Acta scandinavica physiologica, 8, 183. 

ROSENDAL, T. (1945) Concluding studies on the conducting properties of human skin to alternating current. Acta 
scandinavica physiologica, 9, 39. 

SALANSKI, I. & NEZVAL, J. (1968) Der Einfluss einiger Oberflächenaktiver Stoffe auf die Hautimpedanz. Studia 
biophysica, 2, 163. 

SCHUTTER, K. (1970) Measuring impedance from the skin. University Meeting, Department of Dermatology, 
Nijmegen University, The Netherlands, 21-25 Aioy 1970. 

SCHUTTER, К. (1969) Personal communication. 
SPRUIT, D. (1970) Evaluation of skin function by the alkali application technique. Current Problems in Dermatology, 

3» M». 
SPRUIT, D. (1971) Interference of some substances with water vapour loss of human skin. American Perfumer and 

Cosmetics, 8, 27. 
STEPHENS, W.G.S. (1963) The current-voltage relationship in human skin. Medical Electronics and Biological 

Engineering, 1, 389. 
THIELE, F.A.J. & HORST, P. (1971) Influence of surfactants on the water loss of human skin. International Society 

of Fat chemists, 41h Congress, Rotterdam, 13 September 1971. 
THIELE, F.A.J. & MALTEN, K.E. (1973) Some measuring methods for the evaluation of ortho-ergic contact 

dermatitis. Archives belges de dermatologie et de syphiligraphic, 28, 23. 
TREGEAR, R.T. (1965) Interpretation of skin impedance measurements. Nature, 205, 600. 
YosHiDA, M., KOBATAKE, Y., HASHIMOTO, M. & MORITA, S. (1971) Studies of electric capacitance of membranes. 

II. Conformational change in a model membrane composed of a filter paper and a lipid analogue. Journal 
of Membrane Biology, J, 185. 



CHAPTER 8 

Evaluation of skin damage II 

Water loss and carbon dioxide release measurements 
related to skin resistance measurements 





British Journal of Dermatology (1973) 89, 565. 105 

Evaluation of skin damage. II 
WATER LOSS AND CARBON D I O X I D E RELEASE MEASUREMENTS 

RELATED T O SKIN RESISTANCE M E A S U R E M E N T S 

K .E .MALTEN AND F . A . J . T H I E L E 

Department of Dermatology, University of Nijmegen, Javastraat 104, 
Nijmegen, The Netherlands 

Accepted for publication 10 April 1973 

SUMMARY 

Water loss and carbon dioxide release measurements were performed to determine whether the 
severity of damage to human skin, caused by exposing its surface to buffered and unbuffered solutions 
of alkali and sodium phosphate, could be evaluated simultaneously by means of different measuring 
techniques and whether the results of these measurements, expressed in numerical terms, gave ident
ical information. 

It appeared that the buffered solutions disturbed skin functions less than the unbuffered solutions 
and therefore may be considered to be less harmful. The NaOH solution at pH 120, lacking any 
buffeting capacity, damaged the skin, producing signs of inflamimtion, whereas that at pH 100 did 
not. 

It appeared that skin damage could be assessed reliably by simultaneously measuring changes in skin 
impedance, water loss and carbon dioxide release, which are interrelated parameters. 

Since in vitro experiments have shown a good correlation of impedance with water permeability 
(Allenby et al., 1969) and since we have information available about the influence that chemicals may 
have on water loss in vivo (Thiele & Horst, 1967; Thiele & van Kempen, 1971), the results of our 
impedance measurements in vivo (Thiele & Malten, 1973) were compared with water loss and carbon 
dioxide release measurements performed on the same skin sites, in vivo. 

METHODS AND APPARATUS 

The water loss, carbon dioxide release and skin temperature were measured using methods previously 
described (Malten & Thiele, 1972; Schutter, 1970; Spruit & Malten, 1968; Thiele & Horst, 1967; 
Thiele & van Kempen, 1971,1972; Thiele, Hemels & Malten, 1972; Thiele & Malten, 1972; Thiele 
& van Senden, 1968). These three parameters were measured previously to, and 24 hr after, each 
particular exposure. 

The delta values for water loss (the value for the 'non-exposed' control skin site, exposed daily to a 
0-09% NaCl solution, subtracted from the value measured on the experimentally 'exposed' skin site) 
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and the calculated percentages (in which the initial water loss of the test site, or the simultaneously 
measured water loss of the control site was the 100% reference) both served as numerical terms for 
experimentally provoked skin damage. 

All data are expressed as percentage alterations, thus simplifying comparisons. 
The exposures were carried out as follows : 

L, 
L 2 

L3 

и 

Left forearm 

= NaCl 
= NaOH (pH 10) 
= NaCl 
= NaOH (pH 12) 

R i 

R2 

R3 

R* 

Right forearm 

= NaaPO* 
= NaCl 
= ЫазР0 4 

= NaCl 

(pH 

(pH 

10) 

12) 

рн 
adjusted 

1 0 0 

— 
1 2 0 

-~" 

to 

The combined and subsequent measurements of water loss, carbon dioxide loss and skin resistance 
involved two additional exposures to 009% NaCl daily during the 15 min previous to, and after each, 
specific exposure (see Discussion). 

RESULTS 

The effects of six sequential skin exposures to alkali and phosphate solutions (pH 100 or pH 120,60 
min daily) on water loss by skin are shown in Fig. 1. It can be seen that the pH 100 solutions hardly 
increased (NaOH) or slightly decreased (№зР0 4 ) the water losses. No inflammation was observed. 
However, the NaOH (pH 12) and N a 3 P 0 4 (pH 12) (adjusted to pH 12-0) caused increases in water 
loss of about 350%. The increase caused by the ЫазР04 (pH 12) was less than that due to the NaOH 
(pH 12) solution: the NaOH (pH 12) damage progressed faster. Recovery of water loss values pro
gressed slowly: after 4 days the loss at the NaOH (pH 12) and № з Р 0 4 (pH 12) treated sites were 
still about 190% and 150% above normal respectively. 

Each of the 60 min exposures to the pH 120 solutions caused marked inflammation. Sometimes 
vesicles were visible on the NaOH (pH 12) skin site (Thiele & Malten, 1973). The carbon dioxide 
release measurements were similar to the water loss data, although the maximum increase was re
stricted to about 120% (Fig. 2). 

The magnitude of the effects of the solutions were in the following order : NaOH (pH 12) > Na3P04 
(pH 12)> NaOH (pH 10)>№зР0 4 (pH 10) (Table ι). 

DISCUSSION 

The data for water loss and carbon dioxide release have been compared with impedance data from the 
same skin sites (Table 2.) Skin impedance measurements (Thiele & Malten, 1973) revealed fairly 
similar information: skin resistance can be abolished almost completely by a 15-30 min exposure to 
NaOH (pH 12) solution, whereas exposures up to 60 min to NaOH (pH 10) solution hardly influenced 
skin resistance. 

It is evident that the three techniques provide virtually identical information. Possibly the alkaline 
(pH 120) solutions increased water vapour and carbon dioxide diffusion through the horny layer, 
either by a physico-chemical interaction, causing a conformational collapse of the proteins of this 
layer and a consequent increase in porosity (Thiele, 1972; Thiele & Bauer, 1970), or by damaging the 
ductal epithelium of the sweat glands. 
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FIGURE ι. Water loss curves (percentage increase) (delta increases in water losses). The effects of six 
sequential 6o min exposures to NaOH and Na^PO*, adjusted to pH's of i o o and 120 respectively. 
No water loss measurement was carried out on Day 6 (Sunday). After 24 h (Day 7) a water loss 
measurement was carried out again: since impedance measurements were carried out before and 
after the six ЫаОН/КазРОд (pH 10 and 12) exposures, the skin sites were also exposed for 15 and 
60 min to a 0-09% NaCl solution. 
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FIGURE 2. Carbon dioxide release curves (percentage increase). The effects of six sequential ex
posures (60 min) to NaOH and NasPO^ adjusted to pH's of 100 and 12-0 respectively. Also see 
legend to Fig. 1. 
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TABLE ι. Percentage increases in water losses by skin after sequentional exposures to different alkaline test 
solutions at pH lo-o and 12-0 

24 hr after 

no. 

1 

2 

3 
4 
5 
6 

Chemical 
exposures 

X 

X 

X 

X 

X 

X 

Impedance 
measure

ment 

+ 
+ 
+ 
+ 
+ 

NaOH (pH 12) 

70 
2 2 0 

1 7 0 

360 

• 
360 

Exposure 

NaaPO* (pH 12) 

15 
135 
1 5 0 

1 6 0 

* 
3 5 0 

scheme 1 

NaOH (pH 10) 

30 

1 0 

15 

5 
* 

1 0 

КазРО* (pH io) 

- 1 5 
— IO 

О 

- 1 5 

• 
— 2 0 

The percentage increase in water loss was calculated by subtracting the water loss value of a comparable skin 
site exposed to 0-09% NaCl solution (being the 100% reference) from the water loss value measured at the skin 
area exposed to the alkaline test solution, χ , first or continued exposure. *, no measurement carried out. 

Frequent skin impedance measurements may perhaps exert some influence on the diñusional 
resistance of skin. However, the almost immediate abolition of skin impedance by a pH 120 solution 
(a 15-30 min exposure) suggests the establishment of a water-soaked contact brought about either via 
the two cell layers lining the sweat duct or via the wick of this duct, rather than by means of the 
unshielded multi-layer surface epithelium (the horny layer). On the other hand, the very short time 
that a dilute salt solution exposure (0-09%) needs for minimizing such a severe disturbance by NaOH 
(pH 12) points to a physico-chemical interaction between the alkali and the epithelial protein (Thiele, 
1972; Thiele & Bauer, 1970), i.e. deprotonation of the horny layer proteins and as a consequence the 
transition from an ordered helix into a disordered random coil conformation, rather than to patho
physiological cell processes. The same should hold true not only for the ducts (perhaps the wick, 
lining the duct), but also for the sweat glands themselves. The conformational transition aforemen
tioned can easily be achieved in vitro (Thiele, 1972) by adjusting the pH of a solution of purified 

TABLE 2. Percentage increases in water loss, carbon dioxide release and decrease in skin resistance (all measure
ments were carried out 24 hours after an exposure) (see Fig. 1) 

Measurements carried 
out on day no. 

(See Fig. 1) 

2 

3 
4 
5 
6 
7 

Recovery Day 14 after 
first exp. 

№ з Р 0 4 (pH 

R* 

5 
- 6 0 

— 2 0 

1 0 

WLt 

- I S 
— 10 

0 

- 1 5 
X 

— 2 0 

— 10 

1 0 0 ) 

co2t 

— 10 

- 1 5 

— 0 

— 12 

X 

— 2 0 

- 2 5 

ЫазРО* (pH 

R 

1 0 0 

1 0 0 

1 0 0 

1 0 0 

WL 

IS 

135 
1 5 0 

1 6 0 

χ 

350 

іуо 

І 2 0 ) 

со2 

2 

75 
28 

6ο 
χ 

50 

+ 75 

NaOH (pH 

R 

25 

55 
50 

45 

WL 

30 

IO 

15 

5 
χ 

IO 

15 

ιο·ο) 

co2 

— IO 

0 

— IO 

+ 5 
X 

0 

+ 3 

NaOH (pH 

R 

1 0 0 

1 0 0 

1 0 0 

1 0 0 

WL 

70 

2 2 0 

1 7 0 

360 

X 

360 

1 0 0 

1 2 0 ) 

co2 

2 0 

50 

80 

1 0 0 

X 

125 

+ 60 

*R, decrease in skin resistance (%); fWL, increase in water loss (%); tCOj, increase in carbon dioxide release 
(%)j x j exposures continued. 
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horny layer protein to about ΙΟΌ, although in vivo this pH does not affect these proteins, perhaps 
because lipids protect the proteins of the horny layer structure. This protection can only be abolished 
by initially increasing the pH to about 120; thus the proteins will become accessible for the hydroxyl-
ions of the alkaline solutions. It can be assumed that organic solvents, and perhaps detergents, will 
have a similar effect. 

In addition to this, it can be argued that both sweat gland (epithelium and duct) and horny layer 
(surface epithelium) are involved in the interaction with alkali (pH 120), since we found that the 
alkaline solutions extracted about six times more amino acids and urea from the skin than did water 
alone: the amino acid composition of these extracts equalled the composition of separately collected 
pure sweat (Thiele & van Kempen, 1971). 

Other methods could possibly provide more information about variations in function of the sweat 
glands as pathways for water vapour transport, and hence as contribution to the overall water vapour 
loss by skin (Thiele & Malten, 1972). We have therefore studied the sweating rate capacity of damaged 
and undamaged skin by thermal and pharmacological stimulation of the sweat glands. The results of 
these experiments will be published subsequently. 
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The water loss and carbon dioxide release 
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ABSTRACT 

Sequentional exposures of skin to alkaline solutions at pH 12.0 (NaOH and 
Na3P04) greatly disordered the acetylcholine response - water loss and carbon 
dioxide release - of the sweat glands, whereas solutions adjusted to a pH of 10.0 did 
not; the effects of, respectively, buffered and unbuffered solutions were analo
gous. 

Thermal stimulation (infrared heat irradiation of the occipital region) exhausted 
the acetylcholine-induced sweat gland response at undamaged skin sites to such an 
extetent, that the sweat secretion values of thermal exhausted skin sites approa
ched the values found with acetylcholine, before heat stimulation, at the pH 12.0 
damaged skin sites, although these damaged skin sites exhibited the same exhaus
tion phenomena. 

The difference between the CO2 losses after acetylcholine stimulation and after 
combined acetylcholine/thermal stimulation of pH 12.0 traumatized skin areas 
were considered to reflect a vasodilatation of the somewhat damaged peripheral 
capillaries. 

The significance of "disappearance time" after drug stimulation has been dis
cussed. 

The question was raised as to the origin of the increased water- and CO2-I0SS 
from damaged skin: whether this should be^considered as a result of diffusion 
through the Stratum Corneum (or more generally, the surface epithelium) or as a 
diffusion via the sweat duct epithelium and whether some activity perhaps of 
components of the sweat gland themselves, could be involved (1, 5, 8, 13). It was 
hoped that by applying stimuli to the sweat glands (local acetylcholine injections or 
infrared irradiation of the head-neck region but not on the experimental field) 
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"Dose-Response" or "Disappearance Time-Response" curves could be obtained 

(2, 3,9)*. These curves could probably answer the question whether at least a part 

of the water vapour loss measured in rest (on the damaged or normal skin) 

originated from the sweat gland (4, 7, 12). 

METHODS AND APPARATUS 

The insensible water loss ^g .cnr^min - 1 )» carbon dioxide release 

(ml. IO - 5 .cm - 2 .min - 1 ) and skin temperature (0C) measurements were carried out 

according to the methods described previously (6,7,9,11,12,14,15). The sensible 

water loss (sweat water Esw: μl.cm_ 2.min_ ,) was measured with the thermal 

conductivity gas analyzer: design Siegers (9). 

Stock acetylcholine solution was freshly prepared by dissolving lyophilized 

acetylcholine in 0.9 % sodium chloride solution and dilutions were made from this. 

EXPERIMENTAL 

Eight skin sites on the volar aspect of both left and right forearm were exposed 

for six days, one hour daily, to 10 ml of sodium hydroxide and sodium phosphate 

solutions, adjusted to pH's of 10.0 or 12.0, and to 0.09 % sodium chloride solutions. 

The exposure scheme was: 

LEFT FOREARM RIGHT FOREARM 

Li = NaCl Ri = ^ э Р О ^ 0 

L2 = NaOH 1 0 R2 = NaCl 
L3 = NaCl R3 = NasPO^ 2 

L4 = NaOH 1 2 R4 = NaCl 

Before and after each exposure to a test solution, the skin sites were additionally 
exposed for 15 minutes to 0.09 % sodium chloride solutions since skin impedance 
measurements were carried out during each of these exposures (13). In addition, 
twenty four hours after each exposure, the delta water loss values were determined 
between each pair of analogous skin sites: Ri minus Li, L2 minus R2, etc. These 

*N.B. Definition of the term "Disappearance Time" (D.T.) 
The total amount of water exuded by the skin (sweat glands: the Esw) was recorded until the recorder 
deflection again became zero. The time between start and finish of a particular measurement could be 
directly read from the recorder chart. This time (in minutes) was termed the "DISAPPEARANCE 
TIME", henceforth abreviated lo(D.T.). 
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delta values were expressed as percentages of the values found at the NaCl 
exposed control sites on the forearm. 

Research into the extent of the damage to the sweat glands and the peripheral 
capillary bed, caused by the frequent exposures of the skin to the various alkaline 
solutions, was carried out on the skin of a normal, 51 year old, healthy experimen
tal subject (male) by means of infrared heat irradiation of the neck and head 
(occipital regions) supplemented by the subject simultaneously drinking several 
cups of hot tea, and with local (intradermal) acetylcholine stimulation of the sweat 
glands, before and after the irradiation aforementioned. 

RESULTS 

1. Qualitative evaluation of damage to sweat gland function 

1.1 Water loss 
Figure 1 shows that 3.5 to 4 minutes after the onset of the combined thermal 
stimulation a spontaneous and profuse irregular sweating could be recorded with 

deflection 

100-1 

NaCl 

I I I I I I I I I I I I I I 
14 12 W β 6 4 2 0 

t ime (mm) 

Figure 1. WATER LOSS (WL) recordings with the Electrolytic Water Meter (MEECO) in μgamounts 

of water following thermal irradiation. The L« skin site (left forearm) has been traumatized with a 

NaOH solution (pH 12.0); the R4 skin site is the NaCl reference. 



116 

l i l i 

28 26 24 22 20 

Figure 2 WATER LOSS (WL) recordings with the Electrolytic Water Meter(MEECO) in μg amounts 

of water after thermal irradiation The Ri skin site (right forearm) has been traumatized with a NajPCk 

solution, adjusted to pH 12 0, the Ls skin site is the NaCl reference 
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Tigure 3 WATER LOSS (Esw) recordings with the thermal conductivity gas analyzer (Siegers) in 
μΙ amounts of water following thermal irradiation a comparison of the effects on the 2 NaCl reference 

sues on the right forearm (R2 and R4) and on the ЫаэРОд (pH 12 0) exposed skin site (RJ) 
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the electrolytic water meter (MEECO) on the NaCl exposed skin sites whereas the 

NaOH12 skin site hardly responded. It was remarkable that the response of the 

NcuPO*12 exposed skin site was greater (Figure 2) although both sites had been 

exposed to solutions adjusted to an equal pH. 

The water losses from the NQJPOA12 and NaCl exposed skin sites were in a ratio 

of approximately 1:10. This however is a rough estimate since sweat gland res

ponse was only roughly quantitated. If the thermal stimulation was intensified, the 

exudation of water by the NazPOS2 site could be further increased (left part of 

Figure 2). Twenty four hours later, insensible water loss was measured with the 

MEECO water meter ^ g amounts of water cm - 2 .min - 1 ) using a 1.8 cm2 skin cup. 

Then the 1.8 cm2 skin cup was replaced by a cup covering a measuring surface of 8 

cm2. This cup was connected with the sweat meter (design Siegers) (9), since this 

meter permits the measurement of larger amounts of water in μΐ for any time 

interval and surface area. 

The experimental subject was then pre-treated in a similar fashion: thermal 

irradiation and sipping several cups of hot tea. It appeared that the NaCl exposed 

skin site again exuded greater amounts (μΐ) of water, whereas the NasPCh1 2 site 

exuded smaller quantities (Figure 3, Rs). If the heat irradiation was interrupted, the 

NaCl exposed skin site continued to exude water in an irregular fashion (Figure 3, 

R4). 

1.2 Carbon dioxide release 

The thermal irradiation increased the carbon dioxide release by skin at all 

measuring sites by a factor of about two, independent of the initial values of this 

release measured prior to the thermal stimulation procedure. No essential diffe

rences in CO2 release could be detected between the skin sites exposed to the 

NaOH10, NaOH12 and NaCl. 

2. Quantitative evaluation of damage to sweat gland function 

2.1 The acetylcholine-induced water loss (Esw) before thermal irradiation 

(pH 10.0 exposed skin sites) 

2.1.1 From Figure 4a it can be seen that a 10 μg acetylcholine stimulation of the 

NaOHi0, NasPCU10 and NaCl exposed skin sites gave Esw's of about 10 to 12 fold 

of the water vapour loss (WL) of non-sweating skin: the sweat water (Esw) exuded 

by the stimulated skin surfaces amounted to about 30 μΐ. (Figure 4 b). The 

disappearance times (D.T.) were 45 min. (NaCl), 50 min. (NasPCb10) and 55 min. 

(NaOH 1 0). The charted points (Esw vs. D.T.) could be connected by a straight line: 

the pH 10 line in Figure 4 a/b. 
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Figure 4 ACETYLCHOLINE-INDUCED WATER LOSS (Esw) versus DISAPPEARANCE TIME 

( D T ) 
Increase in Water Loss of various NaCI, pH 10 0 and pH 12 0 exposed forearm skin sites (see exposure 
scheme) before and after infrared irradiation of the neck area of the test subject combined with 
acetylcholine-induced stimulation of the sweat glands 10 μg 0 1 ml-1 0 9 % NaCI solution (compare 

with Table 1) 

(a) percentage increase 

calculated from the values measured with the Electrolytic Water Meter (WL in μg) and Thermal 

Conductivity Water Meter (ЕІИ in μΐ) 

(b) increase in μΐ 
measured with the Thermal Conductivity Water Meter 
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TABLE 1 

ACETYLCHOLINE EFFECT ON Esw 
(BEFORE THERMAL STIMULATION) 

A C E T Y L C H O L I N E 10μ§/0.1 ml 

skin site 
scheme 
section 

(I) 

L2 

Ri 

L3 

L4 

R3 

water loss 
before 

stimulation 
μ§.οιτΓ2.πιίη_1 

7.5 
7.1 
7.2 

32.2 
32.1 

skin sites 
exposed 

NaOH 1 0 

N a 3 P 0 4 1 0 

NaCl 
NaOH 1 2 

N a 3 P 0 4 1 2 

Esw 

amount of 
water 

(μΟ 

31.2 
29.4 
28.3 
11.9 
7.2 

increase 

( % ) 

954 
1035 
1145 
203 
124 

D.T. 

time 

(min) 

54.5 
50 
44 
28.5 
30.3 

D.T. = Disappearance Time 

However, the acetylcholine-induced Esw's at the NaOH12 and МазРОл12 expo
sed skin sites were noticably smaller (Table I). 

The percentage increases following acetylcholine remained relatively small, 
since the water losses (WL's) of the skin sites previously exposed to solutions at 
pH 12.0 (6 times, 60 min. daily) were already greatly increased to values of about 32 
ц§.ст_2.тіп~1 (being about 360 % of the blank WL-values of Ls and R4 that day 
about 9 μg.cm_2min_1). 

The D.T. values were 28.5 (NaOH12) and 30 (NaзP04,2) minutes, i.e. about half 
the values measured at the pH 10.0 exposed skin sites. From these results it could 
be seen that the alkali clearly decreased the acetylcholine effect perhaps by 
damaging the acetylcholine receptor mechanism (1), or by stimulating resorption 
of the drug (increased tissue circulation), but not by increasing (or disturbing) 
acetylcholine esterase activity (2, 3). 
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TABLE 2 

THE 1.0 and 10.0 μ§ ACETYLCHOLINE EFFECT ON SWEAT PRODUC

TION (Esw) of NaCl and NaOH12 (NM) EXPOSED SKIN SITES OF TWO 

DIFFERENT SUBJECTS (No. 1 and 5) (APRIL 1972) 

ACETYLCHOLINE 1.0 μg and 10.0 μφΛ ml 

sub

ject 

1. 

5. 

5. 

skin 

site 

scheme 

section 

(I) 

R2 

R2/3 

R2 

R2 

R3 

R3 

water loss 

before 

stimulation 

μ§χπι- 2 . 

min - 1 

7.0 

6.8 

42.4 

42.4 

9.35 

9.35 

skin 

sites 

exposed 

to 

0.09% 

NaCl 

solution 

p H 1 2 

solution 

NaOH 

+ NM 

0.09% 

NaCl 

solution 

amount 

of 

acetyl

choline 

in 

0.1 ml 

(μ8) 

1.0 

10.0 

1.0 

10.0 

1.0 

10.0 

Esw 

amount 

(μΟ 

17.9 

26.0 

2.4 

8.75 

8.0 

15.35 

increase 

(%) 

1291.5 

1274.5 

39.3 

132.3 

594.4 

701.6 

D.T. 

(min.) 

33 

50 

24 

26 

24 

39 

date 

april 

1972 

12 

14 

20 

20 

20 

20 

D.T. = Disappearance Time 
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TABLE 3 

THE 10.0 μg ACETYLCHOLINE EFFECT ON SWEAT PRODUCTION 

(Esw) BEFORE AND AFTER THERMAL IRRADIATION OF THE 

HEAD-NECK AREA OR AFTER RECOVERY (10 μg ACh/0.1 ml) 

water loss 

before 

stimulation 

ц§.ст- 2 . т іп" 1 

7.2 

6.5 

7.5 

30.3 

20.6 

20.6 

skin 

site 
scheme 
section 

(I) 

L3 

R2 

R4 

Ri 

Rj 

Ri 

substance and 

experimental 
conditions 

NaCl 0.09% exposed 
skin site prior to 
heat irradiation 

after heat 
irradiation 

partly recovered 
from heat 
irradiation 

NasPO-»12 exposed 
skin site 48 hour 
prior to heat 
irradiation 

after heat 

stimulation 

partly recovered 
from heat 
irradiation 

Esw 

amount increase 

(μΐ) 

28.3 

4.7 

19.8 

7.2 

3.1 

13.3 

( % ) 

1145 

290 

790 

125 

97 

295 

D.T. 

(min.) 

44 

30 

41.6 

30.3 

27.2 

34 

D.T. = Disappearance Time 
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2.2 The acetylcholine induced water loss (Esw) Before thermal irradiation (pH 

12.0 exposed skin sites) 

2.2.1. Exposures to 0.09 % NaCl Solution (Subject 1) 

Two skin sites at the volar aspect of the forearm (R2) and (R2/R3) were exposed 

for 90 minutes daily to a 0.09 % NaCl solution. The exposures were repeated 

during 8 successive days. 24 hours after the last exposures these skin sites were 

stimulated with 1.0 and 10.0 μg of acetylcholine (dissolved in 0.1 ml 0.9 % NaCl 

solution) respectively, and Esw measurements were carried out. 

2.2.2 Exposures to NaOHu and (NM)12 solutions (Subject 5) 

A skin site at the volar aspect of the forearm (R2) was exposed for 15 minutes to a 

NaOH 1 Solution and thereafter re-exposed for 75 minutes to a 4 % solution of a 

proteolytic enzyme, being a component of a washing agent (Symbol NM 1 2 ). These 

exposures were repeated 24 hours later. One skin site (R3) served as a control: it 

was exposed in a similar fashion to a 0.09 % NaCl solution for 90 minutes each 

time. 24 hours after the second exposure all skin sites under test were stimulated 

with 1.0 and 10.0 μg of acetylcholine (dissolved in 0.1 ml 0.9 % NaCl solution) and 

Esw measurements were performed. 

The results obtained by these successive 1.0 and 10 μg acetylcholine stimulation 

of NaCl (undamaged) and NaOH 1 2 + N M 1 2 (damaged) skin sites are summarized 

in Table 2. 

2.3 The acetylcholine-induced water loss (Esw) after thermal irradiation 
(pH 12.0 exposed skin sites) 

About 60 minutes after thermal irradiation the response of the sweat glands to 

acetylcholine (10 μg) was greatly decreased. The values for Esw (μΐ) and DT (min.) 

of the NaCl exposed, non-damaged skin site was lowered from 28.3 to 4.4.7 μ and 

from 44 to 30 minutes. The results are given in Table 3 and plotted in Figure 4 a and 

4 b. 

If the Esw's are calculated as a percentage, they approximated the values 

measured at the NaOH 1 2 damaged area before exhaustion, by thermal irradiation 

of the head-neck area, had occurred. 

Esw DT 

increase value 

NaOH 1 2 before heat irradiation: 203% 28.5 min. 

NaCl after heat irradiation: 290% 30.0 min. 

The Esw of the NaaPO^ 2 exposed skin sites decreased in a similar fashion: 
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КазРС 

NaOH 1 2 

NaCl 

before heat irradiation: 
(48 hours prior to) 
after heat irradiation : 
before heat irradiation : 
after heat irradiation : 

Esw 
increase 

flu) - (%) 

7.2 125 
3.1 97 

11.9 203 
4.7 290 

DT 
value 

30.3 min. 
27.2 min. 
28.5 min. 
30.0 min. 

However, 90 minutes after termination of the thermal irradiation, the water 
production (Esw's) by the sweat glands of theNaC/ and of theNasPO·* 1 2 exposed 
skin sites showed a recovery: 

NaCl after partly recovery 

NasPCU12 after partly recovery 

Esw 
μΐ 

19.8 

13.3 

Increase 

(%) 

790 

295 

DT value 

41.6 min. 

34.0 min. 

2.4. The 10 μ£ acetylcholine-induced carbon dioxide loss before thermal irradia

tion (pH 12.0 and 10.0 exposed skin sites) 

2.4.1. Exposure to a NaOH12 solution 

The 10 μ£ acetylcholine-induced increase in the CCh-loss at the NaOH 1 2 expo

sed skin site (L4) appeared to be considerably smaller in comparison to the CO2 

loss by the NaCl reference site (R4): 

NaOH 1 2 = 206ml.l0-5 

NaCl =445ml. l0- 5 

CO2 

CO2 
(L4) 

(R4) 

Increase 

37 % 

74.4 % 

The disappearance times decreased from 82 (NaCl) to 41.5 (NaOH 1 2) minutes. 

2.4.2. Exposures to a sodium phosphate solution (adjusted to pH 12.0) 

The 10 \ig acetylcholine-induced increases at the NasPO-»12 (R3) and NaCl (La) 

exposed skin sites were 

Increase 

NajP04 1 3 

NaCl 

' = 534 ml.10-5 

= 680 ml.10-5 

CO2 

CO2 
(Rs) 
(La) 

106 % 

104.8 % 
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TABLE 4 

ACETYLCHOLIN-INDUCED CARBON DIOXIDE LOSS 

BEFORE AND AFTER THERMAL IRRADIATION 

sub

ject 

No. 

Acetylc 

1. 

1. 

1. 

Acetylc 

1. 

skin 

site 

holine 

LA 

R4 

LA 

L3 

R3 

L3 

loline 

L2 
R2 

substance 

and 

experimental 

conditions 

initial 

D.T. 

(time) 

(min) 

(a) 

CO2 loss 

Initial 

CO2 loss 

ml.l0-5cm-

min - 1 

(b) 

10 μβ in 0.1 ml (SEPT. 1971) 

before heat 

stimulation 

NaOH 1 2 

NaCI 

after heat 

stimulation 

NaOH 1 2 

NaCI 

before heat 

stimulation 

Na3P041 2 

NaCI 

1 μg in 0.1 ml APF 

before heat 

stimulation 

pH 1 0sol. A/MAX 
NaCI 

41.5 

82 

45 

60 

47 

94 

LIL 197 

41 

69 

13.4 

7.3 

13.0 

7.7 

10.7 

6.9 

2 

13.2 

5.6 

product 

(a)-(b) 

2 

557 

598 

585 

462 

504 

648 

542 
386 

CO2 loss 

measured 

(ml.10-

206 

445 

522 

583 

534 

680 

303 
296 

5) (%) 

curve b. 

37 

74.4 

curve a. 

89.1 

126.3 

curve a. 

106 

104.8 

55.9 

76.5 
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The disappearance times decreased from 94 to 47 minutes. 

2.4.3. Exposure to a pH10 solution 

A skin site (L2) was exposed 8 times, 90 minutes daily, to a test solution adjusted 

to a pH of 10.0 

Another skin site (Rz) was exposed in a similar fashion to a 0.09 % NaCl solution. 

It appeared that the 1.0 μg acetylcholine-induced CO2 loss of the skin sites exposed 

to the NaCl and the p H 1 0 solutions exude about equal amounts of CO2: 

Increase 

pHIO solution = 303 ml.l0- s CO2 (L2) 56 % 

NaCl = 296 ml.10-5 CO2 (R2) 76.5 % 

although the CO2 losses, measured before the acetylcholine stimulations were 

performed, appeared to be 5.6 (R2) and 13.2 (L2) ml.l0" s of C02.cm _ 2 .min _ 1 . 

The disappearance times decreased from 69 (NaCl) to 41 (pH 1 0) minutes. 

2.5. The 1.0 and 10 \ig acetylcholine induced carbon dioxide loss after thermal 

irradiation (pH 12.0 exposed skin sites) 

2.5.1. Exposure to a NaOH12 solution 

The combination of thermal irradiation and a 10 μ§ acetylcholine stimulation 

induced an increase in the CO2 loss for the NaOH 1 2 (L4) exposed skin site which 

approached the CO2 loss by the NaCl reference site (Ъэ). 

Increase 

NaOH 1 2 = 522 ml.10-5 CO2 (L4) 8 9 % 
NaCl = 583 ml.10-5 CO2 (L3) 126 % 

The disappearance times decreased from 60 (NaCl) to 45 (NaOH 1 2) minutes. 

These results were the reverse of what has been observed for the exudation of 
water (Esw): a decrease in the Esw values after thermal irradiation and acetylcho
line stimulation. The results of these measurements are summarized in Table 4. 

3. Graphical working up of the acetylcholine-induced carbon dioxide losses by 

undamaged and alkali damaged skin sites before and after thermal irradiation 

The results of the CO2 loss measurements were worked up graphically. 

3.1. The percentage increases in CO2 loss induced by 10 and 1 μg acetylcholine 

were plotted versus the disappearance times (Figure 5). It appeared that the lines 

connecting the points ran parallel, i.e. the percentage increase or decrease per unit 

time is about equal since the slopes of the lines (a) and (b) are about equal. 
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disappearance time 
(min.) 

C O J /О increase 

Figure 5. ACETYLCHOLINE-INDUCED CARBON DIOXIDE LOSS (% increase) (CO2L) versus 
DISAPPEARANCE TIME (in minutes) 
0.09 % NaCl, NaOH (pH 12.0 and pH 10.0 adjusted) test solutions: analogous sites on the volar aspect 
of the right and left forearms of two subjects (No. 1 and 5) were exposed to these solutions. 24 Hours 
thereafter each skin site (sweat glands) was stimulated with 10 \i.% of acetylcholine / 0.1 ml 0.9 % NaCl 
solution. 

3.2. If the percentages increase in CO2 loss induced by 10 μg acetylcholine before 
and after thermal irradiation were plotted versus the disappearance time (Figure 6) 
two lines (b) and (a) were obtained which appeared to intersect the X-axis at about 
zero. The thermal irradiation increased the acetylcholine-induced CO2 loss. 

From the slopes of the lines (a) and (b) of Figure 5 and of the lines (b) and (a) in 
Figure 6 (Figure 5 line b = Figure 6 line b), it can be derived that the ratio of the 
average percentages acetylcholine-induced increase in CO2 loss per unit of disap
pearance time (i.e. 10 min.) for bothNaC/ and NaOH12 exposed skin sites, before 
and after thermal irradiation is about 1:2. 
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Figure 6. ACETYLCHOLINE-INDUCED CARBON DIOXIDE LOSS (COjL = % increase versus 
DISAPPEARANCE TIME (in minutes) 
0.09 % NaCl and NaOH (pH 12.0) exposed skin sites on the forearms of Subject no. 1 (M), before and 
a/fer thermal irradiation with subsequent intradermal injections of 10 ng acetylcholine / 0.1 ml 0.9 % 
NaCl solution. 

TABLE 5 

PERCENTAGES ACETYLCHOLINE-INDUCED INCREASE IN 

CARBON DIOXIDE LOSS 

PER UNIT OF DISAPPEARANCE TIME (10 min.) 

sub

stances 

see 

table 4 

skin 

site 

R4 

L3 

L3 

Rz 

NaCl 

heat stimulation 

before 

9.07 

— 

11.15 

11.1 

after 

21.05 

— 

— 

skin 

site 

L4 

L4 

NaOH 1 2 

heat stimulation 

before 

8.92 

— 

— 

— 

after 

. 

19.8 

— 

— 

p H 1 0 

sol. f 

skin 

site 

Rj 

L2 

— 

— 

13.6 

4азР041 2 

__ 

— 

22.6 

— 
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Figure 7. ACETYLCHOLINE-INDUCED WATER LOSS (Esw = increase in μΙ) 
(A) Esw in μΙ versus Disappearance Time in minutes for 0.09% NaCI exposed and alkali (NaOH12) 
damaged skin sites on the volar aspect of the forearms cf the Subjects no. 5 (D = lines a. and b.) and 
Subject no. 1 (M = line c) . 
The amounts of intradermally injected acetylcholine in μg/0.1 ml 0.9% NaCI solution were I.Oand 10.0. 
(B) Esw in μΙ versus log of the amount of acetylcholine for 0.09 % NaCI exposed and alkali (NaOH12) 
damaged skin sites on the volar aspect of the forearms of the Subject 5 (D = line a. and b.) and Subject 
no. 1 (M = line c) . The amounts of acetylcholine were 1.0 and 10.0 μg/0.1 ml 0.9 % NaCI solution. 
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From Table 5 it may be assumed that the increases of CO2 release per 10 min. of 

disappearance time rose to some extent from the elbow skin site (R4) towards the 

wrist (R2). It could be assumed as well that the skin sites with the lower water loss 

values (R4/R5), and presumably a smaller sweat gland population (and larger 

forearm circumferences) exuded smaller amounts of carbon dioxide in comparison 

to the R2 and Ri skin sites. 

If the parameter "CO2 release" in combination with ACh stimulation is indica

tive of the degree of damage to skin, then this phenomenon can complicate the 

interpretation if no other parameters are additionally considered. 

4. Graphical working up and comparison of the acetylcholine-induced water 

losses by undamaged and alkali damaged skin sites 

4.1. The results of the Esw measurements, summarized in Table 2, were worked 

up graphically: the increases in water loss (Esw in μΐ) were plotted versus 

(a) the disappearance times (in minutes). Figure 7 A) and 

(b) the log of the amount of acetylcholine (ACh), (Figure 7 B). 

4.1. (a) From figure 7 A it can be seen that the straight lines (b and c) which 

connect the points for the \d vs. min. values obtained by the 1 and 10 μg ACh 

stimulations of the NaCl (undamaged) reference sites of both subjects (D = no. 5 

and M = no. 1) run parallel. The responses of both subjects greatly varied: 

1 μg ACh 10 μg ACh 

Subj. M. 17.9 μΐ. 26.0 μΐ. 

Subj. D. 8.0 μΐ. 15.35 μΐ. 

The straight line (a) which connected the points for the alkali damaged (NaOH 1 2 

exposed) skin sites of subject D appeared to run parallel with the dose-response 

lines (b) and (c) of the undamaged (NaCl exposed) skin sites. 

The acetylcholine-response of the NaOH 1 2 damaged skin site of subject D. was 

considerable lowered. 

Subj. D. 1 μg ACh 10 μg ACh 

(NaCl) undamaged 8.0 μΐ. 15.35 μΐ. 

(NaOH 1 2) damaged 2.4 μΐ. 8.75 μΙ. 

4.1. (b) From Figure 7 В it can be seen that the three straight dose-response lines 

which connect the charted points for the μ/ vs. log amount of ACh values for 
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Figure 8 ACETYLCHOLINE-INDUCED WATER LOSS (Esw = increase in μΐ) 

(A) Esw in μΐ versus Disappearance Time in minutes 
(1) NaCI (0 09 %) exposed skin sites of Subject no 1 (M) = line с and Subject no 5 (D) = line b 

in comparison to 
(2) pH1 0 and pH12 exposed skin sites of the Subjects no 1 and 5 (M and D) = line a, and 
(3) NaOH1 0 and NasPCU10 exposed skin sites of Subject no 1 (M) = line d 

(B) Esw in μΐ versus Disappearance Time in minutes 

NaCI (0 09%) and ЫаРО*іг exposed skin sites of Subject no 1 (M) before and after thermal irradiation 
and subsequent intradermal injections of 10 μg of acetylcholine / 0 I ml 0 9 % NaCI solution, and the 

progress of recovery 90 minutes after termination of the irradiation (redrawn from Figure 4) 
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undamaged (NaCl) and damaged (NaOH 1 2) skin sites of both subjects (M) and (D) 

also run parallel. 

4.2 For a better comparison of these results with those worked up in Figure 4, 

another graph was drawn in which some essential data from Figure 4 (September 

1971) are presented on the μΐ/time scale of Figure 7 together with some data from 

Figure 7: see Figure 8 A/B. 

4.2.1. It can be seen that the 10 μg acetylcholine Esw-response of the N a O H 1 0 and 

NasPO-»'0 exposed skin sites of subject M (Sept. 1971) hardly deviated from the 

NaCl exposed skin site (line d) of this subject (line c) in April 1972: the Esw's in 

September 1971 were about 10 % higher. 

The line (a) representing the acetylcholine effect on the alkali p H 1 2 and frequent 

pH 1 0 damaged skin sites of this subject again run parallel to the PO41 0, O H 1 0 (line d) 

and NaCl,(line c). The same holds true for the μΙ/D.T. lines (b) and (a) of subject D. 

Moreover the ÀCh-effects on the alkali-damaged skin sites of both subjects ap
pears to coincide on one line (a). 

4.2.2. The ACh-induced effects before and after thermal irradiation (and reco
very) on the undamaged and damaged skin sites of subject M (No. 1), already 
presented with Figure 4, were redrawn to the scale of Figure 7. 
The points plotted in Figure 8 В could be plotted in Figure 8 A as well. It appeared 
that the majority of these points coincide with the lines of subject M. (no. 1) in 
Figure 8 A, notwithstanding the fact that the experiments were carried out in Sept. 
1971 (8 A and B) and in April 1972 (8 A), respectively. Thus it appeared that the 
Na3P041 2 points coincided with the line (a) of the skin sites otherwise damaged by 
alkaline solutions (NaOH 1 2 ). From these results it may be assumed that the 
acetylcholine-response patterns of the skin (sweat glands) of both subjects (M and 
D) were consistantly constant. 

4.3. Comparison of the Esw and CO2 loss curves 

Because the slopes of all lines in the Figures 5,7 and 8 are about equal it follows: 
a) that the percentages decrease or increase in Esw (μΐ) and in CO2(ml.l0_5) per 

unit of time (disappearance time in min.) are about equal as well; and 

b) that the disappearance times (in minutes) and the log of the amount of acetyl-

chojine (i.e. the ACh-effect on water exudation = Esw) are interrelated. 
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DISCUSSION 
The effects of alkaline solutions on human skin and sweat glands have been 

studied in detail because it was expected that these solutions not only interfered 
with the structure of the homy layer, increasing its porosity and the transport 
velocity of water and carbon dioxide through this layer (11), but also with the 
function of the sweat glands, i.e. the secretory and/or the ductal part of these 
glands (2, 3, 5). 

SKIN AND SWEAT GLAND DAMAGE 
From the results of the experiments reported here it may be concluded that the 

alkaline solutions (NaOH and NasPCU, adjusted to pH 12.0) greatly disordered the 
acetylcholine-induced water- and carbon dioxide loss of the skin and/or sweat 
glands. However, test solutions adjusted to a pH of 10.0 did not, or only to some 
slight extent, if the frequency of the pH10 exposures towards skin were consider
ably increased. The effects of buffered and unbuffered solutions were ultimately 
analogous. 

It could be argued of course that the alkaline solutions interfere either with the 
mechanism of passive water transport via these glands by disturbing the pathways 
for water transport, or with some membrane properties of the duct or secretory 
part of these glands, perhaps interfering with metabolic processes of the sweat 
gland. Although this argument cannot be neglected, it now seems more likely that 
the acetylcholine receptors, (5, 8) located in the vicinity of the sweat glands 
(perhaps the neuroglandular junction with which the transmitter substance inte
racts) were also severly damaged by alkali, thus considerably decreasing the 
response-capacity to an acetylcholine-stimulation. 

THERMAL IRRADIATION 
It appeared that thermal irradiation exhausted the acetylcholine response capa

city of the sweat glands at undamaged skin sites to such an extent that the 
responses of these undamaged NaCl reference sites about equalled the Esw's of 
the pH 12.0 damaged skin sites before thermal irradiation (Esw = sweat water). 
The damaged skin sites themselves exhibited a similar exhaustion phenomenon, 
although it is self-evident that the decrease by thermal exhaustion is much less 
since their values at rest were alreay greatly increased. It can be argued that this 
thermal exhaustion is an age-dependent phenomenon (9). 

DISAPPEARANCE TIME 
The large differences in disappearance time between damaged and undamaged 

skin sites (the damaged sites exhibiting about half of the values measured at 
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undamaged sites), could be explained in a similar fashion, if we assume that the 
damaged skin capillaries facilitate and augment the washing out of the intrader-
mally deposited acetylcholine. The thermal irradiation influenced the disappea
rance times of undamaged skin sites in a similar fashion. 

CARBON DIOXIDE LOSS 
It appeared, however, that the acetylcholine-induced CO2 loss of alkali-

damaged skin sites was about doubled subsequent to a thermal irradiation of the 
occupital regions of the test subject. This can be seen from the increase in CO2 
loss, from about 40 % (acetylcholine alone) to about 90 % (acetylcholine following 
thermal irradiation at constant ambient temperature). This was the reverse of what 
was expected and of what has been observed with the water loss measurements 
(Esw): a decrease in Esw. 

Moreover, and contrary to the Esw, it appeared that the lines which connected 
the points in the graph "disappearance time vs. % increase in СОг-loss" of 
undamaged and damaged skin sites both intersected the X-axis at about zero 
(Figure 6). 

Thus it could be argued that the processes involved in the increase in the carbon 
dioxide loss of alkali-damaged skin sites (and the effect of thermal stimulation 
thereupon) is not equal to the mechanism involved in the increase of the water 
losses (Esw) and, of course, the effects of thermal irradiation on these water losses 
(Esw). Therefore it was questioned whether the combined acetylcholine and 
thermal stimulations of pH 12.0 damaged skin sites caused a vasodilatation of the 
somewhat traumatized peripheral capillaries, thus increasing the transport of 
carbon dioxide to the skin surface via the secretory part and the ducts of the sweat 
glands. 

WATER LOSS 
Although an interference with pathways of peripheral circulation cannot be neglect
ed in the transport processes of water (7, 14, 15) - t h e increase in water loss at skin 
sites only slightly damaged by pH 10.0 solutions support this idea - it can be 
assumed that the decrease in acetylcholine-induced water loss (Esw) is mainly due 
to a damage to "sweat gland function", whereas the increase in acetylcholine-
induced CO2 loss is caused by an increased transport of CO2 from the damaged 
peripheral capillaries via these glands; the ratio sweat water: carbon dioxide failed 
to be constant. 

An increased leakage of very small amounts of water via these capillaries can 
easily be re-absorbed by the water-saturated capillary bed. This idea was, in our 
opinion, supported by the observation following Esw measurements. The disap
pearance times (in minutes) and the log of the amoufKs of acetylcholine (intrader-
mally applied) also appeared to be closely related, but not with the CO2 measure
ments. 
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CHAPTER 10 

Summary to the chapters 
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Summary 
CHAPTER 1 

Introduction to the problem of evaluating skin damage. 

CHAPTER 2 

This chapter reports the methods for measuring skin temperature and water loss 
by human skin, and the relationship between both parameters. The experiments 
were carried out on the volar aspects of the forearms of a large number of healthy 
subjects: the article presents only an example of these measurements. 

CHAPTER 3 
This chapter reviews the findings regarding water loss and skin temperature 

measurements performed on the volar aspects of the forearms of a larger number of 
subjects : a linear relationship between both parameters was found. The straight 
lines representing this relationship almost invariably intersected, on extrapolation, 
the temperature axis at about 17 "С. The significance of this 170C point was briefly 
discussed. Both parts of the arm and hand behaved in a similar fashion, perhaps 
indicating that the driving force for this loss of water by the human skin is related to 
the microcirculation through the capillaries surrounding the sweat gland coils. 
This interpretation was derived from calorimetrie and other experiments publis
hed in literature. These experiments showed that the vascular microcirculation in 
forearms and hands approached a zero value at a deep skin (tissue) temperature of 
about 170C. 

CHAPTER 4 

This chapter contains the text of an article concerning the effects of ambient 

temperature and skin temperature on sweat gland activity and sweat production. 

CHAPTER 5 

This chapter presents the working hypothesis that, under "quiescent" condi
tions, the sweat gland functions as a "heat pipe": the effect being the transfer of 
heat across the epidermis with minimal water loss. 

CHAPTER 6 

This chapter presents (a) the text of a published article concerning the measure
ment of carbon dioxide release by skin and/or sweat glands by means of an infrared 
detector and the " t rap technique" versus the "steady state method"; (b) an 
addendum with the essentials of the methods for calculating the carbon dioxide 
release in μg.cm_ 2.min" I or in nl (nanolitres viz. ml.10-6) cm - 2 .min - 1 ; (с) an 
analysis of the results of the " t rap technique" and "steady state" recordings, and 
an improvement in the "steady state method", which permits direct reading of the 
carbon dioxide release by skin, and (d) examples of measurements with the 
improved steady state method carried out on undamaged and damaged skin sites. 
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CHAPTER 7 
This chapter presents (a) an introduction to the evaluation of skin damage by 

means of skin resistance measurements; some theoretical aspects of skin impe
dance, the electrodes, the frequency applied, and the composition of the test 
solutions to which the skin sites were exposed, have been discussed, and (b) the 
text of a published article related to skin resistance measurements with alternating 
current (impedance measurements). The technique of evaluating skin impedance 
aims at expressing the "statistical porosity", viz. the "status quo (instantaneous
ly) condition" of human skin as a numerical value. 

CHAPTER 8 
This chapter reports the results of simultaneous measurements of water loss and 

carbon dioxide release in comparison to changes in skin impedance in skin sites 
previously exposed to alkaline solutions adjusted to pH 10 and 12 (NaOH and 
Sodium phosphate). It appeared that buffered solutions disturbed skin functions 
less than the unbuffered solutions. It was assumed that phosphates perhaps protect 
the human skin (homy layer and/or sweat glands) against the damaging influences 
exhibited by some of the components of washing agents, viz. some particular 
synthetic or natural detergents. 

CHAPTER 9 
This chapter reports the effects of sequentional exposures of skin to alkaline 

solutions adjusted to pH 10 and 12 (NaOH, NasPCh, enzymes). It appeared that 
thermal stimulation (infrared irradiation of the occipital region) exhausted the 
acetylcholine-induced sweat gland response at undamaged skin sites to such an 
extent, that the sweat secretion values of thermal exhausted skin sites approached 
the values found with acetylcholine, before heat stimulation, at the pH 12 damaged 
skin sites, although these damaged skin sites exhibited the same exhaustion 
phenomena. The significance of "disappearance time" after drug stimulation has 
been discussed. 



STELLINGEN 

I 

De dermatoloog realiseert zich niet voldoende dat de hoornlaag van de 
menselijke huid ca. 90% water kan bevatten en wellicht om deze reden een 
door eiwitten en lipiden „gestruktureerd water membraan" genoemd zou 
kunnen worden. 

Thiele, F A J and Schutter, К 
Proc Scient Sect Toilet Goods Assoc, 40 · 20 (1963) 

Lumry, R and Rajender, S 
Biopolymers, 9 1125 (1970) 

II 

Het is onwaarschijnlijk dat het geringe gehalte aan nikkel dat in (enkele) 
wasmiddelen aanwezig is, van allergologische betekenis is. 
De dermatoloog moet zijn patiënten met een nikkel- of chroom-eczeem 
echter wel het gebruik van chloorhoudende schuur- en reinigingsmiddelen 
ten sterkste ontraden. 

Ill 

Er bestaan geen bezwaren tegen een zinvol gebruik van enzymhoudende 
wasmiddelen. 

Malten, К E and Thiele, F A J 

Arch Belg de Derm , 28 10 (1973) 

Thiele, F A J. and Malten, Κ E. 

Arch Belg de Derm , 28 : 23 (1973) 



IV 

De in veel huishoudens aanwezige was- en vaatafwasmachines sluiten niet 
per definitie uit dat de huid van een belangrijk deel van de Westeuropeese 
bevolking (mannen en vrouwen) aan hoge tot zeer hoge concentraties deter-
gentia geëxponeerd blijft. 

V 

De nadelige huideffekten van bepaalde synthetische wasmiddelkomponen-
ten kunnen door de toevoeging van als milieuvervuilers gebrandmerkte 
Phosphaten waarschijnlijk worden voorkomen. 

VI 

Het desinfekterend vermogen van een bactericide zeep kan niet met behulp 
van de resultaten van in vitro experimenten of door in vivo gemeten procen
tuele reduktie-getallen worden gekwantificeerd. Dergelijke aanduidingen in 
voor huisartsen en specialisten bestemde reklame-folders van de farmaceuti
sche industrie hebben geen betekenis en zijn bovendien misleidend. 

VII 

De eiwitten van de hoornlaag van de huid bezitten waarschijnlijk de eigen
schappen van een zwak zure kation-chelator en een zwak basische anion-
wisselaar: dit verklaart tenminste dat zepen en detergents ook tijd- pH-, 
concentratie- en kation-afhankelijke toxische huidreakties kunnen veroor
zaken. 

Milivojevic, K. 
Jugoslav. Physiol. Pharmacol. Acta, 6 : 497 (1970) 

Thiele, F A. J. 
Octrooischrift Gouvern. Ind. du Gr. Duché de Luxemb. 
No SV987. Filed Nov. 1969 



Vili 

Gezien de histologie van de psoriatische plaque lijkt de renewal-time van 4 
dagen van psoriatisch epitheel (bepaald met H3 thymidine) onwaarschijnlijk. 

Cox, A. J. and Watson, W. 
Arch. Derm., 106 : 503 (1972) 

Sjotani, K. and Van Scott, E. J. 
Arch. Derm., 106 : 484 (1972) 

IX 

In the course of evolution, the roles of polysaccharides are becoming repla
ced by proteins. 

P. D. Mier (1974) 

X 

Het is de vraag of xylitol ter preventie van een door corticosteroiden bij 
ratten en konijnen te induceren bijnierschors-atrophie klinische toepassing 
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