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EXECUTIVE SUMMARY
Thé thermal stress of cold water diving limits the amnuﬁt of dive time
avatlable for the completion of mission tasks, Tmmersion in cold water causes
increased convective heat loss due to the large thermal conductivity, specific
heat, and density of water compared to those same qharacteristics of air at the
i same femperature. Thé convective coeffiéient in water is 25 times that of air,
% causing the watér temperature at which a thermally unpro;é;ted man may femain
' indefinitely to be higher than that of air:. 33-34 °Q for a man at rest,
i dropping to 26 °C for a subject exercising at three times his resting metabolic
rate (Houdas, 1982). |
The rapid rate of heat removal from the diver produces a fall in body
temperature that is dependent upon immersion time, water temperature, and
exertion level. A diver enterirg cold water with a normal body cofe |
terperature of 37 °C may lose heat at the rate of AOO-]OOC.wntts for each
degree of temperature differcnce between his warm skin and the cold water.
This rapid heat loss is reduced as the diver's skin cools and vasoconstriction
reduces the flow of warm blood from the core of the body to the pefi#hery. The
extremities begin to conl, however, as the peripheral blbod flow diminishes to
conserve heat in the core of the body for cptimal function of the central
nervous system. The rate of this cooling depends upon the level of exercise
the diver is performing during the mission. Tlow activity levels pfndﬁce Iictle
heat; high levels can producé significant muscular release of heat in fhe
limbs, As the heat loss in the limbs, especially the hands, éontinues, there
is a progressive loss of feeling, dexterity, and strength that may compromise
the mission.
| Heat loss due to immersion in cold water also degradés progressively diver

psychomotor performance before tolerance limits are reached that necessitate
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rewarmiﬁg of the diver. Quantifying the physical mechanisms of heat loss, and
the physiological and psychomotor responses to varying degrees of heat loss are
‘of current résearch interest. bThe current investigations willlfacilitate the
establishment of guidelines for diver heat loss in adverse divfng'conditions
and the prediction of the'pefforménce decrements likely to be encountered in
specific diving mission scenavios. Design of protective systems to extend
dfving times and performan;e under fhermally adverse con@itions will be

facilitated by the predictive engireering modeling made possible by current

research data.
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INTRODUCTIOE

The current stage of develoning life support equipment for the diver is

limited by the factor of thermal protection. For example, the free swimmer has

a chtoice of many breathing apparatuses that allow up to 10 hr of very light
underwater activity. Should the temperature of tﬁe water feagh 40 °F, however,
the diver'é thermal protection is 1imitgd to‘nearly half tﬁat time with the
best garment available. There are many diving situations in both shallow and
deep water that induce thermal stress of this magnitude, An enginéer concerned
with the desigr and evaluation of thermal protective equipment for divers must
have access to information en the thernal tolerance.limits of man and his
responses to thermal stress, .He must have at 1ea§t a fudimentary aﬁpreciatien
of the functional characteristics of the human body in addition to the
quantitative information necessary for detailed design calculations. The need
for this information is both crucial and immediate, as the ffequency of diving
in cold water is accelerating for both military and civii{nn purposes,

The emphasis of this reporf will be a description of the results of human’
exposure to cold water rather than o’ environmental parameters, types of
clothing for cold-water diving, or various operational n;eds. Divers and
underwater swimmers must be able to perferm thefr missi%n while remaining
within physiologically acceptable limit: of heat loss. As a result, the
physiological and behgvioral descriptions of man subjected to cold stress are
primary features of this report. Peftinent research information is presented
io what is hopefully a useful format, but it is apparent that much of the
information necessary for the designer is unavailable. Imnortant areas.of
necessary research are identified at the end of this report. Because change in
work performance and physiological detriment due to cold are not sufficiently

understood, it is urged that designers nnt consider this report as either
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complete or universallv applicable. Designers should, however, inriudn
inforwation frem experienced physiological and behavioré] scientists in their
analysis of a specific design problem,

This report begins witﬁ a summary of the most recert research on human
thermal limit§ concerning permissible heat loss, ﬁamely the proposed thermal

limits that designers should heed. (Note that these limits are not to be used

'operationally because the required measurements are not feasible for use in the

field.) Included next is a condensed discussion of the physiological and
behaviorél effects of cold exposure in diving. followed by a list of
measurements necessary to evaluate equipment to ensure that therﬁa] protectior
meets the recommended limits. Also included are some additional factors that
designers should cehsidef: a list of additional research to aid the designer
and a list of references, idcludisg both those cited in the text and those
recommended for general reading. |

THERMAL LIMITS

If producing a state of thermal comfort in all underwater situations is an
unrealistic requirement for protective equipment, limits must be set or the
amount of deviation from comfort that can be allowed. Based on our present
knowledge of the physiologicai and performance effects of cold exposure, which
are discussed in later sections of this repor:t, a diver or underwater swimmer
should be able te safely perform his assigned tasks if he is kept within the
recommended Iimits, Because {t is not practical to make the necéssary
measurements on a working diver, these limits must be satisfied by ]ahoratnry.
and field testinp of ncwly designed equipment. The following lim!ts are bared
on the weight of the average U'.S. Navy diver, 81 Kg (Beatty and Berghage,

1972). These five limits apply concurrently:




1. Maximum net body heat loss (change in enthalpy) of 200 kcal (3 kcal/kg),
assuming a rormothermic starting core temperature.

2. Core temperature not lower than 36 °C or ﬁo‘more than a 1 °C ‘rop,
whichever is lower. This allows a safety ﬁafgin for the severe
debilitétion‘experienced at 35 °C.

3. Mean skin temperature not lower than 25.°C and no individual skin

temperature lower than 20 °C, except that of the hand, which may fall as

low as 15 °C. This will help prevent pain and possible cold stress during

long dives.

4. Metabolic respbnse to shivering no more than an incremental oxygen
cohsumption rate of 0.5 L/min aSove the metabolic cost of the diver's
activity.

5., Minimum i{nspired gas temperature as a function of depth, as specified in
Fig. 1 (Braithwaite, 1972).

When app;ying heat to a man, either as supplemental heating in cold water or

during rewarming of a previously chilled diver, the followiﬁg limits apply:

1. Core temperature not higher than 38.5 °C.

2, Mean and individual skin teﬁperatures not higher than 42 °C.

3. Hayimum inspired gas temperature of 45 °C for exposures of 1 hr or less and

40.\°C for long exposures of indefinite length.

PHYSIOL?GICAL FACTORS

The physiological factors involved in tolerance to cold exposure are
described briefly in ;his section. The discussion starts with body heat loss
and the separate areas where losses are measured, and proceeds to temperature
changes in deep body tissues, on the body surface, and in the hands and feet.

The concept of body core and shell is described, as well as the metabolic

effects of shivering, and some important secondary effects of cold and water
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A recommended minimum inspired gas temperature as a function of depth,
or pressure of the respired gas. Braithwaite, 1972,

4




irmersion (diuresis and dehydration), including the interaction of cold with

decompression sickness. First, a brief narrative is presented to cover the
sequence of major phyvsiological adjustments that occur dﬁring cold exposure.

When a nude or thermally underprotected person is submerged in cold water,
the water causes a drop in skin temperature as heat flows from the warm skin to
the cocler water; This decrease in skin temperature is sensed by temperature-
sersitive neurons in the skin and transmitted to the central nervous system
where it causes peripheral vasoconstriction to minimize peripheral blood flow.
The diminished blood flow in the skin surface allows the skin temperature to
drop more rapidly while heat is preserved in the center of the body. The skin
temperature will spproach the water temperature, but will be maintained at some
level slightly above the water temperature due to‘conduction of ﬁeat.from
deeper body tissues and small levels of periodic blood flow to the skin to meet
tke metabolic requirements nf the tissues.

This theoretical partition of heat stores in the body between a peripheral
"shell"” and a central "core" is useful in the physiological modeling of
physical processes involved in thermoregulation. In resting man experiencing

cold stress, the cocled "shell" of the bbdy becomes larger (gr-eater reripheral

>>heaf'los§) while the relatively warm and étébie>"coré“ﬂbeéomggrédgiié;:“ when

the couwoination of peripheral and central body temperatur:s is low enough,
muscle tension increases, which increases heat production. If this increase in
muscle tone fails to sufficiently qffset heat lossés, a pattern of gross muscle
pair movements begins that is recognized as visible shivering. If the
peripheral vascconstriction and increased metabolic heat production do not
respectively conserve and produce enough heat to maintain thermal balance, the
result is a fall in body core temperature that leads to the clinical erudition

of hypothermia.




and apparentiy absent in the head. There are also differences in the rates of

In response to a strong cold stimulus, the amount of cutaneous
vasocenstriction varies in different parts ot the body. It is quite complete

in the hands and feet, less in the arms und legs; possibly less in the torso

heat loss for underweight aud overweight persons because subcutaneous fat is an
effective insulator when circulation to the skin decreaces greatly.

Total body heat loss

At first, body heat loss during cold exposure occurs at a high rate, then

lessens with time., The curve is nearly exponential, as shown by Craig and
Dvorak (1975), because the highest temperature gradient from skin to water
occurs at the start and the lowest occurs when the body surface temperature has
dropped to the lowest level. The tolerable quantity of heat loss in
experimental subjects who determine their own limits for cold is between 180
and 300 kcal. Larger people tolerate more total heat loss and people with more
body fat tolerate more heat loss than people of the same weight with a lower
percentage of body fat. Experimental results suggest that people at rest
tolerate less heat loss than subjects swimming (Craig and Dvorak, 1976; Webb,
1982).

Pespiratory beat loss

Under ordinary conditions of air breathing at 1 ATA, the respiratory
component of heat loss is only 10-207 of the metabolic heat production, and the
majority of that heat loss is evaporative. When breathiug hyperbaric air or
heliox, however, the convective component of respiratory hezt loss increases

steadily with the density at a given inspired gas temperature. The evaporative

component does not increase and thus becomes a minor part of respiratory loss.

At 19 ATA (600 fsw), respiratory heat loss can easily equal 1007 of the

metabolic heat production if the inspired gas temperature is 10 °C or lower. L
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The gas must be hLeated., both to reduce heat loss from the cota and to prevent
local effects of breathing cold, dense gas, such as copious secretions of
sticky mucous. The mirimum safe temperature recommended for hyperbaric
breathing gas at Qarious depths is shown in Fig. 1. Figure 2 shows respiratcry
heat loss or gain as a function of irspired gas kheliok) temper#ture at 15, 30,
and 45 ATA.

A thorough review of respiratory heat loss’in diving, a related.model. and
new data on the penetration of cold gas into the bronchiai tree can be found in
a report by Johnson and Linderoth (1976).‘ Hayward and Steinman (1975) reported
the successful rewarming of divers by breathing moistened oxygen at 50 °C. 1In
a study of isolated core temperature, cooling was produced by subjects
brrathing cool hyperbaric helfum-oxvgen mixtures in a warm hyperbaric chamber
at preésures equivalent to 640~1800 fsw. Subject rectal remperatures fell by
0.43-0.98 °C after 60 min when they irepired gas at 14 °C. The rate of drop in
temperaturc was a direct function of the heat trancfer characteristics of
inspired gas. The metabolic response consisted of an increased consumption of
oxygen that had no thermal benefit due to the greater respiratory.heat loss
associated Qith increased pulmon#ry ventilation (Piantadosi et. al., i981).

In another study the hyperbaric chamber was maintained at 15-20 °C (20.7”"

'ATA) and the subjects breathed warm heliox for 60-120 min. Under these

conditions the increased metabolic heat production balanced cutanecus heat B
losses but not respiratory losses. There was a correlation between respiratory
heat loss and fall in rectal temperature (Piantadosi, 1980). Compared to the
current U.S, Navy guidelines for divers, a set of more conservative values

based on the above findings concerning respiratory heat loss have been proposed

and are presented in Fig. 3 (Piantadosi, 1980). These new limits are based on

a diver vearing a hot-water suit with a maximum convective respiratory heat
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loss of 20 Hatts/meterz (w/mz). and are calculated to limit core temperature
changes to a maximum of 1 °C during a 4-hr mission.

Change {n core temperature

Despite “he body's attempts to preserve its normal 37 °C temperatufe at
the ccrﬁ_(ccntral Blood. heart, lhngs. liver, kidneys, brain, and
gastroihtestiua] and related scructures) by allowing the shell to cool and by
linitipg‘blood circulation to the skin, peripheral heat loss may eventually
cause. the deep body temperature to fall. Based on a variety of research and
clinical studies, it has been observed that core :ehperature as ﬁeasured in the

rectum (fre) must not reach 35 °C or the disabling symptoms rf clinfcal

hypothermia will begzin. ‘ .

The ideal measurement of deep body (core) temperature 15 that of the

ce.tral blood compartments (Tbl), measured by passing a sensor on a catheter

down the venous tree into the entrance to the right side of +he heart. This is

rarely done, however, even in the laboratory. The next bestiplace to measure
core ténperature is in the eéophagus (Tes) at the heart level because this is
similar thermally to the centtai blood compartment. The tem eriture.of the ear
drum, vﬁich is influenced by a major artery to the brain, haL also been
recomnepded for monitoring core temperature. Because the ea; drum is quite
sensitive to pain, hbwever, most people prefer to measure the temperature of
the auditory canal (Tac). On the otherAnand, the auditory canal is influenced
by heating and cooling of adjacent areas of the scalp. Another possibility is
a temperature-sensitive radio pill, When swallowed, it will give readings of
gastrointestinal température as it passes through the body., If, however, the
portion of the bowel contacted by the pill is near the surface, its temperature

would be lower than that of a loop of the bowel next to the liver, which is a

heat source. A final possibiiity for measuring core temperature is to nonifor
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‘the temperature of the expired air (Tex), but one has to be aware of the
heat-conserving mechanism present 1nvthe upper airway. This mechanism céu§es
Tex to be lowervthan efther Tre, Tes? or Tac by an increment that rises |
progressively as the inspired gas becomes colder.

Surface temperature change

The temperature of the skin falls rapidly when it ié expused without
rrotection to cold water, approaching Qithin 0.5-2 °C of the water. There are
extensive data on mean skin temperature (Tsk) éuring nude immersions, but it is
very difficult tc apply these data to the fhermal state of a clothed divér.
Any layer of clothing will keep skin temperature from reaching that of the
water. As mentioned préviously. the skin on the hands and feet cools most
quickly because blood flow ir these areas decreases quickly during exposure to
cold. The scalp cools more slowly, however, because blood flow there remains
high despite chilling. A good display of the distribution of skin temperature
oser the body after immersion to the neck in water at 7.5 °C for 15 min {is
prcvided in a report by Hayward et al. (1973). These researcﬁers used
thermograms taken right after immersion to show that the gioin and thr lateral
portions of the chest stav hot, and thus have continuous high losses of heat,
while the harn.'s, feet, arms, and legs‘cool more efficiently and quickly.
Because the upper arms and shoulders of a swimmer stiy warm in cold water, we
might expect greater heat loss:s in active muscle masses.

A useful thermal_desctiption of man was detailed by Kerslake (1964), but
only for a thermally comfortable man at rest. Comfortable skin surface
temperatures and area heat losses are shown in Table !. An extension of these
data to hyperbaric environments has indicated even larger heat losses of up to

250 U/m’ for the hands (Haves and Padbury, 1980). From this theoretical !
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TABLE 1, Heat Losses of Thermally Comfortable Man at Rest

Reglon Area (n) Temp (°C) ‘keal/hr keal/m’/hr
Head 0.20 34.6 8 41 b
Trunk 0.70 34.6 29 - 41
Thighs 0.33 33.0 12 36
Calves 0.20 30.8 15 75
Feet 0.12 28.6 10 83 ‘
Arms 0.10 33.0 8 80 A
Forearms 0.08 30.8 9 113
Hands 0.0? 28.6 8 114
,
y
i
by
S/
12 a; | |
¥
/ N " f ~ .
RTINS —




-

and 111 era, electrically heated suits were designed and used satisfactorily
for working in water at 4 °, with the fcllowing proportions of a total power
of 500 W (Beckman, unpublished data):

Arca Power Fraction of Total

(W) (7)
Head 40 ' : 8
Torso 200 : 40
Legs 100 20
Feet 60 12
Arms - - 50 10
Hands _s0 _l1o

500 ' 100

An analysis of the heating requiremrnts for both active and passive divers
was determined recently from a combinatibn of physical heat transfer principles

and thermal diving research. Lippitt (1F83) proposed that a 1000-W diver

heater would allow deep dives and a SOO-F heater would suffice for shallow
!

water operations in water as cold as 5 'k. Sufficient heat necessary to

achieve thermal balance hay not be required in all diving situations. A torso
heating system, consisting of sachets of irorn and magnesium in sea water
producing ekothermically less than 50% of the heat required for thermatl

balance, increased significantly both dibe‘duration and perceived comfort by

the diver (Burton, 1983).

Hands and feet

Even though hands and feet cool qdickly‘(thus limiting their later heat
losses), cold in these areas is painful and makes it difficult to move the legs
and feet or to manipulate tools with the hands. Preferably, hands and feet
must be protected and warmed to maintain a diver's effectiveness. Hands become
uncomfortably cold when skin temperaturé reaches 20 °C, and pain begins as
temperatures progress downward to 15 or 10 °C. Functional decrement begins at

about 15 °C, as described later in the section on performance factors. At 10

°C the skin is numb, but pain persists because its origin is from corstricted

13
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blond vessels. Feet become uncomfortably cold at 23 °C, pninfﬁl at 18 °C, and

begin to numb .at 13 °C.

_The surface temperature measurement of hands and feet is qseful and can be
combined, using appropriate weighting factors of surface area, into an estimate
of the total body measure of mean skin temperature for use in thermal
heat-transfer models. Temperature measurement of hands and feet is useful as
mucﬁ of the experimental data onipsychomotor performance in cold cite the skin
temperature of only one hand or finger,.

Shell and core relationships

Just as heat is transferred by the respiratory gases to the exterior of
the body, heat is also passed from the 1nteriof of the body through the skin te
the layer of water surrounding the immersed diver. The amount of heat loss
depends upon the temperature difference bhetween the body tissue and the
surrounding water, and the thermal insulation of the bpdy tissues and any
garments. The actual heat loss is altered by the insulative effect of
subcutaneous adipose tissue and the limitation of blood flow and heat transfer
caused by constriction of the vas-culature of the skin, subcutaneous tissue,
muscle, and bone.

_Aé the surface vessels of arms and legs constrict, the blood is forced to
return through deep veins. Some of these deep veins anatomically parallel and
approximate the ar;eries entering the limbs. A couvatercurrent heat exchange
occurs between warm arterial blood from the core and cool venous blood from the
peripher& that may further reduce heat loss by reducing arteriel blood
temperature to as low as 23 °C at the wrist.

During cold water immersion, a temperature gradient is established across
the maximally cooled skin with associated peripheral subcutaneous tissue and

the deep tissues of the core of the body. The deep tissues are thereby
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maintained as close to 37 °C for as long as possible through this mechanism of
preferential cooling at the surface and by increased heat production as a
response to cocling. The outer layers of body tissue, with temperatures

approaching that of the surrounding water, comprise the thermal shell of the

body. In the case of a diver wearing an insulating diving suit, the ourside of .

the suit will approximate the temperature of water, and the suit can be‘
considered an outer temperature shell and the adjacent layer of §kin an inner
temperature shell. These tehperature shells might usefully be considered as:
isothermal shells that can be used to describe temperature gradients throughout
;he various parts of the body for modeling purposes.

These isothermal shells should not be considered uniform in either outline
or depth because they are modified both by fhe body geometry and by local heat
generators within the body mass, such as active muscles, the liver, kidneys,
the heart, and the brain (Aschoff and Wever, 1958; Carlson and Hsieh, 1965).
The shells change locale with the amount.and duration of muscle activity, as
well as with the depth of tissue vasoconstriction and the temperature of the
outermost isothermal shell. The concept of changing core and shell is
{llustrated in Fig. 4, which shows isotherms for a man at rést in comfortable
temperatures and after exposure to cold air. It would be useful to make
similar diagrams for men in cold water, both at rest and active, and nude and
variously clothed. Such an analysis has not been undertaken yet.

During intensive body cooling, the cooled shell increases in size while
the core decreases in size. In thermal terms, it is as if the shell is
thermally sacrificed in order to protect the core heat. The size of the cooled
shell grows until the most central parts of the core are threatened. This may

explain the observaticn that rectal temperatures do not change significantly
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COLD EXPOSURE IN AIR

Core and shell variation in resting man who is comfortably warm, at
left, and exposed to coid air, at right, Not only is there quite a
difterent set of surface temperatures, but also in the cold man the
core at 37 °C is much smaller, comprising only the brain and the
contents of the chest and abdomen. Between the warm core and the
cooler surface is a shell with isothermal outlines approximately as

During activity, muscle layers in the shell would radically
Adapted from Aschoff and Wever, 1958.

shown,
change the isotherms shown.
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during cold exposure, which is known to remove significant amounts of heat from
the body.

Metabolic effects

Shivering 1s a major response to bodv ccoling, but even befére gross

visible shivering begins there is increasing tension in skeletal muscle. This

tension and the soon-to-follow tremor of shivering are detectable by
electromyography. Shiverirg, wh&ée purp.se is to generate metabolic heat, is
best measured from the oxygen consumption rat*: (602), or less accutateiy, by
monitoring respiratory minute volume. lncres«ing 502 with increasing tot&l
body heat loss appears to follow a l:near relatiorsiiip, as shown in Fig. 5. It
is possible that 602 could be used as an index of.heat loss if the data of Fig.
5 are confirmed and extended. -

Shivering starts as sporadic bursts that become more frequent as the
subject cools. Finally, shivering is continuous., In the early.stages;i
shivering can be suppressed by swimming and other muscular activity, but there
is still an increaseu oxygen cost for swimmirng in cold water, as reported by
Nadel (1974). TIn later stages, Nadel's very cold subjects swam and shivered
simultaneously. Exercise in a cold (10 °C) environment on a bicycle ergometer
sﬁppreséed shivering; the decrement observed in shivering was proportional to
the intensity of the exercise (Hong and Nadel, 1979).

Continuous hard shivering is fatiguing. As with apny tiring and| sustained
muscular activity, fat stores are soon mobilized to supply metabolic
requirements, as carbohydratekreserves used by muscle are quickly deplleted.
Thus, the respiratory quotient (RQ) decreases from 0.9 to 0.7. There|may also
be a transient decrease in blood glucose followed by increased insulin release,
an incrense in plasma free fatty acids, and an increase in blood lactafe.

depending upon the level of shivering. One would see a general increase in the
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Fig. 5.
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Preliminary data from direct and indirect calorimetry showing the
apparently linear relationship between metabolic heat production (M),
based on 0, consumption, and enthalpy change (AH) during strong
cooling. gach point is a 10-min average for M at a given level of

AH. From Webb, 1976.
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levels of indicators of generalized stress, such as corticoids and
catecholamines in blood and a greater urine content of such substances or thkeir
metabolites.

Secondary effects of exposure to cold

1. Effects of cooling of tissues on the incidence of decompression sicknmess.

The submergence of divers in cold water may reduce blood temperatures by.
20 °C, from 38 °C central blood temperature to 18 °C peripheral blood
temperature. In diving condipions where decompression tébles are used such
changes in blood temperature may increase significantly the required
decompression simply because of the difference in solubility of gases at
various temperatures. 7 7

The solubility of breathing gases (02, NZ’ C02, and He) in water, body
fluids, and watery tissues depends upon the temperature of the tissueé, which
is inversely proportional to the absolute temperature. Based on handbook
values, Fig. 6 shows that a decrease in temperature from 38 °C to 18 °C would
increase the amount of 02 and NZ that would be dissolved in a given amount of
tissue by approximately 40%. This implies that for a given pressure the amount
of air’éhar would dissolve in watery tissues at 18 °C would be 40% greater than
Vthat dissoiQed a£458 ;C;wwfgérefore, even with no change in preséure;wéhé N
coole@»blcod would contain 40% more gas than could be held in solution at
normal deep body temperature; this would then permit bubbles to form on the
basis of temperature change alone. Thus, the cooling of body tissues during
diving at increased pressure may precipitate the onset of decompression
sickness while the diVef is still chilled at depth. The formation of gas
bubbles would be exacerbated during decompression and the reestablishment of

~crie 1 temperature gradients of tissue, Experimental evidence supports the

alriea”
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Fig. 6.
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The increasing volume of gaseous N, at 760 mm Hg that dissolves in
water as the water becomes colder than 37 °C, expressed as percent of
the volume dissolved at 37 °C. Based on tabulated data in Forsythe,
1954, '
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probable interaction between thermal state and decompression sickﬁess. as
reported by Hempleman (1982) and Balldin (1973).
2. Maceration of the skin.

During prolonged immersion in water -- from iZ to 24 hr‘-- skin swells,
softens, and loses its barrier capability. Cracking aqd bleedtng-occﬁt apd
there is pain, especially around joir*s. The sﬁin becomes'porous to beth water
and electrolytes. This skin maceration limits the prolonged weafing of wet
suits that night otherwise_provide adequate thermal p}ﬁtﬂr'ion.

3. Dehydration.

Dehydration is another physiological_stfess that can be limitiﬁg ir
underwater operatione. 't mayv be produced by diuresis, by a lack éf ingest §
water, or by a loss of water through evaporation from r . respiration of dry
air, | | |

Diuresis, or increased urinary output, begins in underwater work by t.;0
factors: 1) chilling, with vasoconstriction and secondary increase in central
blood volume, and 2) increase of central blood volume from an increased
pressure differential, which results from exterﬁal hydrosfatic pressure and.
decreased respiration pressures during use of an underwater bfeathing

apparatus. Whatever the mecharism, the process may cause an increase in

uripary produéfibn of up to 2 'L within two hr. This amount of urinary loss—— — -

(2.5% of body weight for an 80-kg diver) produces dehydration that is
eventually deleterious to the maintenance of circulation. 1In add(tion to the
physiological decrement, diuresis causes serious problems to the "dry"™ suited
diver; a urine-collection device becomes a necessary component of dry suits
that are worn for more than an hour. Furthermore, in long undcrwater missions
it is necessary to provide equipment to allow the diver (or swimmer) to drink

and possibly to eat solid food.
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Heating the body

Heat can be added to the body through its surface and is most effective
where blood circulation of the skin is highest. Thus, the head aﬁd the t?unk
would be the most likely areas for warming. As already noted, the hands and
feet must be Qarmed in order to maintain work performance ard free thece
appendages from distracting pain. Selective warming of the head sufficiert to
produce a rise'iﬁ tympanic temper#ture of i ’C has beén shown to increase the
efficient performance of siﬁple'mental tasks. Heating the head increased the ;
rate of mental addition without significanfly affecting the error rate in
subjects under thermoneutral conditions (Hancock, 1982). The investigators —-
also discussed previous work that showed that reactions to both central and
peripheral visual stimuli were slower but more accurate under the heating
conditions. Further research is needed in this area of cognitive and
psychomotor performance in diving. The limit to surface heating is the point at
vhich skin becomes painful: 43 °C and above. At 45 °C pair is severe an if
this temperature is maintained burns wiil result. L

Heat can be added to the core by heating the. inspired gas; the quantity of |
heat added is determined by the gas-volume exchange and its heat capacity. 1Inm SO
hypothermic subjects, breathing warmed, humidified gas (43-48°C) minimized the ol
rectal temperature afterdrop but produced a recovery time of the tympanic -
temperature longer than that produced by immersion in hot water (Collis, 1977).

A later study by Mafcus (19785 confirmed these findings but could not support

the idea that breathing warmed, humidified gas was significantly better than g
spontaneous rewarming. In a study using anesthetized dogs cooled to 29°C by |
cold-water immersion, warm water immersion produced the mecst rapid core
temperature increases. To examine the relative contributions of shivering and

revarming by inhalation (45-70°C), a group of dogs was anesthetized and
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artificially respirated. That group fcquired 12 hr to reach the same core
temperature reached by the shivering group in 2 hr. It was concluded that the
amount of heat transferred across the respiratory tract was very small (Auld,
1979). Examination of inhalation rewarﬁing rates, and physiologic and
anthropomorphic measures allowed predictive equations to be formulated and
reduced some of the variability between previcus experiments (Horrison, 1980).
Unfortunately, there are very few experimental d;ta concerning inhalation
rewarming by hyperbaric gases, so a safe maximum temperature can cnly be
gstimated. At 1 ATA, gas at 50 °C and saturated with water vapor (PH20 = 92 mm
Hg) is uncomfortably warm to breathe. Considerations such as possible injury
to the ciliéry-lining of the respiratory tree or the effect of keeping the
upper tract constantly wet from condensation must be taken into account.

When the body heat conteﬁt increases, the core will expand and-the shell
will decrease to allow greater heat transfer from the surface of the body to
the environment. Progressively gréater heat storage will be sensed as an
increase in body temperature and cause blood vessels in the skin to open,
cardiac output to increasé, and cweating to begin. Coré‘tempetatures rise if
these responses are insufficient to balance body heat production, absorption,
énd losses. When the core temperature in a resting subject reaches 39 °C, a
condition of impending heat stque is likely. It is unlikely that the warming
or rewarming of a diver would be carried to this pdint.

PERFORMANCE FACTORS

Man's performance characteristics range from simple sensory and motor
skills to more complex perceptual and cognitive abilities. In general, the
simpler sensory-psychomotor abilities are better defined and understood than
the perceptual-cognitive abilities. Tactile discrimination,.manual dexterity,

and reaction time are examples of well determined abilities that are understood
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easily and tested reliably. The perceptual-cognitive abilities of a higher ////,i

order are far less precise attributes, such as memory, problem solving; _ : I
vigilance, and reasoring. | t
Tests of thése perceptive-cognitive abilities, in contrast to the ;
psychomotor abilities, are not.well standardized and tend to be "homemade" '
tests of unknown technical chafacteristics. Part of the problem of detérﬁining
the consequences of cold water exposure on performahce is the lack of a strong
measurement fechnique for perceptual-cognitive abilities. Several ekamples are
given in Table II. The general conception of how cold water exposﬁ?e affects
performance has been that peripheral cooling degrades skin sensitivity ana
moter performance, while deep body cooling degrades the higher-order abilities - ' N
such as problem solving. Recent attempts to quantify the relationéhips bctweeﬁ : L
indiceé of déep body cooling and perceptual-;ognitive task performance,
however, have demonstrated that this view is oversimplified. A more
sophisticated, time-dependenf pattern of performance effects can be fofmulated
in four stages. ‘ . : . )

The first stage is an initial exposure to very cold water that causes

distraction éffects lasting for perhaps as long as an hour. Many investigators
found that at the beginning of cold exposure the diver's ability + pay

attention decreases, and his performance in a wide variety of tasks 1s inferior ;,“;

when compared to performance of the same tasks in mod: ‘ate or warm water. In

the next stage, the body protects the core at the expense of the shell; the
diver's hands and arms become cold and therefore less sensitive, weaker, and ) k /’(f

less dextrous. These peripheral effects of cold significantly degrade ' , .

performance of a wide range of tasks involving sensory sensitivity and

psychomotor abilities. If the exposure is long, leading to deep body cooling,

there may be deleterious effects on perceptual and cognitive performance, tut

24




*A1uo A1owdw G} IUBW31I3(]

*3103J9 3ujuipao| jBNIXIJUOD
t21 uorine) °*Lfuo
A1owau [TeEd21 Ul JUAWAIII(Q

°oHd

‘uy adueyd> yiMm woOIIB[IX10D
ON *sadueuaojiad anoy

PIf 9§ puZz uy [013U0D wWoi}
$3d5u3133JIp IuedIJTU3YS

ON °s)se3 y3oq a10jJ

A1uo anoy 3S| Ul JUdWALDI(

*3a8ueyo aanjeradwal Lpoq
" Y3JM Pa3IB[3110D JUIWILIDIP
’ {1eoay °*4Aiowaw uogijuldosaa

pue [Ieda1 U} 3juaWAIIA(

°3223)39 uojIdBRIAISIP
:21 uopane) - *Ljuo
A1owaw [[E231 Ul JUaWAIDIQ

83u3dWa1II([ IOUrWIOIId

v

y N e ’ S
st

8ugssaroad

1oquAig

paianseau Sutuoseay
BuoN Kaouway 1114 9°8 9°91 8961 ‘uamog
painseau A1owsy %4 Sy $°6T €L6T *TL61
auoN aduerdp ¢*1e 39 wmWoalsly
g°9¢ :3sod 8uyayos G161
4o Lf :3ad warqoay ‘uosaapuy
9°0V Te303y oo=n~«wﬂ> $°C 081 Sy S$°61 pue ueyl3nep

L1owap

g°9¢ :3sod dujuoseay
6°LE :21d  O1IBWYITAY SL61
[°1V Te329y ueds 37131q 0°6 0% 0°sS 0°0? ‘*1e 39 syaAEQ

(sontea ou ¢pajiaod Kaoway
-21 sem K[uoy) 3uruoseay 6% 09 'y ¢°6Z GL6T *°T® 12
TL°0V TEIOAY duedry . Katappeq
(2,) Sealy jsel () (supm)  (D,) (2.) sioyany

teoy8otoysiyy - yadaq oaupy aansodxy
$832933J4 P1°)D aansodxy p1o) 1013u0)




this has not been proven by various studies completed so far. Hh;t is known {is
that in such situations cold stress is only'one of many factors, including
fatigue'and boredom, tha; contribute to degradation of performance. At the
extreme end of the time scalé, a few studies of diver performance have extended
to 6 hr of continuously submerged operations. Frcm these and other research

studies, there ié evidence of two dysfunction effects that characterize the

extremely cold diver: response blocking and preservation of inapprnpriate'
responses, Further descriptions of each of these fou; stages follow,
1. Distraction effects.

This term applies when performance degradatior occurs in the absence of
significant physiological cooling. It is presumedly a psychclogical phercmenon
that occurs in response to extreme environmental conditions and.not in response
to change in physiological state, Tasks that are sdsceptible to the
distraction effect of cold water include reaction time (Teichner, 1958), symbol
processing (Bowen, 1968), target-detection time (Vaughan and Andersen, 1973),
navigation problem'solving (Vaughan and Andersen, 1973), and memory (Baddeley
et al., 1975; Davis et al., 1975). |
2. Periphera. cooling effects on sensory and psychomotor performance.

Peripheral cooling affects the tactile sensitivity of the skin, the
flexibility of the finger joints, the strength of the muscles of the arms,
hands, and fingers, and the performance of a wide variety of tasks dependent on
finger and hand dexterity. These effects appear to be felated directly to the
temperature of the |skin or muscle. The main areas of affected performance and
the temﬁeratutes at {which the effects occur are as follows:

A. Tactile sensitivity
a. Vibratory sepsitivity and skin temperature.

Sensitivity to a vibrating stimulus 1s maximal at a skin temperature of
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37 °C. Vibrational sensitivity degrgdes at an accelerating rate as
skin temperature decreases to 21 °C 2We1tz, 1941),
b. Two-edge discrimination and skin temperature.
This 1s the ability to sense the presence of tw. separated points
cr edges., As the skin coois. the sépatation dis‘ ance must be
widened 1in order.to percelve more th;n a single point. The maximum
sensitivity occuré at a skin,temperaiure of 30 °C, where a
separation of | mm can be detected. As the skin cools, the
separation interval must be progressively larger. At 10 °C skin
temperature, the rate of deérease in sensitivity accelerates
sharply (Mills, 1956).
Haad~grip strength.
Hand-grip strength is maximal when the musculus brachioradialis is at a
temperature between 25 and 38 °C (Clarke et al., 1958). It has been shown
té Aecrease significantly frou 56 to 47 kg §f force when skin temperatures
of the upper arm dfop to 21 °C (Vaughan and Anderson, 1973; Coppin et al.,
1978). Grip strength in water drops significantly from 63 kg batehaﬁded-to
49 kg when wearing necprene gloves, regardlésé of temperature (Egstrom et
al., 1973). Torquing strength (grasp and fwis:) decreases significantly in
vater (53 inch-pounds) when compared to thag in air (60 inch-pounds).
These dafa were obtained frox a gloved hand (McGinnis et al., 1972).
Hand-arm steadiness.
Lockhart (1968) found that when skin temperature decreases from 25 to 21
°C, steadiness in atim decreases significantly. | |
Manual dexterity.
dunter et al. (1952) found significant stiffening of the finger joints at

10 °C skin temperature. Criterion levels of performance in tasks requiring
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finger dexterity can be distinguished to a skin temperature of 15 °C, but
degradation becomes significant between 10 and 12 °C (Clark, 1961; Gaydos,

1958).

3. Deep body cooling effects on perceptual and cognitive performance.

A list of higher-order tasks that are potentially sensitive to the effects
of cold have been studied. This long list inclqdes vigilance, reasoning,
digit-span problem solving, arithmetic computation, and symbol processing
(Bowen, 1968; Egstromlet al., 1972; Vaughan and Andersen, 1973; Baddeley et

al., 1975; Davis et al., 1975). None of these studies revealed significant

decrement in task performance. Exposure temperatures were low enough

(4.5-8.5 °C), but durations of exposure were relatively short, and body heat
loss was estimated from rectal and skin temperatures, a questionable method.

Hemorf could be an exception to this conclusion. Memory, particulariy
recall, consistentl& showed a decrement in performance in co;d water studies.
Several authors suggest, however, that their results may be attributed to
aspects of the experiment other than deep body cooling (Bowen, 1968; Egstrom et
al., 1972; Baddeley et al., 1975; Davis et al., 1975). Altefnate explanations
include the distraction effect and the change in context between learning and
recall of material.

In a series of recent experiments Coleshau“ét."ali'(l983) lowered body
temperatures of individuals by immersing the subjects in 15 °C water,
Cognitive function tests were administered during the‘progressive fall in core
temperature. The results demonstrated a 702 decrease in the memory retention
of data presented at core temperatures from 34-35 °C when compared to the
amount of information retained at normal core temperatures. Recall of data

learned previously was not impaired. These investigators rewarmed the subjects
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by immersing them in 41 °C water and th. subjects reported feeling comfortable
even when their body core temperatures remained low (Coleshaw et. al., 19%83).

4. Dysfunction effects.

Probably the most severe conditibn of exposure reported in the literature
on cold effects and performance lasted 6 hr in 6 °C water (Vaughan, 1975).
Divers had rectal temperatures of 35.5-36.0 °C and mean skin tempefatutes of 22
°C. Divers well trained in the operation of sonar equipment not only omitted
required procedural steps, but.also consistently made recording errors that
ordinarily would have béen recognized as errors and ﬁould not have been
committed. Evidence of blocking of responses or ommitting required responses . /,'
has also been reported by Bowen (1968) and by Vaughan and Andersen (1973).
Evaluation of Protective Eﬁuipment

Performance evaluation of prototype suits designed to meet thermal

" criteria could be condurted using standardized tests of those psychomotor and

higher-order abilities affected by cooling. Eventually, of course, the suit
should be tested against operational task requiréments in cold environments.
Operational testing could be performed at the test facility for the System for
Investigation of Diver Behavior at Depth (SINBAD) located at the Naval
Experimental Diving Unit, Naval Coastal Systems Laboratory (NCSL), Panama City,
FL. At the SINBAD facility, well established, standardized psychomotor and
perceptual-cognitive tests have been incorporated into a hardware system
capable of operating in a wet chamber at pressures to 445 psi (1000 fsw). The
SINBAD facility is able to facilitate 22 separate tests that represent the
range of basic human abilities as determined by factor analytic studies and
selected on the basis of technic§1 criteria such as factor purity, test-retest
reliability, and sensitivity to individual differences and enviromrental ¥

changes. Some of the factors that can be tested in the SINBAD facility include
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those sensitive to temperature, such as arm-hand steadiness, finger dexterity,

manué] derterity, multilimb coordination, reaction time, speed of arm movement,
vigilance, associative memory, and memory span.

Physiological evaluation of prototype suits can be completed by making

some of the following measurements on a man wearing the protective-garment.
The intent is to ensure that the equipment maintains the thermal limits
proposed in section II for the subjeét exposed to cold conditions.

Heat loss measurements

1. Direct calorimetry in a bath calorimeter.

2. Direct calorimetry using heat-flow sensors for sampling area heat flows.

3. Estima;es of body heat loss based on body temperature changes or metabolic
response to cold. Both techniques require further development and
validation;

Temperature measurements

1. Core temperature measured in the esophagus or rectum, Gastroiqtestinal
temperature and auditory canal temperature are second choices because of
limitations dispussea'previously.

2. Skin temperatures of the hand and foot.

3. Skin tzmperatures at various locationms.

4, Temperatures of inspired and expired gas.

Metabolic measurements

1. Oxygen consumption rate or respiratory minute volume.
2. Shivering as measured by electromyography.
* .
3. Respiratory quotient (VC02/V02). blood glucose, lactates, and free fatty

acids.

Also evaluate the effectiveness of the suit by listening to the subject's




\ ! . - .
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comments or reports of cold, discomfort and fatigue, and by observing his
condition.

Further Thoughts

Encumbrance of a diver or underwater swimmer is a major problem with
today's respiratory and thufmal equipment, If better thermal protection can
only be achieQed by designing equipment that further hampers the wearer, it is
not acceptable. Mobility must be preserved for swimming, walking.‘sitting,
exiting through.small hatches, and all other activities of thekunderwater
worker. Similarly, hands and fingers must be dextrous. Increased pressure
with depth affects thermal protection in several wavs. Gas-filled foams beceome
compressed and lose irsulation. Thermal transfer in hyperbaric gas inéreases
dramatically. Many materials lose flexibility with both pressure and cold.
Thermal protection must be adapted to pressure and depth changes.

A garment is considered wearable through proper fit. Clothing terms like
"drape" and "hand" also apply to wearability and affect the acceptability of
the garmet. Because man comes in many sizes and shapes as noted by
anthropologists, sizing and tariffs of sizes should be based on accurate
descriptions of the population of users.

Heat production varies with the diver's activity.. Some missioné require
equipment that will first have to protect a resting man in cold water, and then
protect the same man when active in an air environment. Thus, the same form of
thermal protection may have to adapt to various environmental conditionms.

Human skin is sensitive to cgrtain materia]é, plasticizers, and dyes used
in thermal equipment. Other potential areas of harm, such as noise, radiation,

or other environmental hazards, are also being analyzed in the current design

and technology of thermal equipment.
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RESEARCH NEEDS

To make the thermal limits of equipment more precise and inclusive for
designers, and to improve current descriptions of performance decrement and
physiological change, the following research is essential:

First priority

a, Define physiological measures that correlate with net body heat loss
(enthalpy change). For example, define a body temperature or combinption
of temperuturés, regional heat-flow state, and oxygen consumption level,
and validate each factor in the type of cold exposure characteristic of
diving.

b. Determine the relationship between body enthalpy change and performance of
those higher-order tasks required of divers (problem solving, decision
making, following procedures, and memory).

Second priority

a. Measure gloved-hand performance in cold water.
b. Reexamine thermal tolerance limits for the effects of long exposure times,
varied activity levels, and various end points of performance.

c. Investigate the interaction of body cooling with decompression sicknmess.

" Third priority

a. Describe heat loss by body region, such as head, limbs, and torso.
b. Determine the best areas for applying supplemental heat.
c. ILavestigate the ber~fits of body heating by warmed respiratory gas.

Fourth priority

a. Explore the concept of varying core and shell, establishing isotherms

during body cooling.
b. Investigate diuresis and the limits of dehydration in cold.

c. Investigate skin maceration in prolonged submersion.

32




: ) NN - . B : P \ N , .
. o .. ‘ . A __‘« P o ):dr_ B : K
| m - _
REFERENCES o e
.7
1. Aschoff, J, and R Wever. Kern und Schale im Warmehaushalt des Menschen. : e

Die Naturwissenschaften 1658; 45:47-485, . i

2. Auld, C, I Light, and J Norman. Accidental hypothermia and rewarming in

dogs. Clin Sci 1979; 56:601-606.

3. Baddeley, AD, WJ Cuccaro, GH Egstrom, G Weltman, and MA Willis. Cognitive P
efficiency of divers working in cold water; Hum Factors 1975; 17:446-454, : ‘:;,
4, .Balldin, UI. The prevenf;ve effect of denitrogenationbduring warm water A:i;q
immersion on decompression sickness in man. Forvarsmedicin 1973; | 7?7;
o

9:239-243. 3

5. Beatty, HT, and TE Berghage. Diver anthropometrics. Naval Experimental _};f
Diving Unit Report No. 10-72. Washington, DC: Navy Experimental Diving :‘X;;)

Unit; 1972.

6. Bowen, HM. Diver performance and the effects of cold. Hum Factors 1968; ?;

19:445-464.,

7. ﬁraithwaite. WR. The calculation of minimum safe‘inspired gas tamperature

limits for deep diving. Naval Experimental Diving Unit'Reporc No. 12-72, \

- Washinaton, DC: Navy Experimental Diving Unit; 1972,

8. Burton, D. The effects ;fmlg;ﬁiQQel suppléﬁentary neating on diviug”
duration. Ocean Enginzering 1983; 10(1):33-45.

9. Carlson, LD, and ACIL Hsieh. Cold. Edholm, 0G, and AL Bachrach eds. The AR

physiology of human survival. New York: Academic Press; 1965: 15-47,

! 10. Clark, RE. The limiting hand skin temperature for unaffected manual
performance in the cold. J Appl Psychnl 1961; 45:193-194,

11. Clarke, RSJ, RF Hellon, and AR Lind. The duration of sustained . 7f!<
contractions of the human forearm at different muscle temperatures. J | ; I

Physiol 1958; 143:454-473,

33

Ladandalalios S ER N

v B e
4




12.

13.

14,

15.

16.

17.

18.

19.

20.

Coleshaw, S, R Van Someren, A Wolff, H Davis, and W Kéatinge. Impaired
memory registration and speed of reasoning caused by low body temperature.
J Appl Physiol 1983; 55(1):27-31,

Collis, M, A Steinmén, and R Chaney. Ac;idental hypothermia: An
experimental study of piactical rewarming methods. Aviat Space Environ
Med 1977; 48(7):625-632,

Coppin, E, S Livingstone, and L Kuehn. Effects of handgrip Qtrength due
to arm immersion in a 10 °C water bath. Aviat Space Environ Med 1978;
49(11):1322-1326.

Craig, AB, Jr, and M Dvorak. Heat exchangésvsetween man and tﬁe water
environment. Underwater physiology V. Proceedings of the fifth.symposium
on underwater physiology. Eethesdé, Maryland: Federation of American
Societies for Experimental Biology; 1976: 765-773.

Davis,'FH, AD -Baddeley, and TR Hancock. Diver performance: The effeét of
cold. Undersea Biomed Res 1975; 2:195-213.

Egstrom, GH, G Weltman, AD Baddeley; WJ Cuccaro, and MA Willis.

Underwater work performance and work toierance. UCLA-ENG-7263.
diotechnology Lab., Tech., Rep. No. 51, Los Angeles; University of
California; 1972, |

Egstrom, GH, G Weltman, WJ Cuccaro, and MA Willis. Underwater work
performance and work tolerance. UCLA-ENG~7318. School of Engineering and
Applied Science. Los Angeles: University of California; 1973,

Forsythe, WE. Smithsonian physical tables. 9th rev. ed. Washington,
D.C.: The Smithsonian Institution; 1954.

Gaydos, HF. Effect on complex manual performance of cooling the body
while maintaining the hands at normal temperatures. J Appl Physiol 1958;

12:373-376.

34

v T

g

RS Y .’7_');‘,\1.".
TSR R TR VRS T g L 2

-

o

-

/

R B

(b 8 4‘~
PRAPIES B P % 3

AP T 0 T B S T I e s
SYETRPNOINDIN 3 BRI A AT AT LTINS SR I LR s SO0 PTG e K-S

1

BN a Al

~
o
ma ek b b

R

| SRR PR

'

i




t

29.

30,

PSRN L TNP ST PTGy I SL P O R I IR

Eancock, PA. The eftect of an induced selective increase {n head
terperature upon performance ot a simple rental taslk, Kum Factors 1983;
SR L L e AR
Fovee, P, and E Padburw,  Respiratory heat-transfer spé cxvgen consumption

wher breathing warn hunidified gas at 250 o (26 PARD fv!!ﬁwiug cold water e

divirg., J Physiol Lond 1oss, seeiio, . : MR

Havward, .S, ¥ Cellie, srd D Pekersen.  Thermographic evaluation of

relative heat los= arcas< of pan during celd water immersicn. Aerospace N
v
. ‘ A
Med 1973; 44:703-711, \
. N
Caa .
% 25

Bavward, JS, and &M Steiaman.,  Accidental hvpothermia:  An experimental

v X"

;o , . . . Ly

studv of inhalation rewarming. Aviat Space FEnviron Med 1975; !
0

X YA

. \

il 23k ] 240, : _

Hemonleman, HV, Cited by TH Eli{ott. BRennett, I'B, and DH bliiott ede. -
The phyei~logy and medicine of divirg ard compressed alr work., 3rd ed.

ender: Bailtlioeres Tindell and Casselly 1982,

. . : . . . : ; s
Povo oo 20 and T Nadel,  Thermogenic contrel during excrcise in a cold
envitoroent. 0 Appl Phueeiol 1976, L7000 I0RL=1080 .

. , N
Bunter, 1, "M Xerr, and M6 Whillivs.  The relatiorn hetween joint stifiness /:Xi

apen crnosgre te o coad oand the characteristics of sonevial fluje. Can

Med Soc TUSLy AN iRT—N /T,

.
¥

Johneor, CE, and LS linderoth, Jr, DNeep diving respiratery heat and mass

transfer. Durham, NC: School of Engineering, Duke University; 1976.

Thesis. 2
Ferslake. D.  An estimiate ot the preferred skin temperature distribution

in man. Flving Personnel Rescarch Committee Meme #213. Farnborough,

Hants, FEngland: RAF Institute of Aviation Medicine; 1964. v -

Lippitt, M, and M Nuckols. Active diver thermal protection requirements

S TR
SOUPS T PR -

15

P
FA

s

Tt e s B 3 B el 2K v RS "“!"“*""‘W‘W@

\,

)
/
!

e e : N . : o e
i - P v s - . N
| : . \ . . . Y ] o N
. . -
! . P e . o~ e
i - 2 b ya ) DN . o
| 3 , : A N o - s
v e ~ i / . .
- . s g Y N ) P
. / AN ; P




31.

33.

- 34..

35.

36.

37.

38.

39.

40.

41.

for cold water diving. Aviat Space Environ Med 1983; 54(7):644-€648,

Lockhart, JM. FExtreme body cooling and psychomotor performance.

‘Ergonomics 1968; 11:249-760,

McGinnis, JM, JM lockhart, and CK Bensel. A human factors evaluation of
cold-wet handwearf Technical Report #73-23-PR. Natick; MA: U.S. Army;
1972,

Marcus, P, Laboratory comparison of techniéues,fér rewarming hypotherﬁic
casulaties. Natick, MA: Natick Laboratories. Aviat Space Environ Med
1978; 49(5):692-697,

Morrison, J, M Conn, and J H;yward. Accidental 5ypothermia: The. effect
of initial body temperatures and physique on.the rate of rewarming. Aviat
Space Environ Med 1980; 51(10):1095-1099, |
Mills, AW. Fihger numbness and skin temperature. J Appl Physiol 1936;
9:447-450.
Nadel, ER, I Holmer, U Bergh, PO Astrand, and JAJ Stolwijk. Energy
exchanges of swimming man. ~J Appl Physiol 19745 36:465-471.

Fiantadosi, C. Respiratory heat loss limits|in hélium—oxygen saturation

diving. Naval Experimental Diving Unit Report No. 10-80. Washington,

DC: Navy Experimental Diving Unit; 1980,
Piantadosi, C, and E Thalman. Thermal responses in humans exposed to cold
hyperbaric helium-oxygen. J Appl Physiol 1980; 49(6):1099-1106.
Piantadosi, C, E Thalmaﬁ, and W Spaur. Metabolic response to respiratory
heat loss-induced core cooling. J Appl Physiol 1981; 50(4): 829-834.
Teichnev, WH., Reaction time in the cold. J App Psychol 1958; 43:54-59,
Vaughan, WS, Jr. Diver temperature and performance changes during
long-duration cold water exposure. Undersea.Biomed Res 1975; 2:75-88,

Vaughan, WS, Jr, and BG Andersen. Effects of long-duration cold exposure

R

T - ‘a_' - . P e ARy
DRSNS SRR SRS 2o -SRI ST 4

m.\\ N .

—
o

- - ’
ra

\A>‘ N R 7[ . . R
s NG N/ S
i N~ /;' : t




on performance of tasks in naval inshore warfare operations. Technical

‘report, Contract No. N00014-72-C-0309. Landover, MD: Oceanautics, Inc.: L
1973.
43. Webt, P, Cold exposure. Bennett, PB, and PH Elliott eds. The physiology .
and medicine of diving compressed air work. 3rd ed. London: Bailliere
Tindall; 1982: 297-318. L
44, WebB. P. A calorimetric analysis of the cold exposure in diving. |
Proceedings of the sixth symposium on underwater physiology. San Diego,
California: Undersea Medical Society, Inc.; 1976.
45, Weitz, J. Vibratory sehsitivity as a function of skin temperature. J Exp
Psychol 1941; 23:21-36. | i
\

O N

o 5
S Y
Y ‘. -
37 LT R
. 1 *
TS
B oy v 17PN —- s e PR R
O P N ] 1 SRS SN SR e AR SRE N FY SN 5 » SUARE toilt AR \',j T
. N T LA
e \ \
s \ § - -~




RECOMMENDED GENERAL READING

1. Beckman, EL. Thermal protective suits for underwater swimmers. Mil Med
1967; 132:195-209.

2. Carlson, LD, and ACL Hsieh. Cold. Edholm, 0G, and AL Bachrach eds. The
physiology of human survival. New York: Academic Press; 1965: 15-47.

3. Fleishman, EA, and GD Ellison. A factor analysis of fine manipulative
tests. J Appl Psychol 1962; 45:96—105.

4. French, JW, RB Ekstrom, and LA Price. iianual for kit of reference tests

:for cognitive factors. Princeton, NJ: Educational Testing Servicef 1969.

5. Harbeson, M, A Bittner, R Kennedy, R Carter, and M, Krause. Performance
evaluation‘tests for environmgntal research (éETER): Bibliographf.
Perceptual and Motor Skills 1983; 57:283-293, ‘

6. Harnett, R, J Pruitt, and F Sias. A review of the literature concerning
resuscitation from hypothérmia: Part 17 - Selected rewarming brotocéls.
Aviat Space Environ Med 1983; 54(6):487-495,

7. Hayward, JS, JD Fckerson, and ML Collis., Thermal balance and survival
time prediction of man in_cold water. Can J\Physiol Pharmacol 1975;
53:21-32,

8. Houdas, Y, EFJ Ring. Human body temperature, its measurement and -
regulation., New York: Plenum Press; 1982,

9. Keatinge, WR. Survival in cold water. Oxford, England: Blackwell
Scientific Publications; 1969.

10. Morrison, J, M Conn, and J Hayward; Accidental hypothermia: The effect
of initial body temperatures and physique on the rate ofvrewarming. Aviat
Space Environ Med 19803 51(10):1095-1099.

11. Shilling, CW, and M Werts, eds., Underwater handbook: A guide to

38
R R Y e ..‘” A :: ~#-q” A, : .—.“ ;N T




physiology and performance for the engineer. New York: Plenum Press;A

~J
1976. , - e
12. Webb, P. Cold exposure. Beﬁnett, PB, and DH Elliott eds. The physiology % ';
and mediéiﬂe of diving and compressed air work. 3rd ed. London: 72-'“
Bailliere and Tindall; 1982: 297-318. \
13. Webdb, P, E Beckman, P Sexton, and W Vaughan. Proposed thermal limits for ) f><
divers: A guide for designers of thermally protective equipment. Office | —
of Naval Research Contract N00014-72-C-0057. Washington, DC:  Office of
Naval Research; 1976.
!
R
\
I

39




