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INTRODUCTION

We have developed a computer program for the numerical analysis of thermal conditions of
all segments and blood circulatory systems in the human body. The advantages of the present
program were larger numbers of blood temperature variables and the controlling outputs of
thermoregulation model expressing local characteristics as compared to the previous models.

The present paper describes a mathematical model of thermal reception and integration
mechanism, which combined with our prediction computer program of whole body
temperature, and two application results of physiological and psychological reaction under the
thermal transients : (1) ramp(27.5—14.5°C) and (2) step(29—17.5—29°C) change of ambient
temperature (in (1) also changing subject’s clothes). The calculated results agree well with the
experimental results of body temperature and thermal sensation.

PREDICTION SYSTEM OF WHOLE BODY TEMPERATURES

Firstly we presented an anatomical and physiological model expressing local characteristics
of each segment of the human body, which fitted to the average Japanese male subject
(Yokoyama, 1993). In the model each segment is concentric cylindrical shape, which consists
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Figure 1 Flowchart for the present computer program.
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transfer equation of each segment in the human body is required. For saving computing time
we developed an algorithm for heat transfer equation of each segment in the human body
(Yokoyama et al., 1997). The algorithm is perfectly adequate for the present concentric
cylindrical model for the segment. Using the present algorithm we showed several examples
of calculated body temperatures and heat fluxes under the assumption that the arterial blood
temperature entering to a segment is known. The present program also included a subroutine
of calculation of thermoregulatory responses (Yokoyama et al., 2000a; 200b). Figure 1 shows
the flowchart for the present computer program (Yokoyama et al., 2007). Figure 2 shows the
outline of the present prediction system

MATHEMATICAL MODEL OF THERMAL RECEPTION AND INTEGRATION

According to the previous neuroanatomy and neurophysiology including fMRI and PET
research results we introduced a mathematical model of thermal reception and integration
mechanism. Table 1 summarizes the reports concerning evoked activity regions with thermal
stimuli.

Figure 3 shows a neural network model for thermal sensation vote (TSV). We also
introduced a neural network model for thermal comfort vote (TCV). The weight coefficients
between units were tuned by the error back propagation method (Rumelhart et al., 1986;
Chauvin and Rumelhart, 1995). The teacher’s data sets were provided from our previous
experimental researches (Yokoyama et al., 2002).

These models were combined with our computer prediction computer program of whole
body temperatures.

Table 1 Summary of the reports concerning evoked activity regions with thermal stimuli.

Modarity Warm sensation Cold sensation Thermal comf
Number of subjects 16 16 27 8 12 13 10 10 12 13 10 - 8
Body part forearm | forearm | forearm | hand hand hand hand hand hand hand hand hand whole body
Stimulation temp. [ ] 35vs.T. | 35vs.r. [43vs.36 |41 vs. 35|44 vs. 35| 43 vs.35 | 40 vs.34 laser 20vs. 32 |20vs. 32|20 vs. 34|20 vs. 33| (T4) 8Vvs.2
Stimulation period [sec] 5x 6 5x 6 5 29 42 44 60 1[msec]x 100 36 34 60 45 ~60 22 [min]
Stimulation area [cm?] 3.14x £|3.14x 6| 254 9 digit 9 280 0.79 x 100 digit 9 280 - whole body
Imaging Method PET PET PET fMRI PET fMRI PET fMRI PET fMRI PET PET fMRI
S/ [ ] [ ] [ ] - [ ] [ ] -
s || | | | - | | |
Thalamus | | | || | | || - || | - |
ant. | | ] ] ] ] ] |
Insula mid. u | | | | | |
post. ] n ] n n ]
Frontal gyrus || | | -
Temporal gyrus _ | |
Precentral gyrus (M1) | | |
SMA (M2) [] || |
Prefrontal cortex || | || - - || -
Amygdala - - o - - O
(3] -E Orbitofrontal cortex
€3 ant. (ACC) ] [] R [] [ ] R
25|98 mid. - - - - |
post. - - - -
Basal ganglia n | ] - || - ]

COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS

By using a new computer program thermal physiological and psychological responses at
transient state were simulated. The subject was a Japanese healthy male (163cm; 53kg) rested
at Ta 27.5°C and RH 50% and wore heavy suits. After 20 min the room temperature was
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cooled down to 14.5°C during 30min. The calculated and experimental results of body
temperatures are shown in Figure 4. Figure 5 shows the calculated and experimental results of
thermal sensation votes. In Figure 5. “+1”, <0, and -3 correspond ““slightly warm”’,
“neutral” and “cold” sensation, respectively. These calculated results suggested the validity
of the present thermal physiological and psychological prediction based on thermoregulation
model expressing local characteristics of each segment.

The next case is a simulation of the step-wise change of transient state. The subject was an
American health male (190cm; 84.8kg) rested at Ta 29°C and RH 40% and was exposed cold
environmental condition (Ta17.5°C; RH 35%) during 120min. After then the subjects stayed
at Ta29°C and RH 40% (Gagge et al., 1967).

Figure 6 shows the calculated and experimental results of the tympanic and mean skin
temperature. Calculated values of both tympanic and mean skin temperature reproduced
measured values accurately. In Figure 7 the calculated and experimental values of TSV
(Thermal Sensation Vote) are shown. The scores were the same in Figure 5. These calculated
results also suggested the validity of the present thermal and psychological prediction system
based on thermoregulation model expressing local characteristics of each segment and
mathematical model of thermal reception and integration process with neural network.

ACKNOWLEDGEMENTS
A part of this study was supported by the Japan Society for the Promotion of Science
(Scientific Research (A) No. 16207017) and by the Suzuki Foundation (Z20-J; No. HO-14).

REFERENCES

Becerra, L. R. et al. (1999): Human Brain Activation under Controlled Thermal Stimulation and Habituation to
Nexious Heat: An fMRI Study. Magnetic Resonance in Medicine, 41, 1044-1057.

Bornhovd, K. et al. (2002): Painful Stimuli Evoked Different Stimulus Response Functions in the Amygdale,
Perfrontal, Insula and Somatosensory Cortex: A Single-trial fMRI Study. Brain, 125, 1044-1057.

Casey, K. L. et al. (1996): Comparison of Human Cerebral Activation Patterns during Cutaneous Warmth, Heat
Pain, and Deep Cold Pain. J. Neurophysiol., 76, 571-581.

Chauvin, Y. and D. E. Rumelhart (1995): Backpropagation: Theory, Architectures, and Applications. Lawrence
Erlbaum Associates, Hillsdale.

Craig, A. D. et al. (1996): Functional Imaging of an Illlusion of Pain. Nature, 384, 258-260.

Craig, A. D. et al. (2000): Thermosensory Activation of Insular Cortex. Nature Neuroscience, 3.

Coghill, R. C. et al. (1999): Pain Intensity Processing within the Human Brain: A Bilateral Distributed
Mechanism. J. Neurophysiol., 82, 1934-1943.

Coghill, R. C. et al. (2001): Hemispheric Lateralization of Somatosensory Processing. J. Neurophysiol., 85,
2602-2612.

Davis, K. D. et al. (1999): Thalamic Relay Site for Cold Perception in Humans. J. Neurophysiol., 81, 1970-1973.
Gagge, A. P., J. A. J. Stolwijk , B. Saltin (1969) Comfort and Thermal Sensations and Associated Physiological.
Responses during Exercise at Various Ambient Temperatures. Environmental Research, 2: 209-229.

Kanosue, K. et al. (2002): Brain Activation during Whole Body Cooling in Humans Studied with Functional
Magnetic Resonance Imaging. Neurosience Letters, 329, 157-160.

Kwan, C. L. et al. (2000): An fMRI Study of the Anterior Cingulated Cortex and Surrounding Medial Wall
Activations Evoked by Noxious Cutaneous Heat and Cold Stimuli. Pain, 85, 359-374.

Rumelhart et al. (1986): Learning Internal Representations by Eroor Propagation. Parallel Distributed
Processing. Exploration in the Microstructures of Cognition, 1, 318-362. MIT Press

Yokoyama, S. (1985) Evaluation of Resting and Working Postures From the Viewpoint of Local Muscle Energy
Metabolic Rate. Annals Physiol. Anthrop. 4: 309-314.

Yokoyama, S. (1993) Heat Transfer Phenomena within the Human Body. Hokkaido University Press, Sapporo.
(in Japanese)

Yokoyama et al. (1997) Development of a New Algorithm for Heat Transfer Equation in the Human Body and its
Applications. Appl. .Human Sci. 16: 153-159.



Yokoyama et al. (2000a): Development of Prediction Computer Program of Whole Body Temperatures
Expressing Local Characteristic of Each Segment Part 1 — Bio-Heat Equations and Solving Method. Transactions
of the Society of Heating, Air-Conditioning and Sanitary Engineers of Japan. 77: 1-12. (in Japanese with English
Abstract)

Yokoyama et al. (2000b): Development of Prediction Computer Program of Whole Body Temperatures
Expressing Local Characteristic of Each Segment Part 2 — Analysis of the Mathematical Model for the Control of
Skin Blood Flow. Transactions of the Society of Heating, Air-Conditioning and Sanitary Engineers of Japan. 78:
1-8. (in Japanese with English Abstract)

Yokoyama et al..(2002): Development of Prediction Computer Program of Whole Body Temperatures
Expressing Local Characteristic of Each Segment Part 3 — A Comparison of Experimental and Calculated Results
of Body Temperatures. Transactions of the Society of Heating, Air-Conditioning and Sanitary Engineers of
Japan. 84: 43-52.  (in Japanese with English Abstract)

Yokoyama, S. et al. (2007): Prediction Computer Program of Whole Body Temperatures and its Application
under Various Combinations of Working Level and Thermal Environmental Conditions. Industrial Health, 45,
118-124.



