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Outline of talk

* Fundamentals of thermoregulation

» Sensitivity vs. capacity of thermoregulatory
system

 Human thermoregulatory responses
» Contrasting RF with exercise and dru




THERMOREGULATION

* The abillity to regulate a relatively stable
core temperature independent of changes
In ambient temperature

* A unigue autonomic regulatory system that
relies on behavior and conscious




THE STABILITY OF CORE TEMPERATURE:
A COMPARATIVE PHYSIOLOGICAL PERSPECTIVE
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Two days of core temperature of a mouse
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BODY HEAT BALANCE EQUATION

radiation (R) S=0 normothermia

Heat storage (S) = Metabolic rate (M) — convection (C) S>0 = hyperthermia
conduction (K)
evaporation (E) S<0 = hypothermia

THE THERMAL CORE AND SHELL
+ Seore=M-H-REHL

/ H=conductive+convective heat transfer
between core and shell




BASIC THERMOREGULATORY PATHWAYS
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THE THERMONEUTRAL PROFILE OF HOMEOTHERMS

Thermoneutral zone
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| THERMOREGULATORY OPTIONS TO RF EXPOSURE
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Basic characteristics of human
thermoregulatory capacity in the
cold

* QOverall skin blood flow varies from ~150 to
2000 ml/min depending on temperature

* Below 25 °C, nude man is maximally
vasoconstricted.
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Relationship between skin blood flow of the hand
with ambient and skin temperature
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Basic characteristics of human
thermoregulatory capacity in the
heat

« Sweating activated during rest at air
temperatures of 32-34 °C

* About 2.5 million sweat glands
 Total sweat duct area of 90 cm?




Sweating rates for clothed man during work
and rest at various ambient temperatures*
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BASIC NEURAL MECHANISMS
OF THERMOREGULATION

 Internal thermal sensitive neurons are
driven by peripheral thermal stimulation




Warm
sensors
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Set-point and thermoregulation

» Servo-loop thermoregulatory control
remains a fundamental concept\

« Same concept can apply to local
regulation of tissue temperature




Anterior hypothalamus-key site for thermoregulatory control
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— — — - Set-point
| NORMOTHERMIA

Core temperature

THERMAL PREFERENCE



| FEVER (REGULATED HYPERTHERMIA) |
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FORCED HYPERTHERMIA
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Temperature gradient to study thermoregulatory behavior of rodents
exposed to 2450 MHz
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Behavioral thermoregulatory response of a mouse to 2450 MHz
at whole body SAR of 24 W/kg
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The two key questions in the study of
thermoregulation and RF exposure

« SENSITIVITY

What is the magnitude of the error signal
required to activate heat dissipating
behavioral and autonomic responses?

« CAPACITY




Factors that can affect sensitivity

« RF frequency

* Ambient temperature (skin temperature)
* Age

* Rest vs. exercise




Thermal adaptation and warm sensation in humans adapted to temperate or tropical climate

8 1 Japaneses (temperate)
=1 Malaysian (tropical)
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Factors that could affect capacity
to dissipate RF energy

* Age and health of subject
 Ambient temperature

* Relative humidity

* Acclimatization




Understanding the thermal
sensitivity of the CNS

* Receptors evolved in lower vertebrates to
respond to change in body temperature

 Homeotherms respond to changes in
skin/shell temperature

« Central receptors critical in exercise and




| Stereotaxic implanted thermode |




Predicted thermoregulatory response to hypothalamic heating

Response (sweating)=a(T, i~ Teet) T B(Tekin T sot)

100 Thermoneutral room

o° K Very cold room
o* o*
°® o’

(7))
-
= o o
®))
£
-—
©




Thermoeffector responses
to RF radiation in humans




2450 MHz CW Microwaves 2450 MHz CW Microwaves

g

i

)?

- ~ E 4 1
e yal Bl g,
L 2 3
g
: 3us

34 I
E & 2
'23:-. %15
= ‘WWW

0.5
oL o .
1.0 e e m
mn of 7 subjects -
= TOmWicm*® Ta=28°C
E os S — S _ 160
£
_E 3— 140 -
L S — —— 'é'm-
3 m e
E 0.4 Y _fif_"_-“" b ,_1|. E 1
2 a4 \J i J\} »
gu e W Y Sl AW i
‘fw“lw i 0
. 0 T .
0.0 - e — .
o 18 30 45 0 75 0 16 0 45 60 75

Time {minutes) Time (minutes)







Sweating response of seven human subjects to 2450 MHz exposure
at three ambient temperatures
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220 MHz CW
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Thermoregulatory behavior

« Sensitive and effective thermoregulatory
response

* Qur first warning of impending thermal
stress and heat-induced damage




2450 MHz

Ambient temperature, °C

—u—-24
5 ——28
“g —— 31
o
Thermal comfort scale [
2 ~1.0 W/kg
Comfortable 0 < l
Slightly uncomfortable 1 L L -
Uncomfortable 2 . 2
Power density, mW/cm
Very uncomfortable 3 R
Intolerable 4 20r Ambient temperature, °C
' —n—24
—fe— 28
1.5p 31
1.0

~0.68 W/kg

A Thermal comfort




CAPACITY TO
THERMOREGULATE DURING
EXPOSURE TO RF RADIATION

* Body size critical when dose of RF
normalized to body weight

* Important in interspecies extrapolation




THRESHOLD SAR ASSOCIATED WITH ELEVATION IN CORE TEMPERATURE

100
mouse
o e T,=20°C
hamster
g’ 10 P
<
., . rat |
;t) 1 rabbit human
o
0.1
0.01 0.1 1 10 100

Body weight, kg



SAR ASSOCIATED WITH 1.0 °C RISE IN CORE TEMPERATURE
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Comparing response to RF to other
types of hyperthermia

 RF heat is a unique environmental stress

« Exercise-induced hyperthermia is a
coordinated physiological response

* Drug- and fever-induced hyperthermia are
also unique




Drug-induced hyperthermia (MDMA; “ecstasy)
Relating metabolic heat production and hyperthermia
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EXERCISE-INDUCED CHANGES IN CORE TEMPERATURE
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TYMPANIC AND ORAL TEMPERATURES
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Summary of thermal effects
of various treatments in humans at

ambient temperature of 30 °C

Treatment “SAR” AT e
* Drug (MDMA) 0.5 W/kg ~0.6 °C
» Exercise 2.4 W/kg ~0.1°C

* Exercise 5.4 W/kg ~0.5°C
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