ABSTRACT

Heat strain for six young, healthy, acclinmatized nen
(mean age 26.2 yrs., weight 84.1 Kg) was measured during
noder at e exerci se at various anbient conditions (21.5 C,
28.0 C, 31.5 Cwith sunshine) while wearing fully
encapsul ati ng chenical protective suits with SCBA. The
total weight of the protective ensenble was 26.3 Kg. The
siobjects perforned a total of 35 minutes (20 ninutes
exercise, 5 mnutes rest, 15 m nutes exercise) of zero grade
wal king on a treadnmill set for 4.83 Kph (3.0 nmph). The
average | evel of energy expenditure for this exercise,
determi ned fromYV , neasurenents was 3 83 Kcal/ hr. Heart rat
e and nean skin tenperature rose significantly as anbi ent
t enperature increased. Under the npbst adverse anbi ent
conditions (31.5 C with sunshine) the nean heart rate and
skin tenperature were elevated 39.6 bpmand 4.1 C
respectively, over those recorded for control conditions.
Significant increases in rectal tenperature were not noted.
A nean difference in weight | oss was only observed with
signi fi cance between control conditions and the nobost severe
anbi ent environnment (31.5 C with sunshine). The five mnute
recovery heart rate (SMRHR), recorded at m nute 25 after 20

m nut es of exercise increased significantly as anbi ent
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condi ti ons becone nore adverse. The nmean 5MRHR were 91.7
bpm (control), 95.8 bpm (21.5°C), 108.7 bpm (28°C), and
116. 4 bpm (31.5 C with sunshi ne).

It is concluded that wearers of inperneable protective
cl ot hi ng show progressi ve i ncreases in heat strain as
anbi ent tenperature increase. This study indicates recovery
heart rate is probably the best indicator of heat tol erance
endpoints for work in encapsul ati ng, inperneable protective
cl ot hi ng. Recovery heart rates are easily nmeasured with
i nexpensi ve equi pnment. More study is required, however,
before specific recovery heart rates can be identified as a

conservati ve endpoi nt.
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I NTRODUCTI ON

Techni cal advances in devel opment of chemically
i nper meabl e cl ot hing now all ow an individual to enter and
work in nearly every hazardous environnent. As a result,
enpl oyees of hazardous materials handling and waste site
cl ean up conpani es, given proper training and equi pnent, nmay
work in relative safety, insulated fromthe chemcals with
whi ch they deal.

However, chem cal protective clothing, while insulating
fromthe potentially |ethal environments, encloses workers
in an environnent which is also potentially lethal. The
i npermeabl e fabric encapsul ates the worker in a mcroclimte
of 100% hxim dity, elimnating evaporative cooling. 1In
addi tion, convective and conductive nodes of heat exchange
are severely curtailed or elimnated because the protective
garment prevents air novenent and significantly reduces skin
contact wth objects of |ower tenperature. Radiant heat
| osses are mnimzed, while radiant heat gains during work
in sunlight may be significant. Since heat dissipation is
effectively prevented, thermal gains through netabolic
activity are stored in the human body causi ng excessive
wat er | oss, cardiac burden, and possible life threatening

elevation in body tenperature over short time periods (<60
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mn). Thus, as thousands of people, sone of whom nmay be
unfit or too old, enter the hazardous naterial handling work
force, the potential for severe heat related injuries grows.

Al t hough this threat has been well denonstrated by a
number of studies, to date there are no generally accepted
heat stress nonitoring techni ques to adequately protect the
hazardous material handler frominjurious physiol ogi cal
strain. Safety guidelines for site work in inperneable
garnents have been proposed, but anedoctal evidence seens to
indicate they are |acking. The prinnary shortcom ngs of
these guidelines are their inability to account for
i ndi vidual differences in weight, fitness, age, and
acclinmati zation. Many incorporate environnental safety
i ndexes which are either inappropriate for work in
i mpermeable clothing or difficult to calculate and apply
consi stently.

This study reviews recently proposed heat strain
nmonitoring techniques. An exercise regimen was devel oped to
test the effectiveness of these techniques in predicting the
limts of safe work in inperneable cheni cal protective

clothing for various individuals.
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HEAT PRODUCTI ON, TRANSFER, AND TEMPERATURE REGULATI ON I N
HUNMANS

Hi unans are honeothernic. Under normal conditions the
body mai ntains a constant body core tenperature of 37+1 C
(99.6+1.5 F) . This condition of thernoequilibriiomis
acconpl i shed through nmechani snms al | om ng generation
di stribution, and storage of heat. Specifically, heat |oss
fromthe body nust equal netabolic heat production plus
external heat gain. Thermal regulation is usually described

by the foll owi ng statenment:

(MW +R+C-E= S

(MW = Total netabolism- external work perforned
= Metabolic heat production
R = Radi ant heat exchange
C = Convective heat exchange
E = Evaporative heat exchange

S = Change in body heat content

A value of S other than zero will result in a change of
body tenperature. A positive S wll elevate body

tenperature. Under these conditions heat strain is said to

have occurred. |If thermal regulation is achieved through a
bal ance of (MW, R C, and E then heat strain has not

occurred. This nmay be in spite of the fact that an

i ndi vidual is under conditions of heat stress such as high


NEATPAGEINFO:id=11B9A05E-F500-4F45-85E4-FF4CD44ADA94


anbi ent tenperature or humdity. Heat stress wthout
acconpanying heat strain is a concern only froma
psychol ogi cal standpoint. Hot environnents may result in
worker irritability, low nmorale, and reduced productivity.

Heat strain, on the other hand, is a definite physiologica

change that can cause injury.

The heat bal ance equation is described in detail by
others (5,39,40,41). This paper will devel op individual
conponents of the equation only to the extent necessary to
quantify uni que conditions of heat stress inposed by

i nper neabl e, encapsul ated suits.

A. Met abol i ¢ Heat Producti on

Met abolismin a broad sense is the conversion of food
into cellular chemcal energy utilized to performwork. The
efficiency of converting chemcal energy into work is
approxi mately 20% (41). Thus, in doing work, as in nuscle
contraction, 80% of the chem cal energy expended converts to

heat. As work increases, nore heat is generated which nust

be dissipated. Therefore, the term

(MW
represents chemical energy produced mnus that anount used
to performwrk. MWequals total internal heat produced by
the body over a set period of time. Heat production is
normal |y quantified in terns of kilocal ories per hour
(Kcal /hr) , although British thermal iinits per hour (Bth/h)

and watts are soneti nes used.
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It should be noted that nost work energy is al so
ultimately converted to heat. For exanple, sone of the
mechani cal work perfornmed by the heart in pxinping blood
converts to heat as the bl ood overcones friction while
movi ng through vessels. In a |like manner, the novenment of a
nmuscl e during contraction produces heat. Only the anmount of
energy required for actual work (i.e., the nmovement of an
external object) is lost fromthe body before conversion to
heat. Thus, in practice, the energy cost of a task (tota
chem cal energy utilized) equals netabolic heat |oad (39).

Even at rest, work is performed and energy is expended
by the body. The heart punps bl ood (mechani cal work),
unequal concentrations of ions are maintained across cel
menbrane (el ectrical and osmotic work), and protein is
synt hesi zed (chem cal work). Each of these activities
produces heat and contributes to the basal netabolic rate.
Basal netabolic heat production for a 70 Kg (154 I bs) man is
bet ween 60 and 70 Kcal / hour (40, 41).

Usi ng ergonom ¢ guidelines (2) or enpirical fornulas
(42) metabolic heat production can be estimated for work in
I nper meabl e, encapsul ated garnents. Under nornmal conditions
an individual performng |ight work at a hazardous waste
site will spend 40 m nutes being outfitted in an
encapsul ated chem cal protective suit. After that period he
could skirt the perinmeter of the site nonitoring for vapors
and performsinple tasks requiring light to noderate hand

and arm novenent such as securing valves and covering
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| eaking drvinms. The majority of this time will be spent
sinply standing or wal king while he noves fromthe command
post to the site, identifying chemcals, manipulating
detection equi pnent, and moving back fromthe site and
through the decontamnation line. Therefore, under norna
conditions his metabolic heat |oad may be estimated by task
anal ysis as shown in Table 1.

Asstimng the specific heat of the human body is 0.83-
Kcal / Kb-°C, the 230 Kcal of heat produced during this forty
mnute period, if not dissipated, will elevate the body
tenperature by 3.96°C.  As will be seen in the followng
section, this heat dissipation is not easily acconplished
due to the unique restrictions of inpermeable, encapsulated

gar nent s.

B. External Heat Transfer to the Environnent

Internal heat transfer depends upon a tenperature
gradi ent between the body core and the skin tenperature. |f
the skin tenperature is |ower than the body core, heat wll
"flow' to the skin. In a |like manner, heat exchange between
the skin and the environment is controlled by the difference
in tenmperature between the skin and ambient air. Wen the
tenperature of the skin is higher than the surroundings,
body heat will be lost. Heat will be gained if the

23 0 Kcal
70 Kg/ man x 0.83 Kcal /Kg- C = 3.96°€ in 40 mnutes.
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tenperature of air surrounding the body is higher than that

of the skin.

Mpj or avenues of external heat transfer are convection,
radi ation, conduction, convection, and evaporation.

Conduction, energy exchange between atons or nolecules in
contact, can be a factor if the skinis in contact with a

dense object. This is a nmajor route of heat transfer for an
i ndi vidual imrersed in water. Conduction is not a
significant factor in heat exchange fromthe skin to air.
Radi ation is heat transfer by el ectromagnetic energy and
does not require physical contact for the exchange of heat.
Warm ng of objects by the sun is of course the best exanple
of radiative heat transfer. However, all dense objects
radi ate heat, with the amount being governed by the
tenperature differential between objects. Common enmtters
or absorbers of radiation, in addition to the sun, include
wal I's, the ground and | arge objects. \Wether an object is
an emtter or absorber depends on its tenperature. Radiant
heat exchange is a function of the fourth power absolute
tenperature difference between surrounding objects and skin
tenperature (39) . |f surrounding objects are hot (>35°C,
95F), the body will gain heat. [f surrounding objects are
at |ow temperature (<20°C, 68°F) a nude individual may |ose
70% of his netabolic heat production by radiation (41).
Radi ant heat |oss is greatly influenced by the amount of
exposed skin. Moreover, many areas of the body radiate heat
to opposing skin surfaces (i.e., fingers, inner thighs).
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Conduction or heat exchange by kinetic energy between
atoms and nol ecules in contact is a major route of heat
transfer for an individual inmersed in water. Conduction is
not a significant conponent of heat exchange between skin
and air. The thin, still layer of air next to the skinis
in thermal equilibriumw th the skin. This condition of
equilibrilimis reached by conduction. However, once
equilibriiimis reached the air layer at the surface becones
an insulator, virtually elimnating further conductive heat
transfer. For this reason, nost literature sources state
that conduction plays an insignificant role in heat transfer
with the environnent unless the body is imersed in water
This statenment is msleading since conduction along with
radi ati on drives convective heat transfer. However,
formul as describing convection normally include conductive
thermal energy novenent. For the purposes of this paper,
conductive processes Will be ignored with the understanding

that this beconmes a part of the enpirical equation

descri bi ng convecti on.

Convective heat transfer entails the novenent of warm
air away fromthe skin surface to be replaced by cooler air
which in turn is warmed by the skin. Convection inplies
physi cal noverment of quantities of atons and nol ecul es
because of different certain kinetic energy states.
Conduction and radiation heat exchange at the skin create
these kinetic energy state differences in the air adjacent

to the skin. Ar flow, of sufficient velocity to sweep away
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the thin, insulating |ayer of air around the skin, plays a
maj or role in convective heat transfer occurring.

Evaporation as a nmechani sm of heat |oss occurs because
it takes energy to acconplish a physical phase change. For
t he hi oman body, the warm skin supplies the energy to
evaporate sweat. As the skin |oses energy it cools and in
turn cools the blood just below the skin surface. Even at
| ow anmbi ent tenperatures and work | oads evaporati on occurs.
This insensible perspiration can account for 20 to 2 5
percent of basal netabolic heat |oss (41). Profound
sweating is initiated by the hypot hal amus when
nonevapor ati ve nmechani sns of heat exchange are not
sufficient to dissipate excess heat. Sweating is nost
effective at conditions of low humdity. As will be seen in
ensui ng sections of this paper, inperneable encapsul ated
suits all but elimnate evaporation as an effective
mechani sm of heat exchange.

Radi ati on, conduction, and convection are capabl e of
ei ther adding or subtracting heat fromthe hioman body.
Evaporation can only renove body heat. [|f thernal
regulation is to be maintai ned the above nechani sns for heat
transfer nust allow dissipation of heat equal to netabolic
heat production. |If this does not occur the hypothal anus
wll initiate other physiologic responses to counter heat
i mbal ances. One response to excess heat |oads is diversion
of blood to the cutaneous bed. This pooling of blood at the

skin surface in severe cases can |lead to collapse and
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cardi ovascul ar injury wthout significant increases in body
tenmperature. The hypot hal anus nay al so al | ow body
tenperature to rise in an attenpt to find a new point of
thermal equilibrium Often this occurs in conjunction with
the shunting of blood to the periphery. |f equilibrium
cannot be reached at tenperature with the range of 3 5-40 C
t hen serious injury occurs.
Heat Strain for Mnitoring Techni ques
A, Wt Bulb d obe Tenperature Modification

For several years, the Wet Bul b G obe Tenperature Index
(WBGT) has been internationally accepted as the sinplest and
most suitable technique for correlating environnental
factors with worker heat |oad(15). WBGT Index” is
incorporated with work load to set a work rest regime
designed to maintain worker body core tenperature bel ow
38 C Ransey (1) in 1977 nodified the WBGTI | ndex to account
for inperneable clothing. Under this system 5 Cis
substracted fromthe WBGI Index any time a worker wears
fully encapsul ating, inperneable protective clothing.
Engi neering and work practices should be instituted any tine
the measured WBGT is at or above the adjusted WBGT
threshold. The drawback of this nonitoring nethod is the
significant role of htimdity in WBGI cal culations (3) .

2

VBGT (out doors) %%of natural wet bulb tenperature +

% of gl obe tenperature + 10% of the

=7
2
dry bul b tenperature.
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Ambi ent hum dity does not contri bute to heat stress for
workers in chenical protective suits since they are encased
in a mcroclinmate of 100% hum dity. Mor eover, the 5 C
s-ubstraction fromthreshold WBGT | evel was essentially a
best estimate without the benefit of experinmental data.

More recent studies (4) indicate that physiol ogical stress
can occur even at | ow anbient tenperatures, a situation for
whi ch t he WBGT woul d not account.

Nonet hel ess, the Ransey nodification to the WBGT
Threshol d Level represented the first offer of a guideline
designed to predict the additional stress of inperneable
clothing. As a result, other studies of workers in
i npernmeabl e clothing in nornal industrial settings (4) and
asbest os renoval operation (5) have shown heat strain
occurred at a 2.8. to 5 C |l ower WBGT i ndex than workers not
wear i ng i nperneabl e cl ot hi ng.

B. Adj ust ed Tenperature Schedule for Heat Stress Monitoring

A recent U. S. Governnent manual of occupational safety
and health for hazardous waste sites (6) suggests heat
stress nointoring be based on an adj usted anbi ent
tenperature. Monitoring includes neasurenent of rest period
heart rate, oral tenperature and body water |oss. The
effect of radiative heat | oads is accounted for by an
enpirical adjustnent, specifically adding thirteen tinmes the
percent sunshine to the anbient tenperature ( F). Percent
sunshine is estimted by judging what percent of tinme the

sun is not covered by clouds thick enough to produce a
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shadow. The adjusted tenperature is used to set the
frequency of physiol ogical nonitoring.

Thi s manual has been w dely pronul gated and represents a
major effort to consistently limt heat stress anong workers
wear i ng i nperneabl e garnments. However, the anbient
temperature based nonitoring schedul e has certain
[imtations. First, it was based on work | evels of 250
Kcal /hr for fit, acclimatized workers. Wrkers in fully
encapsul ated suits routinely expend high amounts of energy
because of the heavy |loads carried (work boots, breathing
apparatus, tools, instr\inments) and the nature of waste site
work (barrel nmoving, shoveling). Secondly, adjusted
tenperature values will be arbitrary because estimations of
percent sunshine will vary depending from one observer to
the next. |In addition it is not clear when or for what tine
period percent cloud cover should be determ ned.

Finally, the Manual recommends worker nonitoring for
anbi ent tenperatures above 70 F (21°C). Study subjects
exercising in neutral (7) and | ow anbient tenperatures (6)
showed significant physiological strain, suggesting neutra
or |ow anbi ent tenperatures do not assist renoval of

met abol i ¢ heat qui ckly enough under certain conditions of

wor k.
C. Body Fluid Loss or Sweat Rate
Use of fluid |loss or sweat rate as an i ndication of the

magni tude of heat stress is intuitive to anyone ever exposed
to a hot hiimd environnent. Towards the end of World War 1|1
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t he Royal Navy devel oped a heat stress index based on the
sweat | oss endured by personnel standing a four hour naval
watch in the hot, humd nmachi neary spaces of a ship (9) . In
recent years, sweat rate has conme to be recognized as a
highly variable response to heat fromwhich no reliable

i ndex may be devel oped. Individual capacity to sweat may
vary since the nunber of sweat glands may vary anong

I ndividual s, even if they are of equal body size (10).
Acclimatization increases sweat rate, paradoxically
indicating that greater body fluid loss up to a point,
suggests greater heat tolerance. Fatigue of sweat

mechani snms occurs during prol onged exposures to hot

envi ronments. This fatigue may be greater in a hxomd
environnent (12) such as the 100% hinnidity within an

i nperneabl e suit. Kraning et al. (11) elicited the sane
sweat rates from study subjects by nmeans of exercise and
fromthermal environnmental stress. They concluded different
physi ol ogi cal states (heart rate, cardiac output, etc.) can
be associated wth equal sweat rates.

However, the inportance of proper hydration shoul d not
be underestinmated. Fatalities, originally diagnosed as heat
stroke, have been found to be the result of severe
dehydration, accelerated by heat stress (24) . Reference (6)
recomends a mninmal ingestion of 4 to 6 liters of water
during the normal work day with body water |oss not

exceeding 1.5 percent of total body weight. |t has been
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suggested (12) that hydration levels can be nore accurately
determ ned neasuring the specific gravity of urine.
D. Body Tenper at ure

Deep core body tenperature is a direct measurenent of
heat storage within the body. The goal of npbst work and
engi neering practices is to keep the body tenperature from
exceeding 38 C (15,16). Since body tenperature is the
criterion for nmeasurenent for heat strain, it would appear
nmoni toring of body tenperature would be the nost reliable
way to prevent injury. Unfortunately, in order to neasure
body core tenperature reliably certain obstacles nust be

Body tenperature can be obtained rectally or orally.
Oral tenperature may be obtained with relative ease between
work cycles. Drinking and nouth breathing fifteen m nutes
prior to oral tenperature neasurenents invalidate the
readi ng. Anedoctal evidence indicates that even iinder
noder ate work | oads, nouth breathing occurs when a SCBA face
piece is worn. Oal tenperatures are therefore |ess than
t he correspondi ng deep core body tenperature. Cenerally a
safety margin of +0.6 C nust be added to oral neasurenents
in order to estimate body tenperature (17). Rectal
t enperature although nore accurate will never be
consistently used in routine work conditions.

Periodi ¢ neasurenent of body tenperature, whether oral
or rectal, are "after the fact" nmeasurenents that may not be

tinmely enough to prevent heat stroke. Lethal cases of heat
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stroke have been reported when the victinms tenperatures,
upon hospital adm ssion was as |low as 36.6 C (23). Shibol et
et al. (24) described "light heat stroke" cases including
mul tiple organ damage where rectal tenperature spiked and
then fell to 39 C before energency treatnent began.

Al t hough rectal tenperature probes allow an accurate
continuous neasurenent of deep core body tenperature, they
are not an indicator of rapid changes in body heat content
because of the |arge heat capacity and relatively snal
circulation within the pelvis (18). Qher nore centrally
| ocated organs, |ike the oesophagus, are nore sensitive to
t enperature changes in central blood but for obvious reasons
are inmpractical as nmonitoring sites. The insensitivity of
rectal tenperature to changing heat |oad has been
denonstrated in studies showi ng rectal tenperature |agging
wel | behind accunul ation of heat within the body
(19, 20,21,22). Shvartz and Benor (21) believe body heat
storage may be underestimated by 10-20 Kcal /mi/hr’ as a
result of the lag in rectal tenperature.

The overriding consideration agai nst using body
tenperature neasurenment as the primary or sole safeguard
agai nst heat injury is that heat injury can occur at normal
or subnormal body tenperature levels. In a study which wll

be discussed nore fully in a subsequent section, collapse or

3A 70 Kg, 185 cmadult mal e would have 1.92 m of skin

surface area
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near collapse was provoked in exercising subjects when
rectal tenperatures never rose above 3 8.5 C
E. Convergence of Body and Skin Tenperature

Circulating blood is the primary nmeans for novenment of
core body heat to the surface of the body where heat
exchange with the surroundi ng environnent occurs. As
di scussed, cooling of the skin surface may occur even if
anbi ent tenperature exceeds skin tenperature. Essential to
body core heat dissipation in the maintenance of the core
and the skin tenperature gradient. A convergence of skin
and body core tenperatures elimnates the ability of the
bl ood to transfer heat fromthe core. Wen the tenperature
gradient is lost, body heat is stored, resulting in a rise
i n body tenperature.

If a gradient is not reestablished injury shortly
ensues. As a result, rapid rises in skin tenperature have
been observed to cause heat exhaustion even when rectal
tenmpertaures have been | ow (<39.0 C) and exposure periods
have been |l ess than 30 mnutes (21,27) . These studies
concl uded that exhaustion probably occurred because of
maxi mum vasodi | ati on of the cutaneous capillary bed and
si i bsequent reductions in blood volume circulating to centra
or gans.

U S. Arny researchers, in a study of exercising soldiers
wearing chemcally protective clothing and rain suits (27),
were able to predict skin and rectal tenperature convergence

by predicting rectal tenperature as a function of time (18)
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and |linear extrapolation of skin tenperature readi ngs from
the first ten m nutes of exercise.

Si mul t aneously neasuring skin tenperature and core
tenperature of workers clad in inperneable clothing mght be
an effective nonitoring technique. |Individual differences
such as wei ght, height, sex, and clothing type would be
m ni m zed since the individuals serve as their own controls.
The Arny study denonstrated that convergence preceeds
subj ective synptomatol ogy or other signs (high heart rate or
rectal tenperature) of inpending injury or collapse. This
extra lead tinme is inportant since hazardous nateri al
handl ers nust allow five to twenty m nutes for
decont am nati on procedures before renoval of their
protective cl ot hing.

The obvi ous drawback of this nonitoring nethod is the
i nconveni ence under field conditions. Radiotelenetry has to
be used. Furthernore, even anong the nost regi nented
hazar dous waste handl ers, the neasurenent of rectal
tenperature will be resisted. The Arny study was able to
predict rectal tenperature over time to within +0.01 C using
a formul a devel oped by G vonia and Gol dnman (12). However,

t hese predictions were conducted under |aboratory conditions
and require an accurate value for external and netabolic
heat |oads. At best, heat |oads could only be estinated
within a range for routine work. Metabolic heat production

from nonroutine work, as during an energency, could not be

det er m ned.
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| anpi etro (29) predicted the approach of tol erance
limts in hot environnent using skin tenperature alone. A
revi ew of several studies (19,2 0,27) where rectal and skin
tenperature were recorded over tine indicates that for
exercising men in inperneable garnments nean skin tenperature
converged with rectal tenperature at 38 C (+0.5 C).
Cessation of work and renoval of inperneable clothing when
mean skin tenperature reached 37 C, as suggested in
reference (31) , apparently provides an adequate safety-
margi n and a positive tenperature gradi ent.

Mean skin tenperature nay be averaged using a nunber of
sites on the body. Mtchell (30) evaluated a ni onber of
proposed net hods using from1l to 12 points. A weighted
average of three sites; chest (50%, forearm (14%, and calf
(36%9 was shown to provide a nean skin tenperature within
1 C of the actual value 96% of the tine and within 0.2 C,

44% of the time. A docunent prepared for N OSH (31)

contends skin surface tenperature throughout the entire body
becones practically uniformwhen work is perfornmed in

i nperneabl e clothing. This report suggested that one site,
the nmedi al thigh, would provide skin tenperatures nost
representative of the average, and would be the |east
susceptible to radiant heat sources. |If so, nonitoring skin
tenperature through the use of appropriate radiotelenetry
could be perforned with relative ease. Wen the nedial

thigh tenperatures approached 37°C the hazardous materi al
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handl er could stop work and begi n the decontani nati on
process necessary for suit renoval and cool down.

O the studies that neasured skin tenperature during
wor k or exercise in inperneable clothing, tenperatures were

seen to approach 37 C quite rapidly (Table 11). Extrenely

hot environnents or i ntense exerci se accel erated the
pr ocess. This validates a conclusion from previ ous research
(26, 27) that at |east 75% of the total change in skin
tenperature occurs during the first ten m nutes of exposure
to a hot environnent. Usi ng values from Table Il and
substracting a mnimal nmargin of safety for ten m nutes of
decont am nati on would generally allow an actual work peri od
of |l ess than 20 ni nutes, dependi ng on environnent al
condi ti ons. On the other hand if a T , of 37 Cis taken as
an end point for work cessation and initiation of
decont ami nati on procedures then actual work tinme would
generally fall within the limts of the supplied air
avai l abl e from a SCBA. It appears fromthe above studies
that skin tenmperature of 37 C provi des adequate warni ng of
approachi ng heat coll apse or injury.
F. Heart Rate

During work in heat the circulatory system has a dua
rol e. Initially, it transports the oxygen needed for
accel erated netabolic processes. Later, as these processes
generate heat, bl ood nust transfer excessive heat fromthe
core to the periphery. After prolonged work in heat these

two functions are in conflict when oxygen | aden blood is
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diverted fromcentral organs to the skin surface. As a
result of peripheral vasodilation and di m ni shed bl ood
volune in the core the heart rate increases beyond what is
normal |y expected as a demand of work. This increase during
heat stress has been studied thoroughly (10, 32,33, 34, 35).
Heart rate is increased still further by inperneable
clothing (5,19, 20,22,27,36). Thus, increases in heart rate
are appropriate indicators of heat strain. Mreover, heart?
rate is nore sensitive to changes in heat stress (i.e.
environnent) than rectal tenperature. |In fact, for short
work durations (<1 hr) in inperneable clothing heat strain
may be represented solely by heart rate (38).

Envi ronment al heat stress has been shown to slow the
recovery of heart rate after work (35) . Thus, recovery
heart rate has been suggested as an estimator of strain
(35,37). Researchers at Dupont (14) devel oped heart rate
recovery criteria for hot job evaluation by conparing heart

rate during the first mnute of rest (P-) to heart rate

after 3 mnutes of rest (P'). They tentatively concluded

that a P-|~P-j value above 10 beats per mnute, when P* was
above 90 bpm signaled the end of safe work in heat. 1In a

nore recent study (38), Pennsylvania State University

I nvestigators exercised subjects in inperneable clothing at
a work |l oad of 600 Kcal/hr. They found the recovery heart
rate five mnutes after work cessation correlated cl osely
with a physiological limt of heat tolerance. They reasoned

that recovery heart rate, if inpervious clothing is not
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renmoved, is indicative of the portion of heat | oad supported
by peripheral circulation. A low recovery heart rate
represents a greater ability to conpensate for heat | oad,
| ow cardi ovascul ar strain and tol erance to heat stress.
Kanon (35) showed that increased recovery heart rate
during intermttent work in heat indicated increasing
strain. Recovery heart rate neasurenent for hazardous
material handlers in the field would appear to be a
practical approach to heat strain nonitoring. Wrkers
weari ng i nperneabl e clothing could be placed on a work rest
regimen. During rest the recovery heart rate could be
deternined at the end of each rest period using either
radi otelenetry, allowing the site safety officer to nonitor
the worker, or through the use of an inexpensive jogger's
heart rate nonitor, which the worker could read. This
approach requires a judgenent of the recoveiry heart rate
that woul d be an appropriate end point. The heart rate
recovery criteria devel oped by DuPont (14) would |ikely not
be appropriate. The DuPont study eval uated recovery for
workers resting in an environnment allow ng sweat
evaporati on. For obvi ous reasons, hazardous materi al
handl ers coul d not be afforded the opportunity to renove

their protective clothing during rest.
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HYPOTHESI S

The use of environnental indices to identify heat
tol erance end points for work in inperneable suits is
i nappropriate. The encapsul ated suit creates its own
m croclimte where evaporative, convective and radi ative
modes of heat exchange are all but elimnated. As a result,
physi ol ogi cal strain occurs during work in inperneable
clothing even in neutral environnments (21 C, 50% RH).
A heat strain nmonitoring nethod for workers in
encapsul ated protective clothing should account for external
heat stress and individual differences in age, weight, skin
surface area, fitness, acclinization, and work rate.
Recovery heart rate and average skin tenperature are
both appropriate indicators of heat strain. A specific
recovery heart rate or nean skin tenperature for an
i ndi vidual can be identified as a conservative endpoint for

wor k in inpernmeabl e, encapsul ati ng cl ot hi ng.
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Six healthy mal e nenbers of the U S. Coast CGuard
Nati onal Strike Force, a pollution response group,
vol unteered for the study. The physical characteristics of
each subject are presented in Table Il1. Each subject was
acclimatized and experienced in the use of self contained
br eat hi ng apparatus (SCBA) and i nperneable protective
cl ot hi ng.

The subjects perfornmed a total of 35 mnutes (20 m nutes
exercise, 5 mnutes rest, 15 m nutes exercise) of zero grade
wal king on a treadm || set for 3 nph (4.83 kph). This speed
and grade of wal king were chosen to elicit an energy
expenditure conparable to the work | oad of a hazardous
materi al handl er perform ng noderate work (Table I, |A).
Exerci se periods were performed under four different
conditions. These conditions are detailed in Table IV but
briefly involved exercise in coveralls at 21.5 C and
exercise in encapsul ated chem cal suits at 21.5 C, 28 C and
31.5 Cwith sunshine. It should be noted that Condition 4
was out si de where environnmental conditions could not be

controll ed precisely, either between subjects or during a

particul ar exercise period.
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For the control condition (Condition 1) the subjects
wore cotton under-shorts, T-shirt, dark blue coveralls,
firemen's boots, and a pressure-denand SCBA. * In addi tion,
each subject wore 5.44 Kg (12 I bs) of divers' weights to
conpensate for the weight of the chem cal protective
clothing worn for Conditions 2-4. Thus, the total weight of
the gear worn was 26.3 Kg (58 | bs).

For Conditions 2-4 test subjects wore cotton under-
shorts, T-shirt, white di sposable coveralls,5 SCBA,
firemen's boots, and a totally encapsul ating, coated
chem cal protective suitcmﬁth outer gloves of butyl rubber
(Figure 1). The total weight of the protective equi pment was
2 6.3 Kg (58 Ibs).

Prior to each exercise period the subjects were required
to consune 0.5 1 of pure water. Body wei ght was determ ned
towthin 0.25 | bs before and after the exercise period.
During the exercise, skin tenperature was determ ned for the

forearm left chest at a point 3 cmabove the nipple, left

medi al inside thigh and |left medial outside calf using

4SURVI Al R?

5 TYVEK?

6U, ., goast CGuard prototype fabricated from Teflon coated
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st andard therm)couples7 Rectal tenperature was recorded
using a flexible therm)coupleg inserted 15 cm beyond the
anal spincter. Air tenperature within the chem ca
protective suit was neasured near the nmidriff and within the
suit's hood, 6 cmfromthe visor, using probes.9 Hear t
rate was neasured with a pulse rate rmnitorlO desi gned f or
runners and cyclists. Thernocouples were conpared to a
standard nercury thernoneter and found to be accurate to
within +0.05 C. The heart rate nmonitor was conpared to a
pul se determ ned by radial palpitation and found to be
precise at all heart rates.

During the exercise, skin tenperature, rectal
tenperatures, and heart rate were recorded every two
mnutes. Interior suit tenperatures were recorded every
f our m nutes.

Prior to the study, a US Coast Guard Ad Hoc Conmittee,
consi sting of physicians and engi neers, was convened to

review the protocol. This comrittee dictated that the

7Yellow Spring Instriinments (YSI) Thernoneter (Mdel 49TA)
with Series 400 probes (No. 409B and 421).

8YSI 401 vi nyl probe
9YSI 408 "Banj o" probes.

| OPol ar El ectro (PE-2000)
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exercise reginen would be terminated if any of the foll ow ng
occurred: heart rate exceeding 80%of maximjm[0.8 tines
(220-subject's age)], rectal tenperature exceeded 39 C, the
t est subject requested to discontinue the exercise.

The submaxi mal exercise level for the 3 nph treadml |
wal king in protective equi pnent was deterni ned by indirect
calorinmetry. The visor was renpved fromthe chemnica
protective suit to allow Vo neasurenment of oxygen
consunption while the subject perforned treadm || wal king (3
mph) wearing 26.3 Kg of protective equi pnment. Vo, was
measur ed using a Beckman oxygen anal yzer. Vo™ measurenents
were not nade under conditions of heat strain since subjects
performed the treadm ||l walking in a neutral, |aboratory

environnent, with the suit's visor renoved and for a period

only long enough to allow Vo, to stabilize. Thus, Vo

presented in Table Il is a reflection of the energy
expenditure required by the pace and wei ght of the

equi pnent, and not heat strain associated wi th prol onged
exercise while fully enclosed in the chenical protective
suit.

A nedi cal screening test, devel oped by Pennsyl vani a
State University (38), was used to deterni ne heat tol erance.
This test was adm ni stered to each subject at a point
approximately m dway through the study period. This test
was nodi fied fromthe original format to all ow adaptati on
for treadm ||l use. Each subject walked for 2 0 m nutes at

3.5 nph in an inperneable rain suit and fireman's boots.


NEATPAGEINFO:id=697743C8-6D9B-42B7-8936-8D395AAFADBE


27

The grade of the treadm |l varied, dependi ng upon subj ect
weight, to elicit approximtely 600 Kcal/hr of work from
each subject. At the end of 2 0 minutes the subjects rested
for 5 mnutes, during which their five mnute recovery heart
rate was neasured. This recovery heart rate was equated to
the Pennsyl vania State table of physiological linmts of heat

tolerance. The results of this test for each subject are

shown in Table I1.
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RESULTS

Mean heart rate, skin and rectal tenperatures during the
course of the 40 mi nute exercise period are presented in
Figures 2 and 3. Table V ranks the six study subjects in
ability to tolerate the exercise reginen.

Heart rate during steady state exercise showed
significant elevations as the severity of environnmental
conditions progressed from Condition 1 (the control) to
Condition 4 (in sunlight and 31.5 C nean anbi ent
tenperature). Use of protective clothing in a neutral
environment (21.5 C, Condition 2) significantly (p <0.025)
el evated the average heart rate fromthat of contro
conditions (Condition 1) by 9.7 bpmafter 20 m nutes of
exercise and 11.5 bpmafter 3 6 ni nutes of exercise. Hear t
rate was further significantly (p <0.025) increased by
rai sing the anbient tenmperature (28 C, Condition 3). For
Condition 3, the nean heart rate was 12. 33 and 15,8 bpm
above Conditions 2 after 20 and 36 m nutes of exercise,
respectively. Wen the test subjects were exercised in the
nost adverse environnental conditions (Condition 4)
significant heart rate increases beyond those recorded in
Condition 3 were not noted after 20 m nutes. However, after

36 minutes significant (p <0.025) increases were noted;
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specifically a nean rate of 16.6 bpm above Condition 3 and
39.6 bpm above those recorded for the control (Condition 1).

The five mnute recovery heart rate (5RHR) recorded at
m nute 25 after rest increased significantly (p <0.05) as
envi ronnent conditi ons becane nore adverse (Figure 3). Mean
five mnute recovery heart rates 2 5 mnutes into the
exerci se regi men were 91. 7+10.5 S.D., 95.83+14.0 S.D.
108. 7+22. 6 S.D. and 116.4+16.8 S.D. for Condition 1, 2, 3,
and 4, respectively. For the first three conditions, test
siibjects were able to decrease their heart rate during rest
by 14. 8+0. 7% on average fromthe rate recorded after 2 O
m nut es of steady state work. However, for the npbst severe
condition. Condition 4, the subjects' heart rate decreased
an average of only 4.9+4% This recovery percentage may
have been even lower if Siibject B, who showed the nost
strain during Condition 3 exercise had been allowed to
participate in the Condition 4 test.

I ndi vidual rectal tenperature (T ) generally rose
during the course of exercise under all conditions.
However, increases in T during exercise were not
signi fi cant when conpared to the control condition
(Condition 1). 3 8.1 C was the highest individual T
observed during any of the tests.

Mean skin tenperature (Tg, ) significantly (p <0.025) and

progressively increased as the environnmental conditions for

the exercise increased in severity (Condition 1 to 4).

During Condition 4, T, reached 37°C for four of the five
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test subjects and approached to within 0.2 C of the rectal
tenperature for three subjects.

Aver age body weight loss slightly increased with
i ncreasi ng heat stress. Average percent body weight | oss
was 0.32, 0.62, 1.05, and 1.25 for Conditions 1, 2, 3 and 4,
respectively. A nean difference in weight | oss between test
conditions was only observed with significance (p <0.01)
when the control condition (Condition 1) was conpared to the
nost severe environnent (Condition 4).

During exercise in Condition 3, the test was term nated
for Subject B after 36 m nutes when his HR exceeded 80% of
maxi mim It was deci ded he would not participate in the
test under Condition 4. During tests at Condition 4,
exercises were terninated after 34 nminutes for Subjects G

and C when their heart rate al so exceeded 80% of maxi num
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DI sCuUssI ON

According to the results of this study subjects
perform ng noderate work in fully encapsul ated protective
clothing exhi bited marked, increnental elevations in heart
rate and skin tenperature as |levels of environnental stress
i ncreased. This physiological strain was in addition to
strain i nduced by the weight of the extra protective

equi pnent (26.3 Kg) or the use of the SCBA.

A Subj ect Size As A Prediction of Heat Tol erance

The ability of each subject to tolerate exercise in heat
is shown in Table V.

Subj ect Wtolerated all the tests exceedingly well.
Subj ect Wwas t he second ol dest of the group. He is a
snoker, and he exercises infrequently. Subj ect Wwas the
|l argest of the 6 participants (100 Kg, 2.27 ﬁwof skin
surface area). The treadm ||l test required 32% of his
maxi mimexercise level. Subject Ws size and rel ative ease
in performng the tests are in direct contrast to Siibject B,
the | east heat tolerant of the group. Although fit and the
nmost experienced in use of protective ensenbl es. Subject B
was the snmall est (65.75 Kg, 1.84 élskin surface area). The
exercise required 3 8.6% of his naxi mum exerci se | evel. It

may be that the significant wei ght of protective ensenbl es
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can be better managed in heat by | arger people. | note that
Subject M the second | argest nenber of the study and the

nost fit (28.7% maxi nal exercise level) tolerated the tests

with al nost the sane degree of ease as Si+)j ect W

B. Use of Sweat Rate As An Endpoi nt

This study found no significant correl ati on between body
wat er | oss and the degree of environnental stress. As
poi nted out earlier, prolonged work in inperneable clothing
may decrease the sweat rate whil e physiological strain
i ncreases. It appears body wei ght | oss cannot provide a
reliable indication of heat tol erance endpoints. This is
not to say that keeping a hazardous naterial handl er well
hydrated is not an essential practice. Under any field
condi tions, neasures to prevent dehydration, |like those

outlined in Reference (6), nust be cl osely adhered to.

C. Use of An Environnental | ndex

Al r tenperature and novenent, water vapor pressure, and
radi ant heat are the environmental factors which, along with
met abol i ¢ heat, deternine the degree of heat stress to which
a working individual is subjected. Encapsul ating
i mper meabl e garnents effectively elimnate the contri butions
anbi ent water vapor pressure and air velocity nake to the
total heat | oad i nposed on an individual. I n addition,

radi ant heat | oads nay be curtail ed, depending on the col or
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of the encapsul ating fabric and anount of air between the
fabric and the skin.

This study found significant (p <0.05) increases in
heart rate (HR) and nean skin tenperature T,, with increases

in anbi ent tenperature (T2) and bl ack gl obe tenperature

(Té). However, no |linear relationship could be seen between
i ndexes of physiological strain (HR, T,, , T_) and increases
in environnental factors (Tei Tg, RH, wi nd vel ocity).
Changes in the anbient tenperature and tenperature of the
mcroclimate with the suit, neasured at the wai st and hood,
appeared to correlate nore closely with rises in T,, and HR
t han changes in T4. This suggests that the |ight buff col or
of the suit reflected a significant portion of solar
radi ation. Suit tenperatures were on the average 3.2 C
above anbi ent tenperatures, apparently the result of
met abolic heat radiating fromthe skin surface. Assum ng
100% hum dity within the suit, a WBGT I ndex Threshold Limnmt
Val ue (15) could be cal cul ated using suit tenperature
estimated fromT2. However, the use of this estimated
threshold imt value in safely regulating work could not be
t est ed.

More work needs to be done to quantify the inpact of
sol ar radi ation on workers in inperneable protective
clothing. It has been suggested (43) radi ative
envi ronnental heat | oads coul d possibly be disregarded at

certain tines of the year. If so, then work limts could be
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devel oped solely fromdry bulb tenperature and netabolic
rates.

Cust ance (44) devel oped a table for "closed" inperneable
suit tinmes for vari ous Eiat a noderate work | evel (250
Kcal / hr). Results of this study would appear to fall within

the limts suggested by Custance (3 0 minutes at 85-90 F, 6 O
m nutes at 80-85°F).

It is obvious traditional heat stress indices were not
devel oped for workers encased in inperneabl e garnents.
However, a nodified index simlar to the WBGT i ndex
suggest ed above may prove appropriate upon additional study.
The drawback to this approach is its general application
wi t hout adj ustnent for individual differences. It is
reiterated that because of the nature of the protective
clothing and the type of work perforned an individual cannot
al ways be imedi ately renoved from his hot environnent upon
the onset of heat collapse or injury. Thus to be safe, an
envi ronnent al i ndex nust be conservative, perhaps too

conservative to be generally enployed in the field w thout

the force of | aw

D. Body Core Tenperature

As expected, T did not respond readily to changes in
the environnent or netabolic heat output. This study was
not intended to strain individuals to a point where heat
injury and a specific T could be |linked. However, as

menti oned earlier, low T do not preclude the possibility
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of heat injury. Apparently, T is unable to accurately
refl ect physiological strain and rapid changes in overal
body tenperat ure. Mean body tenperature can be predicted

fromT, ., Tj, and HR neasurenents (45). However, this

nmet hod is not practical for the field determn nations.

E. Skin Tenper ature

Convergence of T _, and T has been shown to predict
heat tol erance endpoints. From a t her nodynani ¢ prospecti ve,
this criterion appears reasonable, since a | oss of
tenperature gradient signals the end of heat dissipation.
If a T,, of 37 Cis taken as a conservative endpoi nt as
suggested by Reference (31) then noderate work coul d be
performed for the length of tinme that supplied air is
available (™0 nin) for all conditions except Condition 4.
Applying this 37 C T,, endpoint to Condition 4 would all ow
an average work tine of 2 O minutes.

Recently (31), inside medial thigh tenperature of 37°C
has been suggested as an estimator of T,, for workers in
i mper neabl e garnents. This study showed nedi al thigh
tenperatures consistently underestinmated T , by at | east
1 C, when conpared to a three point nmean averagi ng system
(30) for skin tenperature.

Under Condition 4, a T, of 37°C was reached on an
average of 13.75 m nutes before 80% of maxi num HR was

exceeded. Under Condition 3, which was indoors, a Tg, of

37 C coincided with the attai nnent of a sustai ned 80%
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maxi mum HR.  This rapid elevation of skin tenperature during
Condition 4 was the apparent result of solar |oad, high suit
tenperature or both. This suggests that T,, would be a npre
conservative estimator of heat tol erance endpoints than HR
for work in sunlight.

The 3 point skin harness used for this study was not
conveni ent to attach. To be used in the field it would
require nodification for telenetry and m croprocessing. It
is unfortunate that the nedial thigh was not found to
accurately reflect mean skin tenperature. Finally, skin
t enper ature neasurenent obvi ously woul d not be appropriate

if the worker elects to wear a cooling garnent.

F. Recovery Heart Rate

A sust ai ned 80% of maxi num heart rate was sel ected as an
endpoint for this test. Since treadnill exercise for this
study was steady state, this endpoint is not reasonable for
field conditions. However, a recovery heart rate,
determ ned while the worker rests in the suit, is easily
obt ai nabl e and conveni ent under field conditions. For the
Ssi X test subjects, suppression of the 5 mnute recovery
heart rate (5MRHR) preceeded signs of significant
physi ol ogi cal strain (working HR > 80% max, T-, > 37°C).
Furthernore, when the 5 MRHR after 20 m nutes of exercise
was bel ow 106 bpm the subjects were able to conplete the
remai ning 15 mnutes of exercise wi thout significant

physi ol ogi cal strain. Al though this study cannot recomend
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a specific heart rate as an endpoint, expanded study could
probably establish a recovery heart rate which will indicate
an endpoi nt of heat tolerance for a sel ect popul ation.
Recovery heart rates are easy to determne. This study
used a jogger pulse nonitor purchased at a | ocal sports shop
for $65.00. This instrtinment easily allows the worker to
determine his owmn 5 MRHR. At a snall additional expense
(when conpared to the $3 500 encapsul ated suit telenetry

could be enployed to allow a site safety officer to nonitor

a nunber of hazardous materi al handl ers at once.

G Use of the Pennsylvania State University Heat Tol erance
Scr eeni ng Test

Wth one exception, the Pennsylvania State Screening
Test (3 8) was able to accurately rank order the test
sxi bjects as to their ability to tolerate exercise in heat
(Table 5). Subject Wwho had the highest Penn State score
(>99% was the nost tolerant of the exercises. Subject B
who scored relatively |ow on the Penn State Test, was the
| east heat tolerant of the six test subjects.

Subj ect M however, had the | owest Penn State score
(77%, yet tolerated the study exercises alnost as well as
Subj ect W \When questioned. Subject Mindicated that, on
the night prior to the Penn State Test, he had slept only 2
to 4 hours. Furthernore, imediately prior to the test M

had sunbat hed for an hour at the | ocal health cl ub. G ven

Siibject Ms obvious ability to tolerate heat on other days.
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t he anonmal ous test score suggests that the Penn State Test

may only predict heat tolerance for the time in which it is

gi ven. Lack of rest, illness, or prior exposure to heat
di m ni shes heat tol erance. Thus the val ue of the Penn State
Test lies in its ability to eval uate cardi ovascul ar fitness

and shoul d not be used exclusively to determ ne a worker's

potential to routinely tol erate heat stress.
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CONCL USI ONs

Thi s study indicates recovery heart rate shows the nost
prom se as an indicator of heat tol erance endpoints for work
i n encapsul ated, inperneabl e protective cl othing. Recovery
heart rates are easily neasured with i nexpensive equi pnment.
More study is required, however, before specific recovery
heart rates are identified as a conservative endpoint.

Measur enent of a worker's nean skin tenperature, heart
rate, and rectal tenperature serves as the best overall
i ndi cator of heat strain. Unfortunately, T_ and T , cannot
be determ ned practically in the field.

More studies of individuals clad in inperneable
protective clothing and working in sunlight are needed.
Apparently, these studi es have not been conducted because of
difficulty in controlling the environnent, as shown in this
report. In addition, a rigorous mathemati cal nodel of heat
exchange between an i ndi vidual and the encapsul ated suit
nm crocli mte, and between the mcroclinate and the
environnent is needed to understand the inpact of the

envi ronnment on the physiol ogical condition of the worker.
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Tabl e |

Estination of Energy Exp/%rr\g(iture from Al HA Ergonom'_c Quides (2) for Mderate

at a Hazardous WASte Site

Nunber
Energy Expenditure of minutes  Energy Expenditure
per M nute for Each During 40 M nutes
_ fKcal/mn)_ Task of work (Kcal)
Val king (2.5 nph) 6.9 20 138
W th 5% pound | oad
Standing with noderate
arm and trunk work 3.0-4.0 10 30- - 40
St andi ng 0.6 10 6
Basal rate for 1.0-1.5 40 40- - 60
7 0 Kg man
TOTAL 214- 244

or

321--366 Kcal / hr
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Table | A

Use of G voni- Gl d'?ﬂ F%‘B( }ycaﬂ/hr o oEnSeerl&(/: el gla ml mll Pace Requiring

V- L5 H (Mg7g)-e..) e

= wal ki ng speed, Kni hr
bv gxternal EQad 26.3 Kg for protective ensenble

M= rretabol|c rate Kcal / hr

Exanpl e: A 70 ﬁg subject should walk at a rate of
0 nph) to expend 350

Kcal
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Tabl e 11

Mean Skin Temperature (Tgj™) Increases with Inpexnneabl e C ot hing

Rect al
M nutes Tenp At Hear t
Requi red0 to Anbi ent Rat e at Exer ci se Sour ce
Reach 37°C TAjA Tsk Tenperat ure 37 C'Ask  Intensity Reference #
28 37. 4°C 33°C 82 at rest 22
8 37.6°C 33°C 125 wal ki ng
8 37.6°C 33°C 125 wal ki ng, 22
5 Kn1 hr
30 38. 1°C 24. 3°C 170 wal ki ng, 19
41% V02 max
36. (;II.°Cf 37.7°C 24. 3°C 118 wal ki ng 19
at en (0] !
30 ni nutes 21% V02 max
20 37.3 77°F - 180 60% of aer obic 20
capacity
20. 5 37.5 46°C 225w 27
(200 Kcal / hr)
31 37.7 35°C 225W 27

(200 Kcal / hr)
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Age
Wi ght (Kg)
Hei ght (cm

Ski n surface area

)

. 2
% exerci se | eve

Energy expenditure

(Kcal /_hr? for the
treadm | exer ci se

Percentil e score
for heat tol erance
test-*

DuBoi s net hod (40)

(
VaZa6m { M kel or sLhe

Table 111

Test Subject Characteristics

w T
25 27 29 31
79.0 84. 2 100. O 79. 0
182. 9 177.0 189. 2 177.0
2.01 2. 07 2.27 1.97
1290 1440 1205 1505
34. 6 37. 4 32 42. 9
380. 8 425. 1 355. 7 444. 3
- 87 - 87 >99 - 96

%/QZ/ihax Vg2 for the treadnmi |l exercise
Eennsyl vania State University Medical Scieening Test (38)

23

65.7

182. 9

1245

38. 6

367.5

-83

27

96. 5

177.0

1100

28. 7

324. 7

-77
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Anbi ent Tenperature (T )
d obe Tenperature (T)
Asspirated Wet Bul b

Nat ural Wet Bul b

Relative Hum dity

Wnd Velocity

VBGT

Tabl e IV

Environmental Conditions to VWhich Test Subjects Wre Exposed

21.5+0.5"C

21.5+0.5 C

16. 2+0. 25770

18. 3+0.5 C

55?

<80 nmMfmn
18. 3+0. 5°C

Condi ti on

21.5+0.5''C

21. 5+0.5 C

16. 2+0. 25°C

18. 3+0.5"C

55%

<80 M mn
18. 3+0. 5°C

28°C?t 0. 5°C
28.5°C+1.0°C
24.0+0.5°C

25+0. 570

70%

<80 mMmn
25. 9+0. 5°C

31.5+2 C

49°C+5°C

25.2+0.5 C

30+l °C

66+3%

80-400 m m n
34. 0+5°C
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Tabl e V

Heat Tol erance Rank Order of Test Subjects

Maxi mum Hear t

Subjects Rank Rate During Exercise

W 121 (Mn 40, Cond 4)
M 149 (Mn 40, Cond 4)
T 3 157 (M n 36, Cond 4)

166 (Mn 38, Cond 3
and M n 35, Cond 4)

163 (Mn 36, Cond 3)

Subject did not participate in Condition 4 exercise.

Max 5 M nute

Recovery
Heart Rate

90 (Cond 4)

115 (Cond 4)

123 (Cond 4)

118 (Cond 4)

128 (Cond 4)

141 (Cond 3)

Wei ght  of

Protecti ve
M ni num Ensenbl e as % of

'ARe' 'Sk difference Subj Body Veight

0.8 C (Cond 4) 26. 3
oC (COHd 4) 27.3
0.3'"C (Cond 4) 33.3
0.5°C (Cond 4) 31.2

0.1 C (Cond 4) 33.3
1.2 C (Cond 3) 40.0

Pennsylvania State University Heat Tolerance Medical Screening Test (38)

Conparati ve
Rank Order

for Medical

Screeni ng
Test

3 (tie)

3 (tie)
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i pper Encased in
Tefl on Cof f erdam

10 ML FEP
Vi sor

Exhaust Val ve
Pocket

| ce Pouch

d oves —

Cut er Boots Over

the Tefl on Soft

Booti es Attached
the Suit

Figure 1. Total Encapsulating Suit Design,
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TEMP. DEG C

"\ ecc

Condition 1

39

38 - rectal tenp.
37 4
362
35
34 4
33
32 Coveralls with SCBA
e (21 +/- 0.5 deg. G indoors)

30

skin tenp.

8 Loo% o w  u B 2 % 4
TI ME{ M NUTES)

Condition 3

391
38 rectal

35 skin tenp.
34-f

33

32 4.

31 (21 +/- 0.5 deg.C, indoors)

30

Ful'ly encapsul ated suit with SCBA

12 6 2 U8 R %4
TI ME( M NUTES)

FIGURE 1_

Condition 2

rectal tenp.

skin tenp, 0- -0-.
J3' —

Full'y encapsul ated suit with SCBA
(21 +/- 0.5 deg. G indoors)

12 16 20 24 28 32 36

2nME( M NUTES)

Condition 4
rectal tenp.

skin tenp.

Full'y encapsul ated suit with SCBA

(32 /- 1 deg. C outside, var. wind,
var. sunshine)

12 16 20 24 28
TI VE( M NUTES)

AVERAGE MEAN SKI N TEMPERATURE AND AVERAGE RECTAL TEMPERATURE
OVER THE COURSE OF THE 40 M NUTE EXERCI SE PERI OD

32 36

€

40


NEATPAGEINFO:id=8AAC066F-193E-4DFA-9FD2-49836A923B6D


MEAN HEART RATE FOR FI VE SUBJECTS OVER THE
COURSE OF THE 40 M NUTE EXERCI SE

ag-

ap-

rest period

16 20 2 32 36 40
TI ME( M NUTES)
*Rest period: Fromtine 20 to 25 ninutes

FI GURE?

Condl tion 1

Condition 2

Condition 3

Condition 4

hi
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