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ABSTRACT 

Measurements of skin temperature were made during the sudden immersion of 

the skin of human subjects in  water baths at 36-41°C and related to the 

reports of pain elicited during the first few seconds of immersion. Within 0.5 

seconds, the skin temperature rose to bath temperature and remained at  this 

level during the 10-15 seconds of immersion, pain was reported at  37-41°C 

occurring 1-5 seconds after the start of the immersion and adapting i n  2-6 

seconds. Calculation of the subcutaneous temperature and thermal gradients 

indicate maximal thermal gradients i n  superficial skin layers during the first 

0.1 - 0.2 seconds of immersion (6OoC/mm) decreasing rapidly during the first 

5 seconds to 6"C/mm. Analysis of the transient pain indicated that it could be 

considered a s  the more sensitive "phasic" response of the pain ending of which 

the 'I static" unadapting response occurs at skin temperatures of 43-46OC. Several 

alternative explanations including subcutaneous thermal gradients, vasomotor 

reactions, and thermo-chemical changes in  the nerve membrane were considered 

a s  possible explanations. The las t  most likely possibility requires a second 

order kinetic system with highly temperature sensitive reaction velocities to 

account for both the phasic and static components of the pain. 
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Introduction 

In studies of pain sensation using thermal radiation and other methods of heating 

the skin, many investigators have reported the pain threshold in terms of the sk in  

temperature reached at  the t i m e  of report of minimal pain. (1,101 This threshold 

temperature has been variously reported to  lie between 43  and 47OC and has been 

noted to be independent of sex, age and cultural background. . On the other hand, 

the report of Lele et a1 (15) of their investigation of heat transfer and cutaneous 

sensibility revealed that sk in  temperatures a s  low as 36°C had produced reports 0. 

pain for some subjects. Although differences in method of application of the heat 

stimulus as well a s  site and size of area stimulated were apparent, these data 

brought into question the critical importance of a skin temperature near 45°C as 

the threshold of thermal, cutaneous pain sensation. It was also reported by Lele 

(15) and Neisser (17) that the sensation of thermal pain adapted in a few seconds, 

confirming an observation made originally by Stone and Dahlenback, (22) , These 

observations appeared to contradict the evidence of Greene and Hardy (8) who 

found that subjects when asked to maintain a threshold level of pain by controllinc 

a stimulus of thermal radiation, voluntarily maintained a skin temperature of 45OC 

(or slightly below) for periods of t i m e  up to 50 minutes. Thus, pain a p p  ared not 

to adapt when the stimulation temperature was near or at 45OC and, indeed, the 

skin became more sensitive as the duration of the stimulation increased. In view 

of these contrary findings, the present study was undertaken in an attempt to 

gather further information in regard to the pain stimulated at skin temperatures in  

the range 36-41°C and to  test the hypothesis proposed by Lele, Weddell and 

Williams (15) that heat pain results from subcutaneous thermal gradients. 
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Nethod 

The subjects were four members of the laboratory staff, three men and one woman. 

Three of them had had previous experience in the study of cutaneous pain threshold. 

The apparatus consisted of a bath positioned in the center of the experimental room 

which could be filled quickly to about a 6-inch depth with hot water. The bath 

was stirred vigorously during the experiment and its temperature was measured 

by means of a mercury tiiermometer calibrated to 0.1 "C: readings of water temperature 

were taken every ten seconds during the exposure of the subject. Skin temperature 

was measured continuously throughout the exposure t i m e  of the subject by means 

of an insulated fine wire copper-constantan thermocouple (#40 gauge) suspended 

within a lucite ring 2 c m  in diameter (see Figure 1). The ring was attached with 

spring bronze supports held in  place by adhesive tape so that the thermocouple 

pressed gently into the skin surface. It is known that under these conditions the 

thermocouple will read a temperature which corresponds to a depth somewhat below 

the actual skin surface (21). During these experiments. the thermocouple readings 

were stable in air and during water immersion read slightly below the water 

temperature. Experiments were also made using a thermocouple (0.001'' wire) 

inserted into a hair follicle, but a s  these readings were essentially the same as 

those obtained with the thermocouple pressed against the skin and as the arrange- 

ment was more difflcult. the latter method was used in most experiments. Thermo- 

couple voltage after d. c. amplification (Allegheny Instrument Go.) was recorded 

continuously on an oscillographic recorder (Visicorder) , The experimental 

arrangement is shown schematicallyin Figure 1. 

Figwe 1 
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The response of the system was tested by plunging the thermocouple into water 

as shown by the record a t  the bottom of Figure 1. 

sufficiently rapid to follow the expected rapid rise in skin temperature to be 

It was less than 0.01 second, 

measured during the immersion of the skin. Calibration of the thermocouple 

was carried out in a stirred water bath by direct comparison of thermocouple emf 

with the reading of a standard mercury thermometer before and after each ex- 

periment. Temperature calibrations were reproducible to % 0. l 0 C .  

After the thermocouple had been secured to the subject's skin in the area to 

be tested (usually the lower back). the subject. wearing an ordinary swim 

sui t ,  sat down in the tub with water temperature 37-41OC. A short time was 

allowed to elapse in order to permit the initial sensations in  the subject's 

lower extremities to subside. When it was reported that the water felt more 

or less neutral, the experiment began with the subject quickly leaning backward 

so as to i m m e r s e  a portion of his back in the water and he immediately began 

reporting his sensations noting particularly the appearance of pain. He  con- 

tinued to report his sensations of pain during the period of immersion. The 

trial ended shortly after the subject reported that the pain had disappeared. 

These reports were noted on the visicorder record at the t i m e  they were made. 

Results 

Figure 2 illustrates a typical protocol with the skin temperature record before 

and during immersion together with notations of the t ime  pain was first reported, 

when it reached a maximum and when it disappeared. Thermocouple calibrations 

before and after the experiment are also indicated in  the figure. 
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Figure 2 

A summary of the results on four subjects is shown In Flgure 3. The skin 

Figure 3 

temperature in “C a t  the report of maximal sensation, whether pain was per- 

ceived or not, is plotted on the ordinate and the time after immersion is 

indicated on the abscissa.  Although individu&l differences are apparent in  

the skin temperature a t  which the report of pain occurred as well a s  in  the 

delay time of subject‘s report of pain, reports of pain were obtained for all 

subjects at 38.7OC and far one subject a t  36.8OC. 

Discuss ion 

The data shown in Figure 3 confkm the repcrt of Lele, Weddell and Williams 

that rapid immersion of skin areas in water 36-4OoC will evoke pain. This 

temperature is well below the skin temperatures near 45°C consistently found 

by Hardy and his associates (9) a s  necessary to elicit a report of pain with 

the thermal radiation method. Also, it was noted in all cases  (as illustrated 

in Figure 2 for one protocol) that the pain was transient, disappearing in 5 to 

6 seconds, in contrast to the reported lack of adaptation of thermal pain re- 

ported by Greene and Hardy. A further finding was that a second attempt to re- 

stimulate the transient pain by re-immersion at the same bath temperature which had 

been originally effective (after allowing the skin to cool for one or two minutes) 

did not evoke the pain a second time. Although the pain sensations evoked by 

the water bath and the thermal radiation seemed to have the same quality, i.e. 

pricking pain, there were clear differences between the “transient“ and steady 



state pain sensations. Principal among these are: (a) the threshold pain 

produced by radiant heating to a skin temperature near 4S°C is reproducible 

upon repeated stimulation whereas the pain evoked at temperatures of 37-40°C 

cannot be immediately re-stimulated and its threshold is thus not readily 

reproducible; (b) the pain evoked at 45°C does not adapt rapidly, if at all, 

whereas pain experienced at temperatures of 37-40°C does adapt rapidly. 

Although many of the properties of this low temperature pain are yet to be 

worked out, it is clear that cutaneous thermal pain sensation has the properties 

of "phasic" and "static" stimulation which are similar to those reported for  

other skin sensations such as warmth, cold and touch (14.6). The thresholds 

for warmthand cold sensations are commonly measured in terms of the more 

sensitive "phasic" components of these sensations rather than the steady state 

sensation, whereas for thermal pain the reproducible "static" sensation has 

been more commonly studied and the presence of the phasic component of thermal 

pain has only been recently reported. The phasic character of pain and temperaturc 

senses may be associated with the initial rapid firing of cutaneous receptors 

described by Dodt(5) for "pain receptors" and by Hensel (14) for temperature 

receptors. An hypothesis of "two pains" of different origin can be used to avoid 

contradiction between the results of the present work and those reported by Hardy 

(9) a s  to temperature level for "static" pain stimulation and by Greene (8) as to 

lack of adaptation of pain. However, such an assumption does little to explain 

the origin of either type of pain and does not indicate how the "two pains" may 

be related. Based on the facts available concerning the relation of skin temperatuz 

to both transient and steady state pain and on the assumption that the "two pains" 
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are evoked from the s a m e  nerve fiber endings and thus are in reality different 

aspects of the same type of peripheral excitation, the following analysis has 

been made:- 

Lele. Weddell and Williams (15) who first reported eliciting heat pain at 

skin temperatures near 36'C. inferred that this sensation was essentially s imilar  

to warmth and resulted from the "bolometer" type action of the unencapsulated 

endings in the skin. That  is, if heat were being put into the skin, a temperature 

difference would result between the unencapsulated endings and the stem fiber 

and this thermal gradient would give rise to action potentials which could be 

interpreted a s  warmth, heat or pain depending upon the "temporo-spatial patterns" 

of impulses. They inferred further that the greater the temperature difference and 

the greater the "rates of heat transfer" into the skin the more intense the pain. 

It thus seemed worthwhile t o  examine analytically the thermal gradients existing 

in the skin during these studies when pain was reported on immersion of the skin 

in hot water. The skin temperature measurements in this experiment are considered 

fairly reliable and from them an approximation of the temperature profiles in the 

subcutaneous layers can be made using the uni-directional heat flow theory for 

a semi-infinite solid. The general equation is (18):- 

2 2  1. d T = a  d T 

dx2 
2 2 .  a = K/Pc 

in which T = temperature at any depth at t i m e  t ,  and 

a = temperature diffusivity of the tissues of the skin 

x = depth below the skin surface 

K = thermal conductivity 

P = density 

c = specific heat 
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In order to  solve equation (1) analytically, it is necessary to assume that the 

skin is a solid with uniform thermal properties and this assumption is so 

restrictive from an anatomical and physiological viewpoint that an analytic 

solution would be of doubtful value. However, a less general but perhaps 

more realistic approach can be made by taking the best accepted values of 

K, P, c for each of the various skin layers from the literature (1, 9, 12), and 

then solving the heat flow problem by the method of finite differences. The 

"model" of the skin so constructed is shown in  Figure 4. In this analysis 

eight layers were used; two dry. horny layers 5Op thick on the surface followed 

by two layers of wet protein-like t issue to a depth of 0.2 mm, three vascular 

layers 0.2 mm thick and a final fat layer 10 mm thick. The properties of the 

fatty layer do not have significant influence on the problem in the water bath. 

Figure 4 

The equations describing heat flow into and out of each of the layers have 

the general form as  modified from equation 1, 

In this equation 

'n 'n Axn is the volume heat capacity of the skin layer "n" , and 

the left side of the equation represents the change in 

heat content of this layer.. n is taken to increase with 

depth and has values from 1 to  8. 

is the thermal conductance between the centers of 

layers n and n-1 . 
is the average thermal conductance between the centers 

of layers n and n + 1. 

K(n - 1/21 

K(n+ 1/21 

Tn* T(n - 1) are the temperatures at  the midpoints of layers n. 
(n + 1) and T 

n-1, and n + 1 respectively. 
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Since in the above model of the skin, eight layers have been assumed, eight 

equations of the general form of equation 3 replace the general expression 

of uni-directional heat flow in a semi-inflnite solid equation 1. Boundary 

conditinns are, t<o. T = 34*C, and T8 = 37OC with linear gradient; at t = 0, 

Ts = 40°, other temperatures change passively. The p-oblem of evaluating the 

temperature of any layer as  a function of t i m e  is readily solved by hand, or 

more easily by an analog computer. as was done in this instance, for the 

temperature a t  the center of each of the layers following the immersion of the 

skin in  40°C water. The thermal constants are shown for K, P. and c in  the 

table at the bottom of Figure 5. and on top are shown the initial thermal gradients 

and the calculated gradients at 0.5 and 2.0 seconds following immersion in 

water a t  4 O O C .  It is evident that the subcutaneous thermal gradients are 

maximal immediately after immasion and decrease rapidly with time. 

S 

Figure 5 

The temperature changes calculated separately as a function of t i m e  after 

immersion for layers 1 through 7 are shown in Figure 6 for a period of 5-1/2 

seconds: experimentally determined values of the skin temperature are shown 

in Figure 6 for comparison. The thermal insulation of the skin layers is so 

great that large thermal gradients are established in the subcutaneous tissues 

during the first few seconds of the immersion, and for this reason actual 

measurements of subcutaneous temperature would be most difficult to make 

and would be of doubtful value. 

Figure 6 
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In Figure 7 are shdwn the calculated values of the temperature gradients 

between the most superficlal layers of the skin model. The gradients between 

layers 2 and 3 and 3 and 4 correspond to the most likely positions of the 

peripheral nerve terminations and they are maximal at 32*C/mm and 17'C/mm 

within the first 0.1 and 0.2 seconds following immersion. Were the gradients 

responsible for the noxious stimulus. pain should have been consistently 

repmed within a second following immersion i f  time is allowed for nerve 

conduction and other delay times. 

Figve 7 

In general, however, a s  shown in Figure 4 and in Figure 2,  there was a 

variable delay in the pain perception of 1-5 seconds which would seem to make 

the gradient explanation somewhat doubtful, but not entirely impossible for the 

transient pain stimulation. However, an even more difficult problem far the 

gradient theory is posed by the inability to explain why the pain cannot be 

stimulated after a period of cooling. Also, thermal gradients are very small 

when the skin has been heated slowly for several minutes with radiant heat 

and maintained near 45OC; yet in this situation, pain persists a s  shown by 

Greene and Hardy. These facts s e e m  M rule out thermal gradients a s  the 

explanation of the pain whether transient or steady state. There are two 

other theories of heat pain which have been widely quoted: one theory 

attributes pain to vasomotor activity and the second to inactivation of 

cellular proteins by heat. These theories will be considered in the light of 

the present experiments. 

Nafe and Wagoner (16) have proposed that cutaneous sensations of heat and 

cold a s  well as pain result ttom contraction and relaxation of the smooth 

muscle ,  probably located around blood vessels of the skin.  It is possible. 
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that such contractions may give rise to sensations of pain.. . .particularly during 

strong transient conditions as occur durlng rapid temperature and pressure changes, 

strong emotional states, etc. However, neither maximal  cutaneous vasodflitation 

nor constriction are necessarily associated with pain in  the steady state and indeed 

chemical agents, which upon local application, evoke strong vasodflitation or 

constriction generally do not cause pain. Thus, although the transient vasomotor 

changes associated with immersion of the skin in hot water could possibly be the  

source of the paln obsenred in these experiments, they would not be expected to 

be the cause of thermal pain in  the steady state or in situations i n  which the skin 

temperature is changed slowly. 

An hypothesis proposed by Hardy some years ago (9) attempts to account for thermal 

noxious stimulation as being due to thermo-chemical changes possibly related to 

inactivation of the proteins of the pain fiber ending. This theory was based upon 

the following: (a) the thresholds for continuous thermal pain and thermal lnjwy are 

roughly the same ( 4 5 O  +- 1.5.C). (b) thermal pain, unlike thermal injury, depends 

upon temperature level rather than the temperature-time integral far temperatures 

above 4S°C, and (c) the psychophysical scale for pain intenslty appears roughly 

proportional to the logarithm of the protein inactivation rate for temperatures above 

45OC. A s  originally conceived, this hypothesis held that the depolarization of the  

pain fiber ending by heat resulted &om the breaking of molecular bonds due to 

thermal agitation and the reconstitution of the membrane by some metabolic process. 

The pain threshold and injury threshold were identified by rates of molecular degrada- 

tion more rapid than the metabolic rates of resynthesis. The two reactions envisioned 

were of the form 

4.  P kd P' and 

P* k r  3.  
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in which p and P* are the relative concentrations Of some natural and "inactivated" 

protein complex respectively and kd and kr are the rates of thermal inactivation 

and metabolic repair. The general form of the reaction rates can be written a s  (7): 

in which, k is the reaction velocity: AS = entropy change: AE - activation 

energy; R = gas constant: and T = absolute temperature. Apmoximate values of 

AE near 100,000 gm cal/mol have been obtained for various proteins (20), and 

for burning the skin AE has a value in  the neighborhood of 150,000 gm cal/mol (11). 

For many enzymatic reactions AE lies in  the range of 20.000 gm cal/mol. Values 

of AS are similarly different being of the order of 300-400 fcr protein inactivation 

and 10-20 for enzyme reactions. As noted by Chick and Martin (3) ,  the great 

sensitivity of k to temperature and the relative insensitivity of kr to temperature d 

ensures that k will exceed k at some temperature for every protein. Without 

implying that a single master reaction. in the Crozier sense (4), is responsible 

for the changes in the pain nerve ending. It can be valuable'to explore the concept 

that a highly sensitive thermal reaction (i. e. inactivation of protein by heat) results 

in the accumulation of some critical amount of Pt "inactive" protein, which brings 

about the permeability changes responsible for the generator potential at the pain 

ending, the firing of the neuron, the sensation of pain and its adaptation. Hensel 

(13) and Sand (19) have proposed similar  concepts of "excitor" and "inhibitor" 

substances at the nerve ending to account for the stimulation of cold fiber endings 

in the cat's tongue and in the sensory organs of the Ampullae of Lorenzini of the 

ray but without any specification a s  to the nature of the substances or the reactions 

producing them. Inthe present case, we initially specify only that reactions, with 

relative reaction rates such a s  can be calculated from equation 5 using activation 

energies of 100,000 and 20,000 gm cal/mol for kd and kr respectively, are involved; 

that is: 

d r 
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6. P z P *  

However, in this case there can be no transient maximum value of P* even for 

the situation involving a step function increase i n  temperature and thus the 

phasic pain cannot be accounted for by equation 6 i f  the concentration of P* is 

the only determinant for the pain excitation. This model must be discarded if  

the transient adapting pain is to be accounted for. Thus, in addition to the 

specifications concerning relative reaction velocities, we will assume the 

following: - 
a .  initially the cell has a large amount of natural protein P and 

very little P*, the excitor substance: 

b. the rate of formation of P* is proportional t o  the concentration of P; 

c. kr is assumed to decrease rapidly at temperatures greater than 42OC. 

whereas k increases rapidly with temperature: d 

d .  since the transient pain implies some second order effect, we have 

assumed that P* must be further reduced to  a form P before the 

repair process can begin and the rate of formation of P 

tional to the concentration of P*: that is, the reaction is 

n 

is propor- n 

7. P kd . k P* A P "  - 
~ .. 

T n 
k I 

The problem is then to adjust kn so that the following conditions are met (kd is 

chosen equal to kr a t  44OC): 

1) the generation of P* to some transient critical level in layer 4 of the 

sk in  (0.175 mm depth) in 1-3 seconds following immersion of the skin in  water 

a t  4OoC followed by a decrease in P* to a new equilibrium value above its initial 

value; 
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2) upon re-immersion of the sk in  after 1-2 minutes in  air a t  25'C. 

P* wfll not show the initial overshoot - thus accounting for the inability to 

re-stimulate the transient pain: 

3) upon raising the skin temperature more slowly as by heat radiation, 

P* reaches the crltical steady state value for pain excitation and remains at 

this level. The three dffferential equations for the assumptions a,b, c ,d  made 

above are: 

8. V 4= kn Pn - kdP 
dt 

9. v & * =  kdP - krP* 
dt 

10. v dpn = krP* - kn (Pn - Pn ) 
0 - 

dt 

in which v is the volume of tissue concerned and the concentrations and reaction 

velocity constants are as defined above. It is assumed that at any temperature 

there will be some degradation of P and theref ore some small pool of P 

always be present to provide a replacement of P. The solution of the three first 

order equations can then be accomplished by uslng the values of temperature in 

layer 4 as  shown in Figure 6 to calculate the instantaneous values of k and k d r 

(k is assumed to have a negligible dependence on temperature although a modest 

dependence, Q = 2. would not affect the solution), from equation 5 using A E = 

100,000 and AEr = 20,000 between 3OoC and 4OOC. For temperatures above 40° 

kd is assumed to  decrease in a manner similar to the O2 consumption of cortex 

tissue exposed to high temperature (2).  An analogue computer can be used for 

this purpose, particularly a s  the model for developing the t i m e  function of temperature 

is available from the bath study and function generators for k 

used a s  shown in Figure 8 for the temperature dependent reaction velocities. 

will  n 
0 

n 

10 

k , and kn can be d' r 
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Initially, calculation was made of the steady state concentrations as a function 

of tissue temperature as shown at the bottom of Figure 9. As the system is assumed 

to be closed, the equilibrium values of the relative concentrations of P, Pf, and P n 
Figure 8 

will depend upon the relative reaction velocities kd and kr a s  functions of 

temperature slnce kn Is not assumed to vary appreciably over this range. For the 

sudden increase in skin temperature to 40"C, the relative concentration of P* 

reaches a value of more than 20% in two peaks as shown at the top of Figure 9; 

the first peak occurs about 1 second after immersion and the second peak 3 seconds 

later. This long and double peaked transient would be in  keeping with the variable 

delays in pain report noted in  Figure 3. Also, it had long been noted in experiments 

with thermal radiation using short exposures on the forehead that there occasionally 

occurred a first pain preceding the more clear cut pain used to denote threshold. 

A sudden increase in temperature to 38OC also develops a concentration of P* 

above the pain threshold as  shown. Skin temperature elevations to levels lower 

than 36OC have relatively little affect on P*. It was found impractical to plot 

the re-immersion experiment on the same time scale a s  that shown in Figure 9 ,  

but calculation shows that immersion of the skin at 40°C for 10 seconds followed 

by an immersion at 34" for 10 seconds and a re-immersion at 40°C is not associated 

with a transient increase in P*. 

In view of the paucity of data on the actual changes in the nerve membrane 

associated with transient temperature elevations, it did not seem useful to push 

the calculations further. However, a s  the presence of the transient pain at tissue 

temperature within the 37-41' C range forced a considerable modification of the 
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hypothesis relating pain to tissue damage by heat as originally proposed, the 

treatment given above to modify the hypothesis seemed justified. It may be 

worth noting the three compartment system as  suggested above may be arranged 

also to account for the strength-duration curve for pain threshold. using the 

thermal radiation stimulus, and for the psychophysical curve of pain intensity 

as a function of temperature above 45OC. 

The conceptual hypothesis outlined above is thus quantitatively compatible 

with a variety of observations on thermally induced pain. We have shown that, 

using plausible. temperature coefficients for rates of protein destruction and repair. 

it can make predictions of pain in t i m e  and in intensity and that it makes compatible 

seemingly conflicting observations on thermal pain. Thus, it meets the requirement 

of a working hypothesis which could usefully be taken into account in  further studie 

of pain, and perhaps of other thermal sensations, 
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r Response Time - G D l  0.2 03 04 05 ob 0 )  OB 

Seconds 

Top: Schematic arrangement for recording skin temperatwe changes during 

water immersion. Bottom: Response time of thermocouple - galvanometer 

system tested by thrusting unattached thermocouple into a water bath. 
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Fiqure 2 

RECORMNG OF THERMAL WIN THRESHOLO 

fie., 40.0 SKIN TEYPERATWE 

-38.6 

Experimental record of skin temperature showing times of onset 

and disappearance of pain. Calibration of thermocouple recording 

system at beginning and end of observation. 
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Figure 3 

DELAY TIME FOR DISAPPEARANCE OF PAIN 

a 
a 

I I 1 I I I I I I I I 
I 2 3 4 5 6 7 8 9 10 II 0 

TIME (SECONDS) 

Summary of sensory reports following immersion at  
different bath temperatures. 
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Figure 4 

Fiaure 5 
Subcutaneous 

Division of skin layers used for calculating subcutaneous 
temperatures and corresponding thermal properties. 

Fiaure 5 



Figure 6 

Measured (closed triangles) and calculated (solid lines) values of 
skin temperature and calculated temperatures for layers 2 , 3 , 4 , 5 , 6 ,  and 7 
for a 5-1/2 second immersion in 4 0 ° C  water. 

Figure 7 

Thermal gradients (" C/mm) calculated between adjacent layers of 
skin a s  a function of t ime during a 5-1/2 second immersion in  water at 

4OOC. 



Fiaure 8 

-2: .... 

Hypothetical reaction ve loc i t ies  of protein inactivation 
kd and repair reactions, kd and kn a s  affected by temperature. 
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Top: Relative concentrations of P* following sudden increase in skin 
temperature by immersion in a water bath at 38" and 4OoC. Pain 
threshold is the steady state conceneatton of P* required to excite 
pain ending. 

Relative concentration of P, P*, and P in steady state at different n tissue temperatures "Pain Threshold" refers to the relative concentration 
of P* for steady non-adapting pain. 

Bottom: 
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Fiaure 2 

Fiaure 3 

Fiaure 4 

Fiaure 5 

riaure 6 

Fiaure 7 

Fioure 8 

riaure 9 

~- 

BGURES -, 

Top: Schematic arrangement for recording skin temperature changes 

during water immersion. Bottom: Response time of thermocouple - 
galvanometer system tested by thrusting unattached thermocouple 

into a water bath. 

Experimental record of skin temperature showing t imes  of onset and 

disappearance of pain. Calibration of thermocouple recording system 

a t  beginning and end of observation. 

Summary of sensory reports following immersion at different bath 

temperatures. 

Division of skin layers used for calculating subcutaneous temperature 

and corresponding thermal properties. 

Subcutaneous temperatures calculated for times of 0.5 and 2 seconds 

following immersion i n  40°C water bath. 

Measured (closed triangles) and calculated (solid lines) values of 

skin temperature and calculated temperatures for layers 2,  3, 4 ,  5 ,  6 

and 7 for a 5-1/2 second immersion in 40°C water. 

Thermal gradients ('C/mm) calculated between adjacent layers of 

skin a s  a function of t i m e  during a 5-1/2 second immersion in 

water a t  40°C. 

Hypothetical reaction velocities of protein inactivation, kd and 

repair reactions, kd and kn, a s  affected by temperature. 

Top: Relative concentrations of P* following sudden increase in skin 

temperature by immersion in a water bath a t  38" and 40°C. Pain 

threshold is the steady state concentration of P* required to excite 

pain ending. 



fisure 9 (continued) 

Bottom: Relative concentrations of P, P*, and P 

different tissue temperatures. "Pain threshold" refers to the relative 

in steady state at n 
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concentration of P* for steady non-adapting pain. 
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5. 

d. MSA- 1567 
IO. A V A I L U I L I T Y I L I U I T A T I O U  MOTlCU 

NO- MSA 

a . * 8 S T R & C T M e a s ~ r e m e n t s  of skin temperature were made during the sudden immersion of 
the skin of human subjec ts  i n  water baths at 36-41% and r e l a t ed  t o  the repor t s  
Df pain e l i c i t e d  during the  first f e w  seconds of immersion. Within 0.5 Seconds, 
the skin temperature rose  t o  bath temperature and remained at  t h i s  l eve l  during 
t h e  10-15 seconds of immersion, pain w a s  reported a t  37-4lOC occurring 1-5 seconds 
after the  start of t he  immersion and adapting in 2-6 seconds. Calculation of the 
Bubcutaneous temperature and thermal grad ien ts  i nd ica t e  m a x i m a l  thermal gradients  
in s u p e r f i c i a l  skin layers during the f i r s t  0.1 - 0.2 seconds of imwrsion (60°C/m 
decreasing rap id ly  during the  first 5 seconds to 6%/mm. Analysis of t he  t rans ien t  
pain indicated t h a t  i t  could be considered as t he  more s e n s i t i v e  "phMic" response 
Df t h e  pain ending of which t h e  "static" unadapting response occurs a t  skin 
temperatures of 43-46°C. Several  a l t e rna t ive  explanations including subcutaneous 
thermal gradien ts ,  vasomotor reactions, and thermo-chemical changes in t h e  nerve 
nembrane were considered aa possible  explanations.  me last most likely poes ib i l i t  
requires 8 second order k ine t i c  system with highly temperature sens i t i ve  resction 
velocities t o  account f o r  both the  phasic and stetic components of t h e  pain. 
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