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THERMAL STRESS
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INTRODUCTION





 	Air Force personnel encounter a broad range of heat and cold stress in the course of world-wide operations.  Moreover, military priorities may require continued activity despite thermal extremes.  Therefore, the flight surgeon must understand the factors which contribute to thermal stress, the range of human responses to heat and cold, and the possible options for dealing with thermal problems.





	Assessment of thermal stress is a complex process involving multiple variables (see table 5-l).  In this chapter many of these factors are reviewed and placed in perspective for Air Force applications.  Some important differences in thermal problems of aircrews and groundcrews should be noted.  Clinical  descriptions and therapy guidelines for various heat stress syndromes are discussed.  Also presented, to alert the flight surgeon to potential problem situations, is a general discussion of those situations in which heat and cold stress are encountered.





Table 5-1. MAJOR FACTORS AFFECTING HUMAN THERMOREGULATION IN A  GASEOUS ENVIRONMENT.


Environment�
Physiology�
Clothing�
Operations�
�
1. Temperature


2. Humidity


3. Air Movement


4. Radiant Exchange


5. Barometric Pressure


6. Gas Composition�
1. Circadian Rhythm


2. Metabolic Rate 


    (absolute)


3. Metabolic Rate 


   (percent capacity)


4. External Work


5. Hydration


6. Acclimation/


    Acclimatization


7. Body Temperature


    (skin and core)


8. Ventilation Rate


9. Sweat Rate)


10. Skin Wetness�
1. Insulation


2. Vapor Permeability


3. Wind Permeability�
1. Time of Day


2. Duration


3. Sequence of 


    conditions


4. Recovery Intervals


5. Artificial Cooling


6. Other Stresses


   a. Acceleration


   b. Toxins


   c. Psychology


      (anxiety and  


        accustomization)�
�
�
	


 Heat Transfer and Thermal Balance


	Thermal energy moves from one region to another by five mechanisms, all sharing the simple principle that heat moves along a concentration gradient (more to less) which constitutes the driving force.  These mechanisms are briefly reviewed here; more detailed discussions are available in references l3, l5, l7, and l8.





	Conduction(K) refers to heat movement between solids (or still fluids), and depends upon the temperature difference and the thermal resistance of the materials involved.  Although K is usually unimportant in overall human heat balance, conduction between bare skin and hot or cold surfaces can cause local injury (burns or frostbite).





	Convection(C) is heat transfer to or from a moving fluid (gas or liquid).  Convection depends upon the temperature gradient, the specific heat of the fluid, and the rate of fluid movement.  Immersion in water obviously involves strong convective exchange.  Gaseous convection is greatly influenced by barometric environments; respiratory convection alone dissipates more heat than metabolism can produce.





	Radiation(R) describes thermal energy transfer between surfaces by electromagnetic waves.  R relates to the difference in surface temperatures, and is independent of the temperature of the intervening atmosphere.  The importance of radiant heating by the sun is shown in figure 5-l, where it can be seen that clothing substantially reduces the external heat load due to sunlight.
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	 	Figure 5-1. Environmental heat gain vs. dry bulb 


          		temperature in the desert (Adolph et al., 1).








 	Evaporation(E), of great importance in physiology, involves transfer of energy through change of state between liquid and vapor.  Heat is moved at the rate of 58 kcal/g of water evaporated.  The driving force is the difference in water vapor pressure (Pw) at the skin surface and in the ambient air.  An elevated skin temperature helps raise Pw at the wet surface, while increased air movement provides a continuous supply of drier air to accept the water vapor.





	Within the body, heat moves by tissue conduction and circulatory convection.  Overall heat exchange between body and environment may be expressed as:  








                        S = M + W + C + R + E,








in which S is heat storage in the body, M is metabolic heat production, and W is external work.  The metabolic term is always positive and ranges from a resting value of l00 W (l.5 kcal/min) to a maximum of about 1200 W in a trained athlete performing at maximum.  Because the human body is only l5-20 percent efficient, any external work is accompanied by a relatively large increase in M.  And of course, C, R, and E are convection, radiation, and evaporation respectively.





Measurement of the Thermal Environment


	Complete description of a gas environment requires knowledge of the items listed under A in Table 5-l.  Air or "dry bulb" temperature (Tdb)  is determined by a conventional thermometer, thermistor, or thermocouple which must be shielded from radiant exchange.  Humidity can be measured by various instruments which may read water vapor pressure (Pw), wet bulb temperature (Twb), dewpoint temperature (Tdp), or relative humidity (rh).  When Tdb and any one of the humidity values are known, the others can be determined by using a psychrometric chart (see figure 5-2).  Note that, while relative humidity is a familiar term, its relationship to Pw (and hence to evaporation) is a complex function of temperature.  Air velocity (V) includes natural and forced air movement and may be read by a mechanical or an electrical anemometer.  Care must be taken that the measurement adequately represents the site of interest, because V varies sharply over short distances and with time.  Radiant exchange is often measured for physiological purposes by means of a black globe thermometer--a hollow metal sphere which integrates the radiant field to give a single temperature reading (Tbg).
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     Figure 5-2. Psychrometric chart at sea level.  Variables shown include dry bulb temperature 


     and several measurements of water vapor content- water vapor pressure, absolute humidity, 


     wet bulb temperature, relative humidity, and dewpoint temperature.








Effect of Clothing


	Clothing profoundly affects heat transfer processes by adding thermal insulation, impeding air movement, and trapping water vapor at the skin.  The thermal insulation value of clothing is generally measured on a heated metal mannequin, and is expressed in units called "clo."  One clo was originally defined as the insulation (a business suit), worn by sedentary indoor workers, which amounts to 0.l55 cm/W (0.18 cmxh/kcal).  Water vapor permeability is measured from a similar mannequin having a cotton "skin" which is saturated with water.  Listed in Table 5-2 are the thermal characteristics of several clothing ensembles.  Military clothing, often selected for special protective properties, may be subjected to extreme stress under a given thermal condition; e.g., chemical defense clothing and immersion (anti-exposure) suits worn in warm environments; and lightweight gloves, worn to protect manual dexterity despite extremely cold weather.








   TABLE 5-2. THERMAL PROTECTIVE VALUE FOR SELECTED CLOTHING.





                CLOTHING                INSULATION     


                                                          (Clo)*      


                                                       


                Light Coverall                     1.0         


                                                       


                Tropical Uniform                 1.4         


                                                       


                Summer Flying                    1.8         


                                                       


                Chemical Defense                2.6         


                                                       


                Impermeable CD                 2.6         


                                                       


                Heavy Anti-exposure           3.0         


                                                       


                Arctic Flying                        4.3         


     


     *  1 Clo = 0.18 cmxh/kcal, the thermal insulating value of clothing. Source                                                              of Data:  U.S. Army Natick Research and Development Command and Research Institute for Environmental Medicine.








	Distinguishing  between thermal conditions in the environment (macroclimate) and those at the skin surface (microclimate) is important, for the two may differ substantially.  For instance, studies show that Eskimos living in the traditional manner experience minimal cold stress, because their behavioral and technological adaptations provide a warm microclimate (9).





Human Thermoregulation


	Man is classed as a "homeotherm," which means that body temperature is high and closely controlled.  Core temperature is not constant; persons at rest in a thermoneutral environment show a 24-hr cycle around a norm of 37oC with a cycle amplitude of about loC.  A high plateau occurs in the late afternoon, and a nadir appears in the early morning hours.  Exercise superimposes a controlled temperature rise which is proportional to relative work load.  Thermoregulation is accomplished by a feedback system involving hypothalamic control centers which integrate thermal information from various body areas, and which command the effector systems described next.  The range of core temperatures in healthy individuals is shown in figure 5-3.
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      Figure 5-3. Range of core temperatures in humans 


              under various thermal conditions (7).








	Vasodilation and Vasoconstriction:  The subcutaneous vessels dilate and constrict to serve whole-body thermoregulation (22).  Measurements taken in the forearm show a 30-fold change in skin blood flow as skin temperature varies from 30 to 40oC.  The high maximum perfusion rate is responsible for the flushed appearance of hot individuals.  Increased circulatory convection raises mean skin temperature toward core level, thus improving heat dissipation in most environments--the exception being extremely hot air or wet environments of greater than 37oC where the dilated vessels actually carry heat inward.





	Circulatory thermoregulation can be represented by the "core-shell" model (see figure 5-4).  Vasodilation minimizes the insulating layer.  Vasoconstriction increases insulation so that skin temperature drops, the distal limbs cool, and warmth is maintained only in vital core areas.  In maximal cold-induced vasoconstriction, venous return in the limbs shifts to deep vessels, and additional heat is conserved through countercurrent exchange between the axial arteries and venae comitantes (l8).  Physiological insulation thus varies from 0.2 to 0.8 clo in lean individuals, and can be much higher in obese people.  
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        Figure 5-4. Core-shell model of the human body for 


        cold and hot environments (a and b, respectively).


        Numbers represent tissue isotherms (6).





	Sweating:  When maximal cutaneous vasodilation fails to prevent heat storage, evaporative cooling is called into play.  Human sweat secretion commonly reaches l liter/hr.  Evaporation of l liter, which removes 672 Wxh of heat, is a powerful mechanism for cooling in conditions which favor evaporation (l).  The disadvantages of sweating are the discomfort of hot wet skin, the development of dehydration, and the accompanying loss of electrolytes.





	Increased Metabolic Rate:  When core temperature falls despite maximal cutaneous vasoconstriction, or when skin temperature drops precipitously, heat production increases through involuntary tensing of muscles followed by shivering.  The amount of heat produced varies widely among individuals but rarely exceeds 4-5 times resting metabolism (8).  The cost of shivering includes discomfort, impairment of voluntary muscle control, and cumulative fatigue.  
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HEAT STRESS EFFECTS





General


	Because heat balance is determined by multiple interacting factors (refer to table 5-l), many attempts have been made to express the effective heat stress as a single number (as summarized in references 7, l3, l5, l7).  Two of these indices are commonly used by the Air Force.  Each has special limitations, and should be thoroughly understood by the user. 


 


	Effective Temperature (ET):   This index is based on short-term, subjective comparison of paired environments.  A single value can represent more than one level of physiological stress, making it unsuitable for use with extreme environments or conditions which may induce physical collapse.  ET has been widely used for psychological studies, and the literature on that area is extensive.  The ET is read from a nomogram by using air temperature, dewpoint temperature, and air velocity (7, l3, l5, l7).





	Wet Bulb Globe Temperature (WBGT):  The WBGT, developed to eliminate the danger of heat stroke among men training in hot weather, has been widely used for industry.  WBGT is relatively simple to use, requiring measurement of three variables to fulfill the equation:





          WBGT = 0.7 Twb + 0.2 Tbg + 0.1 Tdb





          where Twb =  wet bulb (dewpoint) temperature,


                     Tbg = black globe temperature, and     


                     Tdb =  dry bulb (air in the shade) temperature.





WBGT is implemented by setting cutoff values for training, the threshold varying with the degree of acclimation for exposed groups (l5, l7).





	The effect of heat stress is clearly related to the duration of exposure.  If the time necessary for an average person to reach a defined limit in a series of environments is estimated, the result is a "time-tolerance" curve or chart, such as that shown in figure 5-5.  The shortest voluntary tolerance times (less than l5 min) generally involve high radiant heat loads; and the limiting factor is pain, when a rapidly rising skin temperature exceeds 45oC.  In less extreme environments, the limiting factor is body heat storage, although hyperventilation or vasovagal syncope may intervene.  Even when apparent equilibrium is reached, tolerance will eventually be limited by dehydration with accompanying circulatory decompensation and decreased availability of fluid for sweat formation.  Heat tolerance may be impaired by mild illness, drugs, or toxins.
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Figure 5-5. Graph of voluntary tolerance time vs. dry bulb temperature.  Highest temperatures are limited by pain;  lower temperatures are limited by heat storage.  Note region of overlap where pain and storage are factors (7).





	Physical tolerance for heat stress is not the only consideration.  Depending on circumstances, the relevant limit may range from mild discomfort or performance decrement to impending physical collapse.  In the case of groundcrews, special concern exists for their ability to maintain a high physical work load.  For aircrew members, the problem may be subtle changes in capacity to handle the multistress flight environment.





Exercise in Hot Environments


	People engaged in physical work in a cool environment show a rise in core temperature which is directly related to the relative work load (i.e., the percent of maximum ventilatory oxygen demand for the individual involved)(l7).  Environmental heat load can cause equilibrium rectal temperature (T) to rise to a higher plateau as shown in figure 5-6.  In extreme heat, or when heavy clothing is worn, progressive heat storage occurs.  It is generally agreed that a steady-state T of 38oC is acceptable for daily work shift, but that higher temperatures lead to acute or cumulative chronic alterations in work capacity.  Figure 5-6 shows that in cooler conditions, internal systems regulate rectal temperature in relation to work load.  In the hotter "environment-driven zone," rectal temperature is elevated above the regulated value; the inflection point varies directly with the workload (17).
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     Figure 5-6. Equilibrium rectal temperature for one subject, at three work rates, in a wide range of environmental conditions.  








Heat Effects on Mental Performance


	The literature contains many studies of heat effects on performance of complex mental tasks.  The results often appear contradictory--in part, because authors frequently report the environmental conditions but not the physiological (thermal) status of the subjects.





	Performance changes which have been reported in highly motivated, heat-stressed subjects include: 


              a. shorter simple reaction time; 


              b. higher error rate; 


              c. narrowed attention with neglect of secondary tasks; and 


              d. diminished capacity for learning or response to unusual events.  Several attempts have been made to produce generalized time-tolerance curves for performance, but none has stood the test of experimental validation.  Two items from performance studies deserve special note:  The first is that strongly motivated individuals can maintain peak performance on a single task until physical collapse occurs.  The second is that heat strain is often insidious in character, the victims remaining unaware of changes in their own performances.





Interaction with Other Environmental Factors





 	The flight environment involves many interacting stresses.  Relatively mild heat stress may be associated with diminished acceleration (G) tolerance, exaggeration of the effects of hypoxia, greater susceptibility to motion sickness, and increased cumulative fatigue. 


 


	The newer high performance aircraft can sustain +Gz acceleration at or beyond the best human tolerance limits.  Undoubtedly, heat and dehydration lower G tolerance, thus reducing the safe operating envelope of the aircraft.  Pilots are often aware that heat lowers their grayout threshold, and centrifuge studies indicate that a warm environment causes acceleration tolerance losses of 0.2 - 0.4 G.  Dehydration by 2 - 3% of body weight significantly reduces the ability of subjects to sustain high-G simulated combat maneuvers (see figure 5-7).
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    Figure 5-7.  Acceleration tolerance time of seven subjects at +7 Gz for control and dehydrated conditions.  Maximum ride time was arbitrarily set at 1 min, thus truncating control durations (19).








Pathophysiology of Heat Stress


	Depending upon the manner of breakdown of the individual's heat adjustment and defense mechanisms, three distinct clinical syndromes may occur:





     Heat cramps:  Painful cramps of voluntary muscles which result from excessive loss of salt from the body.  Muscles of the extremities and the abdominal wall are usually involved.  Body temperature is normal.  Heat cramps are promptly relieved by replacing salt orally and placing the individual in a cool environment.





     Heat exhaustion (prostration):  Occurs as the result of excessive loss of water or salt, or both, from the body.  The syndrome is characterized by profuse perspiration, pallor, low blood pressure, and other manifestations of peripheral circulatory collapse.  The mortality rate from this disorder is extremely low; and the removal of the patient to a cool environment, rest, and the administration of salt solution (intravenously or orally, depending on severity) will result in prompt recovery.





     Heat Stroke:  This condition is characterized by an extremely high body temperatures (i.e., greater than 104oF), a change in mental sensorium (i.e., confusion, delirium, coma) and an absence of sweating, which is sometimes seen as a near terminal event.  Death may ensue very rapidly.  This condition is a medical emergency with a potentially high mortality rate.  The lowering of body temperature as rapidly as possible is the most important objective in the treatment of heat stroke.  The longer the hyperpyrexia continues, the greater is the threat to life and permanent brain damage.  A cold water bath is required to lower the temperature as rapidly as possible.  An intravenous (IV) should be started, and the body temperature monitored.  Sedative drugs disturb the heat regulation center and should be avoided.  One case of heat stroke may mean many other workers in a similar environment are at high risk for development of the same event.





Prevention of Heat Injury


	Where conditions produce unacceptable levels of environmental heat stress and resulting physiological strain, possible targets for modification include the person, the task and the environment.





     Person:  Physical fitness and heat acclimation are linked processes which can greatly enhance human tolerance for work in heat (l7).  A person with a high aerobic capacity uses less reserve to perform a given task--a fact which, in turn, diminishes the rise in core temperature during work.  Heat acclimation occurs with repeated exposure to work in heat; the magnitude and time course of the changes are illustrated in figure 5-8.  Although the complete process requires 8 - l0 working days, substantial benefits appear after only 2 - 3 days.  Highly fit individuals are partially heat acclimated due to their training regimens, and are able to complete the process much faster than their unfit peers.  Since significant variation occurs in individual heat tolerances, training programs should allow for safe screening out of those persons who are unusually susceptible to heat illness.
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     Figure 5-8.  Acclimatization effects on final rectal temperature, heart rate, and sweat rate, for a group of men exposed daily to 2 hr of hard work in a hot environment. (After Leithead and Lind, 17).








	Response to work in heat can be improved by avoiding off-duty stress involving heat, dehydration, and diuresis; a person with a hangover or a gastrointestinal disturbance is highly susceptible to heat illness.  Given an initially healthy and well hydrated person, exposure to stressful heat is best tolerated if water loss is replaced at short intervals.  The volume of fluid necessary to maintain adequate hydration is indicated in figure 5-9.  Field trials show that the best fluids for rehydration  are cool water or dilute fruit-flavored drinks (27); icy temperatures and heavy sugar concentrations both tend to inhibit fluid absorption and cut thirst, so that intake falls short of real need.
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     Figure 5-9. Daily water needs vs. dry bulb temperature for men in desert conditions. (After Adolph et al., 1).





	Replacement of electrolytes lost in sweat is a far less acute problem, and balance over the 24-hr period will suffice.  The modern American diet generally contains enough electrolytes to support moderate to heavy sweating.  Freely salting food at meals is the best way to supplement electrolytes.  Salt pills should not be used except under very extreme conditions, as they can cause gastrointestinal upset and can easily be abused to produce an overload which actually increases susceptibility to heat illness.  Use of commercially available electrolyte drinks is not recommended because: a. the salt is unnecessary; b. they are heavily sugared; and c. many people find these drinks unpalatable.


 


     Task (Operating Procedures):  Numerous measures can be used to ameliorate heat stress, provided they are compatible with military requirements.  Physical work load and, hence, metabolic heat production can be reduced by providing mechanical aids, spreading the work among more personnel, or altering work-rest intervals.  A note of caution is due in planning work-rest cycles to control heat stress; thermal recovery is relatively slow under the best of conditions, and may be entirely stalled by the wearing of such heavy clothing as chemical defense ensembles.  Illustrated in figure 5-10 is the prolonged overshoot in the rectal temperature which follows hard work.
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	 Figure 5-10. Example of rectal temperature overshoot in a heavily clothed subject, working hard and then resting, in a hot environment. (United States Air Force School of Aerospace Medicine data).





	Heat-soaked aircraft can be extremely hot, especially during cockpit entry, taxi, and standby.  The problem can be reduced by: shading the canopies of parked aircraft; minimizing preflight aircrew heat exposure by providing motor transport to the aircraft; and streamlining the preflight inspection, or delegating it to buddy crews.  One method of dealing with the stress of heat in mission planning has been the development of the "Fighter Index of Thermal Stress."  Summarized in figure 5-11 is the approach to be used in fighter aircraft (20).
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     Figure 5-11.  Fighter Index of Thermal Stress. This table, with comments, permits calculation of relative caution and danger zones in hot weather.








     Environment (Climate Control):  Technological methods to alleviate heat stress, including macroclimate control (air conditioning of closed spaces) and microclimate cooling (air-ventilated or liquid-conditioned clothing).





	If personnel are required to stand by in heavy ensembles such as chemical defense or anti-exposure clothing, then thermal comfort will require very low air temperature.  This requirement involves installation of heavy air conditioning equipment with a high power draw--a project which may be possible in ground facilities, but is nearly impossible in aircraft.





	Microclimate cooling has strong advantages whenever heavy or impermeable clothing must be worn.  Air is a relatively poor cooling medium because of its low specific heat capacity.  Ventilated clothing can be useful for seated subjects.  For those doing physical work, however, large amounts of very cold, dry, toxin-free air are needed; and the garments must include a fairly bulky distribution system.  Practical experience has shown that sealed suits are heat traps which limit sustained work (7).  For this reason, NASA adopted liquid-conditioned garments for extravehicular activities.                                       





Evaluating Heat Stress Problems


	Where a significant problem is suspected or known to exist, the flight surgeon should assess all variables shown in Table 5-1 to identify possible ways of reducing heat sources or enhancing heat sinks.  The following techniques can be used to quantify the problem: a.) Environmental contributions may be determined from meteorological data, measurements on the flight line, and observations logged from simple instruments carried in flight. b.) Information may be gained from a structured debriefing or survey of involved personnel. c.) Net heat stress can be gauged from pre- and post-exposure measurement of body weight, where nude weight loss indicates sweat secreted, and clothed loss shows sweat evaporated. d.) More sophisticated instrumentation can be used for continuous records of environmental conditions and physiological variables, such as core and skin temperatures and heart rate.  The scientific documentation of the problem will build support if changes in the schedule of activities are required to reduce the risk of developing significant health problems.  











COLD STRESS EFFECTS





General


	Cold is a major factor affecting Air Force ground operations.  Although the great heat output of modern aircraft engines has largely eliminated the problem of cold in high-altitude flying, aircrews must often be prepared for: cold exposure before flight, or during taxing operations; and emergency survival in hypothermic conditions.  Several excellent book-length reviews are also available (9, 14, 16, 18).








Moderate Cold and Protective Clothing


	Exposure to moderate cold stress produces discomfort, shivering, and impaired manual dexterity.  While all of these effects are reversible, they can produce significant problems for tasks such as aircraft maintenance.  Low hand temperatures lead to vasoconstriction, stiffening of the joints, and loss of sensation, all of which diminish dexterity (5, 11, 12).  Unfortunately, insulating gloves (or mittens) and periodic rewarming are the only practical solutions to the problems of routine work in the cold.





	Cold in the cockpit can also be a serious problem during preflight and standby in arctic conditions.  From the aircrew standpoint, cold extremities and shivering not only impair hand function (5, 11), but also produce discomfort or even pain, which can adversely affect attention to critical tasks.  For this reason, aircrews operating on the ground in extreme cold should be monitored for thermal status until takeoff allows full engine heating (4).





	The clothing needed to protect groundcrews from cold depends upon their activity level.  Other relevant factors are listed under "Clothing" in Table 5-1, and relate to the materials from which the garment is made, its design, and how it is worn--e.g., tight or loose fit, open or closed fastenings.  The extremities and face pose special problems due to their susceptibility to frostbite.





Non-freezing Injury


	This type of injury (usually seen as trenchfoot or immersion foot) occurs with prolonged exposure to moderate but wet cold, combined with continuous wear of snug footgear.  The underlying process is apparently venous stasis, followed by thrombosis with redness, pain, and edema; wet gangrene may follow.  Recovery requires prolonged hospitalization; and residual effects often include anhydrosis, local neurological deficits, and susceptibility to repeat cold injury (18).  Prevention requires good foot hygiene in the field (i.e. frequent sock changing, keeping feet dry and clean).





Freezing Injury (Frostbite)


	Frostbite is the most common injury in winter or in Arctic-type conditions where cold air is the primary factor.  Body areas prone to frostbite are facial prominences, hands, and feet--all of which are difficult to insulate and have strong vasoconstrictive responses.  Superficial frostbite (frost nip) is characterized by numbness and whitened skin, but leaves no residual effects when thawed.  Deeper frostbite involves a greater thickness of frozen tissue, which is white, firm, and numb.  Thawing is extremely painful, and should be performed only when there is no danger of refreezing.  The depth of injury cannot be assessed visually, and management must be extremely conservative to insure that all  viable tissue is saved.  Prevention of frostbite depends upon proper use of clothing, conservative operational procedures, and alertness for early trouble signs.





	Cold air environments have been widely assessed in terms of the "wind-chill" (i.e., convective cooling due to the combined effects of wind and low air temperature).   Wind-chill was empirically derived from the time required to freeze a cylinder of water, and was correlated with time to frostbite for exposed skin (26).  Today wind-chill is generally expressed as Equivalent Chill Temperature (ECT) (see figure 5-12) (i.e., the calm air temperature which has the same cooling power as the observed wind-and-temperature combination) (10).  The wind-chill concept has certain limitations which should be understood by the user:





	a.) Temperatures above freezing are irrelevant because, no matter how miserable the conditions, frostbite cannot occur.


	b.) Temperatures below -50oC have an inadequate data base, and produce ECT numbers which convey no meaningful information.


	c.) Wind speeds above 12 meters/sec (m/s), or 27 mph, produce negligible further increase in cooling power.


	d.) ECT, although popularly viewed as an index of discomfort, makes no allowance for key factors such as clothing, activity, and orientation to the wind.
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       Figure 5-12.  Chart of Equivalent Chill Temperatures.








	Proper use of ECT to prevent frostbite requires a generous application of common sense.  Wind readings from a meteorological station usually differ from local conditions, due either to geometry (shelter or siphon effects) or to artificial conditions.  People exposed to helicopter or jet wash, or riding in open vehicles, may encounter severe wind-chill on a calm day.





Systemic Hypothermia


	Systemic hypothermia rarely occurs in a dry environment, because people can readily protect themselves against this type of cold.  Exceptions are infants, old people, and those impaired by disease or drugs which disable protective responses.  Water is a far more powerful heat sink, and can cause systemic hypothermia not only in immersion but also during exposure to cold spray or rain.  Aircrew members and passengers aboard aircraft must be prepared for cold immersion in case of ditching or ejection.





     Unprotected people thrown into extremely cold water (less than 5oC) face a series of hazards (14, 18, 22):  a.) immediate drowning, due to reflex respiratory responses (initial gasp and ensuing uncontrollable hyperventilation); b.) cardiac arrhythmias caused by peripheral cold shock; c.) loss of function in chilled hands; d.) coma due to CNS temperature depression; and e.)  death by drowning or hypothermic cardiac arrest.  Even relatively warm water will eventually produce life-threatening hypothermia.





	Immersion (anti-exposure) suits can provide excellent thermal protection; but weather-impermeable, heavily insulated clothing systems create unwanted warmth and bulk during routine operations.  Selection of appropriate clothing for over-the-water flights is therefore a compromise between everyday needs and the desire for adequate emergency protection. 


 


	The effectiveness of immersion clothing is generally evaluated by using human volunteers; but such experiments are necessarily few in number and limited in scope.  Furthermore, ethical considerations limit the degree of hypothermia used, so observed endpoints tell little about real threats to survival.  Computer modeling now provides a rational means of analyzing the complex factors which govern heat loss in immersed, clothed subjects (27).  Time-tolerance predictions are summarized in figure 5-13 for various conditions. These predictions used as the limiting factor core (arterial) temperature of 34(C, selected because it represents a level at which the victim loses the ability to cope with even moderate waves or to cooperate in rescue measures (8).





	Subcutaneous fat strongly affects cooling rates.  A fat person in cold water may survive ten times longer than a thin one (14).  The curves in figure 5-13 are based on the tenth percentile (thin) individual in the military flying population, and are specifically intended for use in determining the appropriate clothing to be worn on an over-the-water flight where approximate water temperature and maximum time to rescue are known.  If estimates of survival time are being used to determine the duration of search-and-rescue efforts, it should be assumed that the individual being sought exceeds the tenth percentile in fatness and therefore will survive much longer than is indicated in figure 5-13.
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    Figure 5-13. Predicted times to reach 34oC for persons immersed in cold, calm water while wearing various clothing ensembles (United States Air Force School of Aerospace Medicine data).


				A = light, water-permeable clothing, 0.06 clo.


				B = light, water-permeable clothing, 0.33 clo.


				C = water-impermeable clothing worn over 


				       moderate insulation, 0.50 clo.


				D = water-impermeable clothing worn over heavy 


				       insulation, 0.70 clo.  All clo values are for 


				       immersed conditions.
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