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ABSTRACT

f
R, S,

This study exammed whether an mcreaSed Respuratory Heat Exchange (RH?)

prevents excessive etevation of recta'l tem’perature during exerclse undqr heat-—i

3
stress. Eight male. subjects cycled twice at 45%-50% of thelr maxrmum workrate

until exhaustuonz in an ambient temperature and relative humidity of 38 °C and
90-95% respec:tively. in random order, they inspired either 'c‘oolvair_',(3v.6 _‘."'C")"‘-or
ambient air dijring several experiments on succeeding ¢ccasions.

© By breathing cool air during 23 minutes of a standard work task an. eight

fold increase in total RHE. was observed compared \'Nith'_sirnilar,exercis;e during_

hot air. inhalation (1.37. keal vs 11.44 kcal). Increasing total ‘RHE decreased the

core’ tevmperature‘significantly.,,,jp50.002), by O.S\\PC during 23 min of exercise.

>

Although the heart rate “during the initial stages of exercise in the hot .ambient

atmosphere was higher while breathing cool air than breathing hot air, during the
. £ LA
/ L .
latter stages of exercise the reverse was true when cool air inhalation produced &
ot i ‘ >

k - significant (p<0.05) decrease- in heart rate compared with hot air inhalation. Cool:

: N = .
air inspiration decreased the respiratory fequency significantly (p<0.004) during

exercise under ‘heat stress compared ‘with ‘breathing hot amblent gas Insignificant .

changes in oxygen 'consumption and fluid loss were found(—betWeen the two

(9

b

L

experimental conditions:
| The decreased core tecmper’aﬁre observed while breat’h'ing coel air_ IAddring
‘exercise is not entirely attributable to an increase in- RHE rate."and- further
research is needed to elaborate the underlymg mechanrsms THése data sh:w that
coo! air mha]atnon durrng exercrse in* hot- humrd amblent conditions diminishes the

elevation of core temperature and suggest that performance could be gnhanced.:
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I 1. NTRODUCTION =+ B

- "During exercise, heat generated th_rdugh metabolic actiVit;/ would . quickly

‘injure the athlete, if it were not dissipated. Dissipation ~of "human heat is
accomplished through conduction, convection,.radiation and "evaporation from the’

skin, (Holmah ‘19/76), ané by:/ conduction and evaporation in ihe respiratorya‘_ tract,

(Baltrop, 1954).

However during exercise, heat production exceeds heat loss and core temperature

—

rises indicating heat storage, (Nielsen;1969). -~ Y

, , A .
Pugh (1967) recorded body temperatures as high as 41.1°C in a marathon runner.

°

Elevation of normal body temperature has been associated with -decreased

"ph'.ysic | performance (Adams et al., 19,725); and can lead 'to: sickness and déath

o (Sohgjget ‘al., 1968).

.///?hqufggé, maximization of the heat diss_ipafing rﬁechan’i’sms by any meaps. could
in:\prae physical performance and protect subjects from heat L_exhaﬁ}stion iyand
ultimately stroke. T | |
Indeed there, is abundant research _évailaple on the effective mani Uiation of b&dy
temperature by ‘modifying ambient temperature or‘: wind ve ﬁ_vci‘ ","*i'nd ciné

precooling, and rehydration, (Bruci‘v; et al., 1980; Falls, 11969; Bruck. et ﬂ/ 1978;

Schmict and Bruck, 1981; Co;st:"ill, 1977). Pro‘ducing}tim{l heat lo§s from

. -
respiratory tract has not been fully explored.
Ay

The purpose of this study was to investigate “a method- .of preventing
exc‘essive'lelevation of body temperature during exercise in the heat by promo'_ting

increased respirafory heat loss thereby enhancing performance.
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11M1m£n&m§91m£imﬂ9_rzuet loss | .

-

~ Inspired air is .fuﬂx\ warmed by means of turbulent convection in: the

nasopharynx and reéchés the lungs ‘at a temperature of 37°C (Cole, 1953; Moritz

] _ ) ,
-and Weisiger, 1945; Ingelstedt, 1956). Recently, McFadden et al. (1985) thermally

mabpedhﬂthe human a‘frways and found that durihg quiet inhalation .of room airv,,
(276°C1)" temperat.ure ranged from 32.0°C in' the upper trachea to 35.5°C in ,thé' .
subsegmental bron'ch’i-: "l;hése data ceuébnstratgv that 'qyen tﬁe. periphery of thé
Iungsk is involved ini»thermal exchange. Other thén warming, ti\e upper- respiratory .

-

tract is. ablé to'humidify inspired air by evaporation from the mucosa (Walker.g_t’

al., 1961). Even _thbuf’gh this evapokrati‘ovn cools the mucosa, it does not serve to .

warm the incoming air, merely to saturate it fully.

During expiration, heat is returned from the warm expired air‘to the cooféd
mucosa.  Turbulent convect.‘ior'lA promotes a temperéture equilibrium between the
mucosa and the expired . air. As expired air is cooled, its cép‘aéity for holding L

waler vapor decreases. This ensures condensation of water vapor oh. the mucosa.

S e

Condensation performs a .dual function of rehydrating “and' rew\a}ming “epithelial -

tissue in the upper réspiratpry traEt. Latent'nheat is released tq_t_he respiratory
tract du‘riﬁg t}\e ;;rocess 'oflr é(ﬂindensatioﬁ;.(Seé'\I;?,ﬂSéO).

The. degree .of~humidity;"6f the ekpired-air is H‘ebafable. ‘McCu.tchan and Taylor
(1951&. ﬁchell (1977), and Ferrgs et al. (1986)‘claih that the humidity> of eXpi_red‘

©air is 'closely related to the humidity’ of the Lignsbired air but only moderately

affected by inspired air temperature, Recently, Ferr@s g; al. (1984) have
~ - ‘ \- -

ascertained that ‘re‘spirg{ory water loss depends to a large dégree on respiratory ’

and-environmental conditions. - S -

However, Webb (1955)‘ pointed out that _exbir'ed air is . always" saiﬁurated or

[}



supersaturated wrtfr ‘water vapor mwmmmmﬁ@ww

| 1979 Hoke et al., 1976) support the Iatter opnmon The controvarsy stams fronf

/
the difficulty of physically measurmg,the water content of expired gn, -sancq_

5

hygrometers ‘absorb heat which in turn affects the a_ir temperatdfé; -

Expired” air temperaturé .is considered to be a function of inspired air

_temperatu}e.» Accord?hg . to current findings the existihg rela(t»ionship between
.. sinspired air temperature and expired air ‘te*mperég_.nre may be summari’zgd in the
following predictive equati'on:; (B}aithwaite,1972)/ s *

Tex =24 + , o'?ZTin

'Where Tin = temperature of inspired air

i

T, = temperature of expired air

R .

Thus, an important feature of upper respiratory tract heat_’eXchan"gek' 'isv that
the colder the ins’pired air, the |argé|; is conductive heat Ioss. to it and'_ithe.
smaller is évaporative heat loss .frc«m ut . |
For exgrﬁ'ple, where a man works at stead‘y state, inspiring 100 |/min. -»of air at. 0
°C. and 50% Relative H'umidity,’the temper_ature of expired‘ is 24°C. This méans
that the subjec? loses 0.730 kcal'min-! via tespiratory conductive dissipation and
1.118 |‘<cal-min:l through evaporation occurring in ’,the respikatory system. The same |
individual working at the sarﬁe wérkrate where inspired air is 416°C and 50% RH.
'jwoﬁld have puimonary ventilation Iossés"from conduction and evapo-ratiicm' '
o,c;uring“ .in his respiratory tract of 0.836 kcal'min."! and 0.991 \kcal-m:ﬁ.‘*
re)spective’ly. In boih ca;es the ‘expiredf_air is considered io be f\uﬂ! saturated.
~The above illustration indicates that the colder inspired air>,bthe"~?gr‘eater is heat

energy conservation.in respiratory ‘tract heat exchange and the greater is overall

heat energy loss.



2. PREVIOUS RESEARCH ON COLD. AIR INHALATION

Py -
¢ R

The  ability: of ‘iho uppsr respiratory tract to regulate the~ haat and water

contant  of inspired  sir without tissue stfuhczien or damage is very impressive

and hes been demonstrated in 8 cold environment: -

~ L.

2:*"&._3.;_.2”1!,93.;32&&@1&2' : _ | . o

Desnite inspiration of air at an ambient. temperature as low as -100°C,
o e =

inspired a:;mﬁ:’t% the Iungév at- 37°C _“‘(,C,ote, 1954;"ingeis:ebdl', 1.956)/7Moritz gbd
Weisiger {1945} for. examplé\lﬁorted that & combat flier f‘lying with his facer
-exposed t‘O s Eso'm'ne per” hour .w‘indstream at mihus_ 30°C for two hours |
. recaived no iaryngof:chea injuries.’~ . ' ¢ o
- e ﬁf’%ﬁ - : -
2.2 Pylmonary function at rest ) ,

~—

No changes were obzerved in timed. vital ‘cnpacil’} ‘Q_r}"afxgpiratpry"’fr!g»gv rates
after inhaiation of cold ;ir in_ sitting }subjeczs'(nsieh 9’_{ ';a_g'.,"wes; Man&%/g‘_g’g.,
1365; Wells g_{ al.. 1960; Rd%\son. 1977;. O'Cain 'g{ pl., 1980} Add‘i!ion;liy,:a
inhalstion of cold air at rest. at -39°C for. 15 minutes di:i not produce any
significant change in FEV, (Forced Expiratory Volume-wac) anc; MMEFR {Maximum
Muis—gxpifaiﬁry Fiow Rate; Guleria 9‘3' al.. 1969), in contrast to ;hanges obzarved

in asghmatic persons. o ' - o \

»
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Identical conclusions could be drawn for exercise;"daeger et al. (1980)
showed that temperature in the lower . third of the esophagus is identical to

_rectat temperature and. unaffected by the level of respiratory heat exchahge

T

duAring exercise; their subjects were performmg ‘at BO% of therr predicted maxtmat
oxygen uptake and inspiring cold dry air, (-40 C) Furthermore Deal et f_ (1979)
aueged that there is -no obstructive response to. exercise with cold air msptratron
_(-12 C) in nor'mal SUbjBCtS, and Hartung et al. (1980) could demonstrate no
changes. in respiration rate dUe’to breathing cold arr/(—35 C)-durrng moderately
strenous exercise (65%~-75%). Another investigatqn showir\g no cold injury to the
'resrpiratory tract, was carried out by Faulkner g __b (1979) who examined cross

country skiers performmg vigorous (V =120 I'min.-}) endurance exercise (80km) in

temperatures as low as -28°C (-55 °C with Wind Chill factor).
2.4 Effects on body temperature

' McFadden et al (1985)\"‘found that ‘the tempere'ure in- the retrotracheal
esophagus drops remarkably during exercise and hyperventilation. ThIS chalienges
the utllrty of indirect techmques such as those of Jaeger: et al. (1980) who found

no changes in thermal stress in the mtrathoramc anrways Spitler et al. (1980)

found no ‘exercise induced change in rectal temperature using a cryogenic gas.

This was predictable since: : . Y

-~ -

a) the work protocol was a short Vo,max test.

Y -0 -

Thus rectal monitoring, a poor indicator of

temperature kinetics did not allow demonstration of



c) the inspired air was not cold enoughi
to induce reaction as a Helfium-Oxygen

mixture was inspired which differs in heat
. _ . . , .
"capacity, from a Nitrogen Oxygen mixture by

only 0.00015 kcall-**C-! and _ : i :

d) maximum Oxygen upt'gke during respiration - %
~ of .a less dense gas such as Helium -
is lower implying ‘a decreased heat load,

'(Saltin°and He(rfwanSen, 1966; Davies, 1979).

Similarly, Hartung et al. (1980), noted that rectal "temperature was not
affected by cold air breathing at (~30°C). Hartung’s experiments were performed
in a thermally neutral environment and were 10 minutes long.

-

However, a careful consideration of their results by the writer reveals a

a4

statistically significant (p<0.05), lower rectal temperature achieved while inspiring "

cold air. These investigators asserted that their calculations of body heat
exchange show’ that a fall in rectal temperature is unlikely in 10 minutes of
Al

. breathing extremely cold air .even during high ventilatory efvfort', Thus, the authors

‘conclude that these results probably represent chance error with respect to the

small number of subjects. This conclusion may be erroneous. Using the values

_ 3
which are provided by Hartung et al, respiratory heat loss is equal to 21.4 kcal

and B.23 kcal under cold' and ambient air inspiration. respectively, after 10 min of

cycling. Taking into consideration that the specific heat of the human body is

[

equal to 0.83‘kcal-’kg\-‘-°c-—‘,r 214 kcal of heat loss implies a 0.4°C th‘gntial

v

b) there was.no demorfstrable 'environn(;;fat stress L e



5
reduction in body core temperature. In comparison, 8.2 kcal of heat loss is

equivalent to a 0.1 °C potential reduction.

With respect to overali fﬁErmoreQulatony mechanisms and body heat production,

the former I(:%ses are interpreted by the present writer as a definite “0.3°C
(0.4-0.1) difference in coKe/ temperature between cold and ambient air inspiration

in agreement with the findings of Hartung et al, (1980)

in addition Lind (1955) compared two different: self contained breathing

apparatus in mine rescue oparation and found that when the temperature of

- ,.

inspired air was higher than the rectal temperature his subjects were thermally
. : o

stressed.

H



3. AIM OF THE STUDY - S o

.

In this study, an attempt has been made to clarify the effects of cold air

inhalation on exercise - induc;d increases in body core temperature. The

contribution :Qf water lésses through respiration to overall quy dehydration was

- also examfned. Experimg\rﬁs‘ were conducted- under heat stress in order to .

emphasize any ?eneficial effect of cold air breathing during exercise. in short, it

was Aassumed that cqld air inhalation may cause: ' “'

1. diminished rectal temperature elevatioﬁ, and heart —F;Te for standard endurance
‘exercise, and:. -

2. increased dehydration quring long term phys‘»cal ‘effort.

o

A4
o —



e

4.1 Protoeet

.

. The experiments were conducted on eight healthy males who wefe selected

at random from volunteers in the gge range of 24-29 yrs. Their anthropometric

characteristics are presented in Tabje 1. .

Each subject(\executed a ‘ram;i teét on a Uniwork Quintbn-eds‘électricany

braked ergometer to determine maximél oxygéh capacity (VO,max.; Tabie 1). . On

two other occasions all subjects cycled at 45%-50% of their maximum work rate

while: ' : ot
i
a) inhaling cool air (3.6°C)

. LN ) i .
b) inspiring room amwr,~th- a ra{ndom sequence.

. In all three experimental protocols, (VO,max, cool air ]nhalation, ambient

room air inhalation), the ambient temperature was maintained at 38°C and’

90%-95% relative humidity ensuring minimization of the contribution of sweat

—evaporation in the thermoregulatory process (Mitchell,1970). Submaximal tests were

considered to be completed upon manifestation of exhaustion of the subject§. For

P -

comparative purposes subjects were asked to perform on each. second occasion
for as long as they had lasted in the first.

After cessation of exercise subjects were allowed to recover in a thermo-neutral

environment while skin the rectal temperarure were monitored for 30 minutes.
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4.2 instrumestation ' : L

\{E
°

« All exXperiments took place in a,hof/cold chamber (Tenﬁey> Engineérihg New
Jersey) capable o’:fA 'simulating er{wiro’nmenfal .conditions over a wide range of
ten;nperature and humidity.’ Under cool air inhalation c':.ondit‘ion;subjects inspired
from a heat excv‘:ﬁan-ger,. a modification of trhe design 'reported by Guleria et al.
(1969), shown_in Efigures 1 and 2, Compressec.i atmospheric air was dri%/en through:‘

two ‘homocentric tubes which were‘

encircled. by coppen;:ﬁcoil filled with liguid
nitrogen. |
Heart rates were recorded with an electrocardiograph (model Fukuda Danish

FD-13). . —

. , - [

The volume ’of respired gas was measured 6n expiration by an HP 2107EB
pneumotach attached to an HP - 47304A flowl transducer, previously élslalibrated
using a -2667 qufins chain—clompensated' ga§ométer. Expired gas was directed to
a 9,5 litre. mixing box, from Which oxygen and Acarbon dioxide concehtrafib‘ns
‘were c;etermined- by S-3A Applied Electroch;mistry Oxygen and CD-3A Carb»on>3
Dioxide analyzers, respectively. The oxygén uptake “instruments w‘ere' located

outside the- Envifonmental chamber and were connected to the mouthpiece with
: ¢
3.5 m of tubing producing a system response time of 40 seconds. The oxygen

uptake system was calibrated twice before each test using prime gas.

A rectal thermistor probe (Yellow Springs instruments co.) was inserted

10cm past the external sphincter in the rectum. The thermistor was connected to

- —

a temperature coupler.

Skin- tempefatures measurement were obtained from four separate sites,
. N N - (/‘
(quadriceps, gastrocnemious, triceps, m. pectoralis), using T-type( thermocouples.

The end of each thermocouple was held on the skin with an adhesive Scholl

i1



Figure 1: A longitudinal section o‘f"the heat
exchanger allowing cold air inha=

lation to an exercising subject.
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Figure 2: A sectional view

allowing cold air

exercising subject.

of the heat exchanger

fespirajﬁon to an
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scorn plaster in such a, manner that ‘the thermosensitive tip was positioned in

‘ E % o N
the center hole in close contact with the skin.

L)

Inspired and expired air tefperatures were monitored by a “teflon insulated -

¢ L

miniature (.005inch) T-type' thermocouple with a time constant of 0.1 second”

me;sured ‘n air. A PM-8100 Philips recordér was: used to record respired air
temperatures. The respired air tem‘perature' record was also used to rgﬁord the
. respiratory ‘frequ'ency.»' Air humidity of the expired air was mea.sured-ibn thef
mixing box uéiné a TRH-CX Shinyei digital thermé—hygro‘meter.

Each variable was recorded by an HP3497A Daca acqursmon system Iinked
to an HP85 mlcrocomrfuter (HP3054 DL). Fluld losses were measured by weighing
" the subjects, nude, on an accurate weight scale (Accu-Weigh, Metro' Equipment

_Co., CA) prior to and immediately on termination of each experiment.

4.3 Anglyv‘s_is : - \ , - . v

Body Surface Area.

The equation originated by Jones et al. (1985) was used 'to estimate body

surface area.

Skin temperature,
Mean skin temperature was calculated from Ramanathan’s forr’nﬁ!a, (Ramanathan,
-‘1964). In some cases cailf skin' temperature was lost, due to technical
difficulties. In those cases a modmed value equivalent to 035(T +T h) + 0.30

T.. was used, where Tar';Tch and T re_present arm, chest and thlgh teperatures

th

respectively. The latter formula was derived using regression analysis of skin

-

tlemperature values measured at four sites in the prese[nt study. Moreover, Olesen

16 o
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(1984), Olesen )and',F*anQer (1973)‘poinfatf?out*¢haf“ fdur*‘rngﬂxpesurew%skhea%em—.%
. R * . Lo ) : S

skin temperature defived from the tempasrature of 2-3 skin sites is rre!ﬁl'e.

Respiratory heat exchange (RHE)
RHE was computed from the temperature and humidity of the .inspired and t‘he
expired air les‘pectively (Ap'pendix‘ 3), according to the foilowing' formina,

(American Thoracic Society, 1962; Gagge et al., 1969):

P

RHE = Vg H (T, = T +n By = Pyl x 6887 : (1)

E in

where,

RHE = Respiratory heat exchange in Watts

\-/E = Minute vgntilatioh in .I-min-"

H, = Heat capacity of air in kcal1-+°C-1

T,, = Inspired air temperature m °c .
Tex = E}(pired ;ir ’t'bemper'att.:re‘in °Cc

A = Latent heat of vaporization of water, 0.58 kcal'g"!

Pwi = Water content of inspired air, g H,O'If\“ n
Pye .= Water content of expire‘d,jair‘,.‘. gj‘H,O:‘!?l
69.8 = conversion factor of kcal'min-! to Watts e

Heat capacity is defined as the product of specific heat (c¢) .and apnsity‘ (p)-

Specific heat was considered to be 'equal to 0.24-10° kcal-g"-°Cv" -and

———

insignificantly‘ affected by temperature. In contrast VE and p must be’ expressed -

at the same temperature. Relative Humidity of expifed air at the mouth was

calc\ulated’raccording to the RH of expired air in the mixing box and the

corresponding temperature of. the air in trLe mixing box and at the mouth

reépectively. The - water content of inspired (Pwi), expiréd air (Pwe ) and p of

Vs
17
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expired mir in gi'' were caiculated from tables reported by WeaBraf1976). -

e

Body hast storage, (5) .

[}

S was. computed from: (Flyn g1 al . 1874) 7

-

. 8=M %+ RHE * C %+ R - E o @)
P '
W
whaete, ’ S = Body heat storage in Watts Y
M = Metbolic heat production in Watts
‘RHE .= Respiratory heat 5055/9?’:%\“% ‘Watts
N C = Convective heat loss/gsin in Watts
R = Hest loss/gain via rad_iation in Watts } e ‘
E = Evabokagve heat loss in Watts
. tooe . & .
Metabolic heast production, (M) : ' o

M was calculated from .the rela:io’nship. betweegfg.;c;;ygen consumption and
caiories yigided. One liter of oxygen was equiv;lan( to 5 kcal of & Respirafmy
Quotient (R) equal to 1. Mechanical efficiency of cycling was‘ considereid to be
25% (Fanger, 1972}
Cohvocﬁon..

s

Convective heat !oss was caiculated from Kerslake, (1272): \

C=h_ x BSA x (T_-T) ‘ @)

c = Convective heat loss, Watts

h, = convective heat transfer coefficient, wW-m-.°C-

18
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BSA = bod‘y:'" surface aféi, m? - . ‘ ;
T, = ambient temperat‘u_re, °c . ' o . 7
T, gmein skin temperature, °c | . | -'
'The heat transfer coefficient was estimated to be 7.2 W-m'*°C! by
extrapoiating Nishi -and Gagge's (1970)7 ‘experimentally‘, défined r;eat trqnsfer‘
1coef~fi.cient under_ slightly different experimenta/l conditions. Onily 0.8 gf‘the t‘otél
surface area was sccounted for in the ﬁonvegtive exchange as Filyn et al (1974)

- have reported that only 80% of the total body surface area contributes to

convective heat exchange, (termed effective BSA for convective heat Iosé). .

Radiation, (R).

Radiative heat loss was calculatéd from Kersiake, (1972), Fanger, (1972)

&

R=e x o x (T'.-MRT%) x f_ x BSA | S @)

o
n

Radiative ‘heat loss, Watts

LY
L

Emissivity of the skin, dimensionless

| o = Stephaﬁ-Boifzmann constant, W-m-*°C-*

- T, = Skinv body temperéture, °c,

MRT = Mean radiant tempefatt.fre.bc. B
fc = cdnf;guration factor; dimensipnless E &

,:BSA = Body serface area, m? ‘ - ;

4

Hardy (1939), Mitchell (1970), and nganger (1972) proposed that skin
emissivity and configuration factor ' approximate a value of 1 .and 0.7

respectively, Hodgman (1965) found the constant, 'a, has the value 5.67x10—'". The

+
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mean radiant temperature - was assumed essentially “equal "’Toﬁ'heimﬁimti' =

temperature (Flyn et al,, 1974). - | S .

Evaporation, (E). ' . . /‘(

Heat loss from sweat evaporation was calculated from: ™

Iy

<

E=hDi¢S(Cs-ca)n; BSA X 69.8 - (5) | B
where E = Evaporative heat loss, Watts \
| hD = mass transfer coefficier;t, mmin,-! ‘
. ¢s = relative r;umidity of skin, (dimensionless).\
C, = water vapour concentration, g-m_ -3
Ca ‘= ambient water vapourr concentration, g-m-? . -
A = latent heat of vapourization, 0.58 kcal-g-! QV\‘
BdS‘A"= body surface area, m?
69.8 = conversion factor of kcal'min-! to. Watts.

The .mass transfer coefficient analogous to the coﬁvective heat tranéfen:
coeffi;ignt (hE' ) was edual to 0.377 according to the equation brobosed by -
——Kersiake (1972): | |
| * hD=hc-(pc)'1 (by approximétion) (6)’ .
where p and c represent the density and specific heat of air respectivejy and

R . _

are equal to 1.13 I:gﬁﬁf’ and 0.242 kcalkg-»°C-! The convective heat Eransfer

coeffic'ient was assqmedﬂ to ‘be "ON032 kcal'min-*m-*°C-!, (Rapp 1970). T_he Q;Lelativév

humidity b’f"‘thenrski'n - was computgd after tg_king into account .:tha‘t( skin

wettedness, even at, 100% RH, is only 75%, (M;tcﬁéll J, 1977). .The rgkgtionship

betwéen reiative skin humidity (¢s) and wettedness (W) is given by; - M
¢os=W+(1-wpaps  ° (7)

where ps indicates the saturated water vapor pressure at skin temperature and pa

20



the ambient wats. vapour pressure. L - S —

Body heat storage (S)

S was calculated from Kakitsuba and Mekjavic (1986): 

= 084 x BW x (X x AT+ Y x AT) « 698 ®)

- , ,

where S= body heat storage, Watts ‘ S
- 038 + 025 x a5 + 0.38 x a

Y= 0.38 - 0.25 x a® + 0.13 x a.

a= 1 - fraction of adiposity

0.84= revised” specific- heat of tissue, kty:al-kg"'°C‘1

BW=-: body mass, kg

BSA = Body Surface Area, m?
T = raectal temperature, °C.
T = skin temperature, °C.

* 69.8= conversion factor of kcal-min-! to Watts

Average body temperature (Tb).

Two methods were used to calculate the average body temperature.

a) Calorific:

Heat calculated from oxygen uptake"fﬁeasurements, was divided by the heat

capacity (C) of tissue, (thé”,_; pro:duct' o»f specific _heat, c, of the tissue and the

\E;j:ody mass, Table 1). The mean specificvhgat of tissue was computed by

f‘r-;cgioning ;he total body fng;ss into different tiséues and then summing the

pro?p&t of the ‘individual comppsitiog ‘mass ahd— the appropriate specific heat
y ,

thermal characteristic, (Mitchell et al., 1945; Kak;tsuba and Mekjavic, 1986).The

fractionation of body mass was -based. on a* model Vdeveloped by Drinkwater,

(1984)

21



b) Thermic: ,
This »method relies on measurements made of the skin ahd ‘core témperatuireh
. (Burton, 1935). The coefficients were determined to. be 0.5 each .since 50%54%
of total body. mas;s and volume is distributed at the pe'?;phéry; .of the body and -
that average body teﬁrﬁberatur'e is‘logically related mrorve to skin temperature when

K

skin temperature is higher than to core temperature, (Hardy and DuBois 1937).

Statistics.

Data were analysed using Analysis of_'Variance with Repeated fneaéures; variation
in body weight under ‘dif‘ferent/ exper/irﬁental conditions was tested b'yb a matched
t-test, (BMDP, 1981).

The nuil hypothesis (H,) that there was no difference iﬁ any’ physiological
parameter due td cool or warm inhalant gas breathing during exércise was.set‘at
aSO.OVS ~confidence level. Missing values of variables were estimated by
regressing those variables on up to two -variables selected by étepwise i't'erative

vegression, serially measured close to the missing velue, (BMDP, 1981).

22



5. RESULTS - i : | . —

Raw and - derived data are presented in "Appendix, 1. Table 2 shows thé
meéh values and standard‘deviation of rectal temperatZre,ski‘n temperature, heart
rate, and ambhient temperature durihg a time period of 19 minutes which
represents the minimum common endurance of: all thé subjects during exercise.

Figure 2 illustrates data which are presented in table 2. Figures 3, 4, 5, and 6

depitt” individual data for rectal, skin and ambient témperature and heart rate of

all the sit‘)jfcts.
\

Heart rate (HR) , Vs

¢
>

Heart rate data for. two subjects (P.J, G.D) were not recorded due to
technical difficulties. Gr.oup m.ean heart rate was not significantly differént;
(p <0.34), between experimental ._éonditions. However, as it may be seen, (table 2,
Fig._2), the final heart rate for hot inhalation is higher compared to the cooln
one. Indeed, statistical analysis ox the/ last two minutes of exercise revealed a

significant difference of p<0.05 (onesided).
Ambient temperature.

There was no statistically significant difference between the group mean
temperature of@,5 the 5urr§unding ambient = conditions under the different
experimental conditions of breathing hot, (meaﬁ 383 £ Q.19), and cool_air, (mean
37.9 1£0.24). However, there is a iarge variance in ambient temperatu'ré between

hot and cool inhalation in two of the subjects, (L.B., T.L.).

23
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Skin temperature. - . . -

Skin temperature is statisticall’yﬁ insignificant different and 5Imos;t identical
und;ar .both experimental conditions e>’<ce°pt: in subjects L.B. and D.V., (37.97 :t1.4"7
'v’s 3782 £1.30) The time course: of mean change in skin température is
characterized by an initial dramatic increase during the first fiv‘e minutes
followed by a' slow rise wh‘ich leads finall% to a skin temperatures Bi_g'her than

R 4

the hot ambient temperature.
Rectal temp;;ature.

All subjects’ rectal temperature cdnsténtly iﬁcreased -during exercise under’
both exberimental conditions. The rate of increase during the first six minutés of -
exercise was small becoming graduyally greater as exerc.ise duration increased.
Rectal temperaturé increased during hot air inhalation in a éxponential fashion
after the fifteenth. mihute of exercise. Onw the ;:ohtrary, the onset ' of rec‘tal'
temperature increa'se during cool air respiration was delayéd and the rate of its
incremaat was reduced below that occuring aIJring.hot air inhalation. Rectal
termperature while- breathing coél air isfsignificantly lower (p<0.002) than under
hot air inhalétion <;.|uring the entire exercise period.

M;Resp_iratory frequénéy.

Table 3 and figure 8 show changes in respiratory frequency caused by hot
and cool air 'inhalation. Cool air inhalation induced feduction of the respiratory
frequency in all the subjects except G.D. . Subject A.L. attained a maximum
difference of _10Acyclesm_in'l between hot and coz air inhalation treat;'nent. Table
3‘ shows that breathif;g cool air progressively decreases méafn irespibr»;a»tory
frequency during exercise' in hot—humid‘ ambient conditions below that roccurr‘inﬂg

while breathing hot air. Thé range of differences in respiratory frequency

24



between hot. and cool inhalation varies from .2 cycles'min-! during the first.

minute to almost 5 cycles'min-! during the last minute of the exercise period,

&9.5 +5.2 vs 347 +4.3) Analysis of variance during the time course showed

significant- differences between the two eiperimental conditions at p<0.004.

Respiratory Heat Exchange.

Changes in the ‘Respirat'or,y( Heat” Exchange, pulmonary vventi-iation. _and

tempefature of inspired and expired air under hot and cool inhalation treatments

~are shown in table 4 for eight subjects. During cool air breathing the’re was an

eight fold greater heat loss through the respiratory system than under similar
exercise breathing hot air. It seems that the respiratory 'syst«em sometim.és
possesses an exceptional ability to dissipate heat even in a hot humid
9 : *

environment as may be observed in the special cases of subjects N.A, T.L, AL.,

and D.V.
Body Weight.

Loss of body weight due to exercising in a hot humid environment was not

significantly greater (p<0.08) while breathing cool air, (1.33kg), compared with’

- weight loss breathing hot ambient air (1kg, ‘table 6). However this difference

should be carefully interpreted because the distribution of weight changes

throughout the various conditions was not normal. Subject D.V.’s' weight loss was

exceptionally great during cool air inhalation. Thus a nor-parametric test (sign

test) was used to test the difference. This resulted in an similar non significant

difference (bS0.0B) between the two conditions.
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‘Mean body temperature anj) body heat storage.

N

Mean body temperature and body heat storage were calculated "both directly
and indirectly im an attempt to reconcile existing ‘predi‘ction equations  with

1

prasent -data. Appendix 2 shows such calculations for subject N.A. As table 5
. %%

shows there is close agrreement‘ in predictedbvalues between 'the calorific?\ méthéd.
\qsed here "and the‘ Hardy DuBois equation, (2.67°C vs: 2.61°C during Bot air
inhalation and 2.28;’C VS 2.20.°C under cool air inhalant conditioh). The Kékitsuba
and Mekjavic equation shows a large overestimaﬁtion of body iheat storage during
hot inspiration ‘(+15.25kcal) and an«insignificant underestimation of body heat
storage under coél inspiration 0‘(-.6.16kcal.) compared with the presenf calorific
method. The contribution of each dissfpéting mechanism in body hea't'storagev
calculations is shown in ta‘ble»é for six e;ércising subjects‘ working under heat
stress and breathihg cool! -anﬁd ambient .air. | |

Oxygen uptake. : - \

'Lhe values of oxygen uptake vgzhich are showed in table 5 for six subjects
are representative of the twelfth minute of exercise. Individual measures of VO2

at specific time points were compared rather than serial measurements because

in some expeq\ments there was free flow of respired air towards the end of
exercise due to ‘freezing of the breathing valve flaps. O)iYgen uptake was

insignificantly (p<0.10) lower (1.9 +0.33 I'min-!) while breathing cool air than

during breathing hot air (2.08 +0.25 I'min-!).

26
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Rectal temperature during recovery. -

Re;';'tal temperagre changes during recovery ’ are shown in Appendix. 1.
Figures >9 and 10 d.epic_ts‘these results ‘pooled in two arbitrary groups for all

subjects, depending on the severeness of the,change. Rectal temperature during

recovery continued to increase even when the heat stress and exercise stimulus -
were removed. The rise ranged from 0.1° to 5.2° C with a mean group value

of 1.8 °C. In seven cases the final rectal temperature reached 40° C. These

results remain -unexplained.
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Fig. 3: .C.:hanges’ (mean +S.D.), in rectal
temperature, skin temperature, l
and heart -rate during cycle

l'ergomegfy (45%-50% \'IO,max)

induced:by cool inhalant gas or

‘ambient gas breathing under" hot

1

ambient condition (38 °C - 95 %RH).

29




Heart rate (B-min“)

- Legend
® HOT INHAL
o COOL INHAL

. T
1 4 7 10 13 16 19
Time (minutes)

30



Fig 4: Time course of ihdividual changes iﬁr}ectal ;
\ temperature, sk'rh temperature, and - heart rate
’ S
during- submaximal (45%-50%\:/0,) exercise during
inhalation ‘of~ hot and cool air in the subjects NA.
(top)/and ‘N.G (bottom). Ambient temperature
and Relative Humidity for N.A were,’37.6 °C
under hot inhalation® and 37.2 °C.~ 95% under
cool inhalation respectively. For N.G., they
were 38.9 ° C. - 95% and 38.1 ° -

95% respectively.
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Fig 5: Time éourse o‘f.individual changes in rectal
tempefat.ure. skin tembe?ature, and heart rate
during submaximal (745v%-50%\./02max) exercise -
duringlinhalation o‘f, hot and cool air in the |
subjects G.D. (top) and:L.B. (bottom). Ambient
temperature and Relative Humidity for G.D
were 39.8 ° - 95% under hot inhalation and
39.6° C. - 95% under ';ool inhalationArespe;.ti‘veely.
For L.B., they were 40.9° C. - 95% and

o 3i7° C.- 95% respectively. Subject’s G.D. -

heart rate was lost.
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F'g 6: Time course of ;ndivi'dual changes in rectal
temper;ture, skin temperature, and heart rate»

~ , during submaximarb (45%-50%\'10,max) ex‘ercise .
during inhalation of hot and cool air in the
§ubjects P.J (top) and T.L;, (bo‘tto::).
Ambient temperature and Relative Humidity
for P.J. were 38.4° C. - 95% under hot
_inhalation and 38.3 °C - 95% under cool
respectively. For T.&., they were 37.3 °C
— - - 95% and. 40.5° C. - 95% respectively.

Subject’s P.J heart rate was not recorded.

W
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‘Fig 7: Time course of individual changes in rectahi#
temperature, skin temperature, and heart rate
during submaximal (45%—50%V0,max) exercise
t,dtiring inhalation of hot and cool air in
the‘;subjects AL (top) and D.V., (bottom).
Ambient temperature and Relative Humidify
for AL were 37.4° - 95% under hot
inhalation and 36.9° C. - 95%mnder
cool inhalation respectively. For D.V., tHey

“were 36.0° C. - 95% and 35.2 °C. - 95%

respectively. S
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Fig 8: The ‘tlmre course. of individual ‘dlfferences”in
" Respiratory frequency durinQ submaximal
| exercise (45%-50% \'Iozmax) induced by
inhalation of 'hc‘>t and cool respired air
“in six subjects, NA. N.G. TL. GD.
L.B., AL., (from the top to the bottom). Thé
‘ins‘ert shows’changes in group mean values

during the same period.
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Fig. 9: Enhanced changes of rectal temperature during -
| thirty minutes of 'recover§ on six occasions
in thermally stresséd subjeé.ts at rest after
ceasing exercise while surrounded by‘ neutral
environment. Thé inset figure at lthe right
shows an enlargement of the lowest line of the

main figure. .
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Fig. 10:. Diminis;hed chaﬁges of rectal ‘temperature‘
during thirty minufes of recovery on six ocgasions
in thermglly étreésed subjects at rest after qéa;lng
exercise surrounded by a thermally netjtral

Y

environment
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6. DISCUSSION

6.1 Rectal temperature ) ' i

~

The present study supports the hypothesis that. cool air ihhélation under héat
stress reduces the rectal tempe?atur? and this“-is in agreemeht ~with  Lind’s
findings. (1955/) The 7rhnean— group value of rectal-temprerature was signific;ntly

/,ciiminis;éd_ by cool air respiration under hot humid ambien’t coﬁditions. Th_e r-ebfal
température difference bef_ween hot and cool gas inhalation was s'igbnificz'antA
(p £0.002), ‘from the fourth minute of exercise onwards and '\;vas ‘greatest (+0.4
°C) during the ‘last minute of the v\;ork task (Fig.1). Subject T.L., Fig. 7, ‘attaine‘d
a final rectal temperature difference of 0.1 °C. breathing coo! gas .even though
the ramb'ient temperature under h‘ot inhalation was 3.2 °C. higher than under cool!
inhalation. Curiously during cool. inhalation this subject’s rectal temperature
showed an’ ipitial decrease of -0.1 °C. This decrease‘is supported by‘ previous
research, (Aikas et al, 1962; Balfer and Chapman, 1977) and has been attributed ‘to
anA acute heat E_Edistribﬁtion from the core to thet periphery. Probably for similar
- reasons the rectai temperature remained at a plateau for the first 2-7 minutes of
exercise in all the subjects.v Exercise induced diversion of blood flow from the
viscera couplied with the facts that the structures of the pellvis have a"great hAeat,
capacity, -are efficiently insulated and have reiatively poor circulation could
explain such delays. Murray-Smith, et al. (1984) criticized the - use of rgctal

temperature during steady-state exercise as an indicator of change in core

temperature since conductance is ‘not homogenous throughout human tissue.
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6.2 Respiratory Heat Exchange (RHE)

+

- The réspiratory system does not piay & promihant role in overall heat

' exchange in" humans. Its minor role is indicated by the fact that a RHE mediated

heat gain is almost impossible even in hot environments. This is shown in table

‘4, for Subjects N.A, T.L., AL., D.V.,, where core temperature rose above ambient

temperature during ste.ady state work elevating expired air temperature ar}d%
initiating a heat loés. in the present study, duringAcooI air inhalation the expiréd
air was oniy around 50% saturated thus con§erving th_ermal energy. This. finding is
in agreement with the work of Ferrus et al. (1984).and suggests that a number
of studies which assume that the expirea .air is fully saturated even during cold
air inspiration, (Deal et al, 1979; Hoke et al, 1~976) should be reinterpfetgd more
carefully, Thé ability of the respiratory system fo protect itself from excessive
heat gain or loss ‘complies with the principle of regulated morphogénesis whereby
the kformation of structural elements of the body is regulated to satisfy, but not
to exceed, the requirements of the qucEional system (symmlo/rphosis), Taylor and

Weibel (1987).

Although RHE during cool air inhalation evokefi an 8 fold increase in heat

loss, the decrease of rectal temperature under these conditions is not totally

“attributable to these losses. The average 10.1 ,k?:al difference in RHE between hot

‘and cool inhalation is o-nly equivalant to a 0.165 °C rectal reduction breathing

cool air compared with the actual temperature of 0.36 °C during the periqd:of

exposure as shown in table b5.
‘ \
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6.3 Oxygen consumption and Respiratory fregquency - S

Table 5 shows that oxygen uptake .was slightly, but insignificantly (p<0.10),
decreased, (-0.170 I'min-!) during coo! air inhalation. Some speculation on this

may'bg appropriate since only a 100 M\“ decrease in oxygen uptake is

needed to explain the discrepancy observed between respiratory heat loss and

rectal ' temperature difference between cool and hot air respiration. Such a smalil
~ N . LN

decréase in oxygen uptake however might imply a remarkabi thermogenic
reduction. Specifically, the equivalent core temperature decrease of this oxygen

uptake decrement is 0.2-2 °C for the period of exposure.
rl

-

It _is known that ambient temperaturés above the thermoneutral zone exert a
definite thermogenic effect in mammals at rest, (Fellows et al, 1984; Jo‘hnson
and Elizondo, 1974).  An upward oxygen uptake "drift” during prolonged exercise at

a constant workrate has also been noted at norm& temperatures by Saltin and

Stenberg (1964) and under heat stress by MacDougall et al. (1975) and Rowell et

t al. (1949) showed that oxygen requirements for a

al. (1969). Furthermore, Happ
given amount of work may be reduced uy-applying abdom.inal cold packs during
exercise. It is possible that the ‘decreased stress and metabolic heat production
observed in the present study under cool inhalant gas breathing courld have been
caused by reduced respiratory muscle work as evidenced by the——gighific-ajvtly\
lower respirafory frequency, durihg cool gas breathing (PSb,004) shown in Table

3 and figure 9, as.Kruk et al. (1985) also found.

See (1983) and See (1976) also demonstrated the ability of a non-sbecihc

hypothalamic site responsible for temperature regulation to deliver sufficient input

to the respiratory rhythm generator in the absence of all chemical afferent

stimuli. Moreover, Philips and Jennings (1973) induced panting in conscious dogs
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by increasing ambient temperature or directly by increasing the temperaiure of

the an,terior hypothalamus. Almost identical results were also recently reported by

‘Kaminski et al. (1985) in ponies which thermally are a similar species to t_he

human. These authors found that respiratory frequency was about 300% above

A

~normal in response to elevation in ambient temperature.

Jennings et al. (1973) pointed out that oxygen uptake is diminished at a -

"lower tidal volume in resting awake dogs. Moreover Hales and Dampney (1975)

showed that in exercising dogs only 0.8% of the cardiac c‘mtpﬁt perfused the leg
skin whereas that goiné to the nasobucﬁal area and to respiratory muscles was
3% and 17% of the totél respectively. Additionally in hypeventilating dogs, Baile
t al,, 1985 found that airway blood flow could approach thé value of of the

whole circulatory volume.

)

in humans, an increase in core temperature is accompanied by an increase
in minute ventilation, Hanson (1974), Walker et al. (1961), and Cotes (1955). In
resting man passive elevation of /pc}dy core temperature leads to rapid, shallow
breathing; (Peterson and Vejby-Christensen, 1977; Hey -et al, 1966)
During prolonged exercise, at a const;nt pulmonary ventilation, respiratory
frequency increased as core temperature increased (Martin 9—t., al. 1979). Moreover,
Totel (1974) during examination of tﬁe phys‘:i.olcz_gic-al response to heat of a
sweating-imb‘aired resting man, found that body temperature and banting were

IiAnearly correlated. Oxygen uptake was also remarkably increased.

At rest about 2% of the oxygen uptake is required for respiratory V\;ork. During

‘hard exercise, however, 20% of the oxygen uptake is directed for respiratory °

work, Shepard (1966), and Schmidt and Thews (1883). Some researchers have
reported that oxygen consumption of the respiratory muscles is so high during

exercise that it reduces the efficency of the work by some 7%-10%, (Whittow
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and Findiay, 1968; ‘Campbell et al., 1959; Fritts et all., 1959; McKerrow and Otis

1956). Conserguremrlfy, panting may, under some/g;,cumstances. contribute to the
- enhancment of heat stress in man, (Totel 1974). In summary, therefore, cool air
inhalation: may indirectly affect oxygen uptake by 'reducingA hypothalamic,

temperature which, in turn, inhibits input to respiratory centers and produces a

decreased respiratory rate,

It shc;uld. be emphasized that this proposed schema is relatively simplistic.
Body cooling is associated with a lower lactacidemia (Kruk et al., l1985), and an
attenuate:i tachypnoea and hyperpnoea which all affect chemical contrql of ~
resﬁratioh.llnteraction between chemical and thermal driv'es to respiration during
heat .stre’ss has been thoroughly reviewed by See (1984), Leigh (1984),

Strange-~Petersen and Vejby-Christensen (1977), and. Jackson (1971). The

thermoregulatory and chemical drive to ventilation thus may be said to compete
for the use of the respiratory system according to the urgency of their specific

requirments. Experimental findings show:

1. Hypercapnia and hypoxia inhibit thermal panting while hypocapnia enhances
panting.

2. Chemosensory afferents do not completely override a hypothalamic drive on

respiration under, heat stress.

A recent report complicating the mechanism of respiratory control proposed
above, has demonstrated a 'bradypnea induced by cooling the blood in the-

pulmonary arteries causing speculation on the existence of localized tone

~

receptors being susceptible to temperature changes, (Ledsome et al,, 19'85).‘
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6.4 Individual differences in respiratory freguency

The Vsirhilarity of variations in respiratory freduéncy in all' subjects du;'ing
"work in_ hot, humid ambient conditions breathing either hot or cool air shows
that the stimulus causing the respirat@ response is identical but of different
intensity, (see for example subjects L.Bii T.L., Fig. 9). |
In subjects N.G., T.L., and “Al. \eSpiratory -frequency remained unéhanged during
the ‘first 5-10 minutes. Such :a Iag:t'in'the onset of any divergence in the time
course of resp‘iréiory frequency between the hot and cool inhalant gas breathing.
conditions may be due to hypothalamic delay in appreciating temperature changes
.occuring in the rectum, .Baker (1982). Moreover, Nakayama et al. (1963) pointed
out that:hypothalamib heating produces an increased neural excitatory frequency in
the preoptic region which is not followed by an immediate change in respiratory
rate. Subject G.D. presentéd a puzzling 1;eature because his b.r-eathing. rate was
ah"\:\ost' identical under- both experimental btreatments although his core. temperature
Lmderwent a sharp reduction during cool air inhalation. Finch and }Roberts’ﬁéw
(1979) and Baker, (1984) reported that excess dehydration may reduce w;}er loss
from sweating but increase the rate §f panting, in order to keep the ,brain cdol
despite a concominant core temperature rise. In the present study, cool air
inhalation resulted in greater fluid losses in all the subjects. However, G.D. was
not exceptionally dehydrated. Thus, ~the latter results f;re either . due to
experimental error or temperature is ngt the single factorw.determining respiratory
behaviour under heat stress. In fact, Iscoe et al.. (1983) and Jennings\gg al.

(1973) foumat not all the dogs acutely exposed to heat stress will change

from a non-panting to a panting respiratory pattern.
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6.5 Heart rate

-
in no instance did any subject rqach a steady-state in heart rate under
either method of working desb’ite the submaximal nature of the work task, (Fig.

4-8). Pooling of a large portion of the blood fiow in the skin tissue necessary

for heat dissipation combined with a large hyperaemia of the exercising muscles

probably induced a decreased stroke volume. Thus, heart rate continued rising in
order to comperisate for thi?
et

output constan't'(MacDougaII 1974; Rowell et al.,, 1966). The final group

ﬁoke volume decrement and maintain cardiac
l.

mean - heart rate .attained under ~cool air inhalation was significaﬁtly lower,

(p<0.05), than under "hot air inhalation. it reached a maximum slope of 225 bgat
‘min-*°C-!, An increased body temApe1raturevdecreases'the duration of heart action

potentials pontentially introducing a rise in heart rate, Schmidt and Thews (1983).

. . | ) ' S
However, changes in body temperature. seem to have an even more drastic effect
3

on the heart rate after complete autonomic blockade, (intrinsic heart rate). Jose

t al. (1970) found a direct linear relationship between the intrinsic heart rate

and the mixed venous blood temperature over the range from 35 °C to 40 °C'.;

during exertise {(gradient 7.1 beat-min'l-"C‘l). It has also been reported that a ris_,e
in temperature ’elevates atrial pacemakers 'activity and weakens thé contraction of .
the heart muscle (Blinks and Koch—Weser‘, 1963). The reduced rise in final heart
rate during caol air inépiration could also be attributed to diminished pulmona;y

I~

ventilation. When an increase in puimonary ventilation is pronounced, heart rate

usually accelerates (Berne and Levy, 1981).

During whoie body cooling the heart.rate response is exactly the oppf)site.
it has been well established that hypothermja suppresses the ~ positive-

chronotropia of catecholamines on the heart and enhances contractility (Chiba et
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2l., 1976; Nayler and Wright, 1963). On the contrary, in the present study, heart

rate was higher dUring the first 4-10 minutes of cool air inhalation than during
the same period under hot air inspifation: It is likely however, that breathing- = ——
cool air contribu‘ted to concomitant enhancement of heart ra;e and contractility of
the myocardium. Aikas ~§_§ al. (1962) found an initial decrease of esophageal
temperature below 37 °C at the onset of exercise in hot environment, breathing
ambieﬁt air. In the current investigation, esoph“ageal _,ltemperature may have been
d?astica!ly decrevased at thé onset of exercise by the additive effect ofﬂ cool a_i-r
inhalatibn. Thus, it may be suspected that coronary arteriole constriction and/or
changes in--collateral blood flow distribution occur. This may lead to a transient

myocardium hypoxia: which according to Jose and Stitt (1967) resuits in iAncreases

of both the intrinsic heart rate and myoc‘a‘rdial, contractility.

6.6 Losses of Body Fluids

As’ shown in table 4, subjects lost a remarkable amount of fluid during 23
minutes‘ of exercise. These Josses occurred through swéat gland activit‘y and
respiratory evaporation. Evaporation via sweating was almost impossible‘ dpe» to
high, (95%), surrounding ambient humidity. Thus éWeat’ glands were not effective

in temperature regulation.

-

=
The maximum amount of water which may be lost via respiration ‘in a
favorable- dry environment fluctuates about the value of 5 g:min-!, (Fanger 1972).
Thus, weight reduction mainly occurred through dﬁféc‘t water loss from sweat. In
:the preéenmt study, only a total of 6.4 g of water was lost through respiration
during cool air inhatation. The former value is not in agreement with the

prediction equation given by Mitchell et al. (1972) However, their work did not .
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encompass ' any cool air breathing, during which conservation of heat becomes

profound and they also did not take into accoynt the respiratory'-frequency vy,!lich

varies inversely with water- loss, (Ferrus et-al. 1984).

‘During cool air inhalation 300 grams mofe water were lost which is not easy to -

explain, especially since only 1.15 grams could be—ldi‘rectly attributed to enhanced:

respiratory ' loss, and. the core temperature was reduced. Sato (1973) and Terada

" \.,.- . e : .
(1966) pointed out that adrenergic input increases total sweat output. It is

_possiblé that the excess water loss during cool air inhalation is caused Iby an

elevated amount of norepinephrine, (unpresented data). The proposed etiology
would' parallel Ladell’s (1964) conclusion  that tempefate-climat'e man readapts in

tropical conditions qby induction of "a highly reactive endocrine system initially

2

* producing uneconomical sweat rates. Shephard (1982), stated that if the radiant

heating was avoided, the hot dry clima\fé""'ot,,a_ desert would be.toler'ated much

.

better than the hot ‘wet climate of a jungle. The accuracy of the latter, statement

may be judged by comparing the 1 kg of watrer-’lo s of the hresent

experiment lasted 23 -minutes with the 1 kg of water losses of\another study

executed under quite similar but dry condition which lasted 60 minutes (Fortn\e

and Vormah, 1985). - : ' ‘ \x\\\\

6.7 Body Heat Storage ‘ \\

Since 1780, when Lavoiser introduced direct calorimetry (Lavoiser and Laplace

1892), many thermometric methods for determining body heat content have been

established. In the present thesis an indirect calorific method to determine ‘body

heat content (BHC) during various phases of heat exposure has been compared'

with Hardy and DuBois (1937), and Kakitsuba and Mekjavic (1986). However, all of

the above methods are subject to criticism due to many underlying assumptions.
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For instance, the caloric e_qui\ialent of oxygen ignores the participation of

anaerobic mechanism during heat generation attended by ah inevitabrle
redistribution of  circulation, (Mitéhell 1977). Hardy and  DuBois (1937)
;' oversimplifiéd the heat storage concept when they considered thrat\-th,e hu"ma4n
body consisted of two cylinders. VThéir model fails to-incor;'aoréte the dynamic
physiology by determining varioUs Acoefficients’ of the equation only at rest. Nor
does it account for individual differences. It is kndWﬁ*th‘ﬁT‘STfﬁ%ﬂ"sdbjectsﬂ carry
58% of 7their body mass close to the periphery wh{le' obese onhes carry less than
.50%’ of their bulk within' 2.5 cm of the" epidermis. Kakitéubq-Mekjavic’s (1986)
conéept of 'body«heaf content séems to be the most comprehensive because it
allows for individual :differences by incorpc)rati.ng measures pf body adipésitf
into the predictive BHC. equation. However," this model .‘Eoverlooks_a@indiv'iduah
differences in terms -of cardiovascular fitnessa..There are also probl‘éms attendant
upon the accurate estimation of body surféci? ar»ea. “Though .morei thén ten
equations fqr estimating surface area rhavc; been deveioped since DuBoisﬂr and
DuBois first worked out the problem in 1915 they are all fltaw’ed. Thé most
commonly used, DuBois and DuBois (1916), is inad‘equate due to the e>;tremely
small number of subjects from .whom the - equation was derived. In the present

study two recent methods were used to:calculate body surface area, (Haycock et

al. 1978, and Jones et al. 1985). The first ‘one, based on height and weight, has

not take into account the thigh trunk distortion, (Jones et al. 1985). Thus only

values derived by the Joneé; ewcriuation have been reported in the current thesis.
Although they used exe'l\usively female subjects their average values‘of' body
surface area are similar. to those of Héycock et -al. (1978) . Nevertheless there
are significant indiv_idual differences. For example subject’s N.G. body surfﬁce area,

was variously- estimated to be 1.92 m? (Haycock et al.) and 2.04 m? (Jones et
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al.). Using the .first value in the Kakitsuba- Mekjévic;equation. results in 143,27

kcal of heat storage while the second value results in 154*5 - keal. Thisb>

difference is equivalant to a difference in the core temperaturé of 0.25 °C.

da

increase in body 'temperature is one. important limiting factor of physical

6.8 Effect of cool air- inhalation treatment on performance

performance, (Adamsne_t al., 1975; MacDou,gal‘l et al.,, 1974; Saltin et al., 1970)
Oth'er 'investigators* managed to prolong exercise by maintaining dirﬁinshed
elevation of body temperature, ( Schmict and Bruck, 1981, Bruck et al.. 1980;
.Bruck et al., 1978). Extrapolation of the above invest‘igations‘implies that cool air
inhalation could increase both total work output and endurance time. indeed, most
of the subject; stated that they felt that cool air reépiration was beneficial and-
they would have been able to cycle longer. Their subjective vimpressi{on was
verified when two subjects.cycled 15% I‘onger during cool. air ‘inh‘alation at the
investliga‘tor’s request. |

6.9 Rectal temperature during recovery : A

During the initial stages of body cooling from hyperthermia there. was a
continued accumulatio;w of core heat shown 'as. an after-rise in temperature, (Fig.r
10 and 11). To the author.’s knowledge this phenomenon has not been réported
vpreviously. Although Baker (1982) and Aikas et al. (1962) show in various .figurés ©
of their individual papers a tendency for rectal temperature té rise after
withdrawing heat and exercise stimuli neither comment on the phenomenon, in the
present stud;/ a' rise in tgmpérature @1°c - 44,°C) subsequent to the end of the:

experiments was reoorded in verious subjects. Such s rise is a paradox.
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Accompanying an incressed 'body temperature a ’lirg_e' proportion of cardisc output

isb diracicd to the skin (Roweli 1974) Hohver. the rate of increase in heat. loss

from the hsnd is reduced by increasiig the intensity of exercise (Hirata et al., . .

1983) due to supressed vasodilation (Hirata et ,_1.:,1984_)‘ Nielsen et al. (1984)

found  attenuation in forearm blood flow above 38°C in core temperature.
. ; .

Therefore, at the end of exercise mos?, probably _there was a shift of blood flow

o the body cora(insulgtmg the center. from the periphery thus trapping m‘etabolic‘

hest. Skin cooling of previously hested subjects csuses further veno-constriction

- .

at .2 time wher tissue- temperatures are still very high (Rowell 1974), resulting in

| excessive return of hot blood to the core, This a;planation is challenged by?».a
recent controversial study which Shéws that during p?ssive heating & furtr;e.r'
pronouncedﬁincvrease in flow oécurrsd in both hands (&anriksén et 'al. 1984). An
Aa::an"\alive theory analogous to Savard's et gj (1985) explanation of qfter—drop in

hypothermia is that the core gains heat via conduction from the intermediate

(
etevarion of rectal temperature may be a life threatening factor impairing liver

-

hottest musculss tissue, Regardless o7 the exact mechanism however high

function and inducing chemical changes in the blood. The degree of possible
danger and the aetiology of this needs further research in order to develop, if
possible, an alternative cooling method after ceasing -exercise in hot

anvironments.
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8. APPENDIX 1t

81 Rew Dt ., :

Raw data for eight healthy subjects exer'éising
in hot-humid environment breathing cool and hot

- air. Treat, Tski, Tamb, Tcor, VO2, H.R., W represent.

-y

type of treatment, skin temperature, ambient

temperature, rectal temperature, oxygen consumption,
heart rate, and weight respectively. Treatment 1 =~
corresponds to hot air inhalation and treatment 2
corresponds to cool air inhalation. Subjects are
listed in the following order: 100 - N.G, 101 -~ N.A,
102 - D.V,, 103 - PJ, 104 - AL, 105 - LB,

106 - GD:;, 107 - T.k. a .

3
)

Subi - Ti;pt - Time [Tsk- Tamb Tcor V02 HR

100 1 01+ 36.2 389 369 114
100 ¢ 1 03 36.0 39.0 369 1.9 134
100 1 05 373 384 370 1.8 145
100. - 1 07 ¢ 377 388 371 1.8 148
100 1 08 380 386 371 1.9 153
100 1 11 382 388 372 1.8 158
100 ki 13 385 39.1 373 1.9 168
100 1 15 389 390 374 19 167
100 1 17 39.0 391 375 1.9 167
100 1 19 393, 392 377 1.9 176
100 1 21 395 393 378 2.0 172
100~ 1 23 39.7 394 380 1.8 182
100 2 01 36.0 375 37.2 1.6 164
100 2 03. 36.7 377 372 1.7 147
100 2 o5 37.1. 379 372 1.6 150
100 * 2 - 07 375 379 372 1.6 153
100 2. 09 380 378 373 1.6 161
100 2 11 38.3 37.7 ~373 1.6 . 162
100 2 13 385 379 374 1.6 167
100 2 15 38.7 °384 375 1.6 _
100 2 17 389 385 375 1.6 170
100 2 19 390 389 376 1.6 173
100 2 21 393 388 377 1.6 -
100 2 23 395 384 378 1.6
101 1 01 36.2 374 372 22 14
101 i 03 369 375 373 22 148
101 1 05 375 374 374 26 158
101 1 07 379 377 375 24 161
101 1 09 38.3 375 37.7 2.1 167
101 1 1 386 376 378 2.1 173
101 1 13 38.6 376 38.0 20 .173
101 1 15 39.1 37.7 382 173
101 1 17 39.3 378 384 23 176

75

73.15

72.20
73.55

72.35
70.15



101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
101
102

102
1102 -
102
102

102
102
102
102

102

102
102
102

~ 102

102
102
102
102
102
102
102
102

- 102

102
102
102
102
102
102
102
102
102
- 103

103
103
103
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19

21
23
24
01
03

05

07

09

13
15

17

19
21

24

01 .

03

05 -
07
09

1
13
15

17

19
21
23
25
27
29
30

01

03
05
07
09
"

13

15
17
19
21
23
25
27
29
30
01
03
05
07

396 37.8
39.8 37.9
40.0 37.9
40.1 38.0
36.1  37.2
37.1
375 37.2
369
380 36.9
- 367
37.1
386 37.4
: 37.4
39.1 37.7
37.8
38.1
39.7 38.2
35.2 36.0
355 35.7
359 35.9
36.4 358
36.8 359
37.2 358
375 36.1
378 361
" 381 36.1
383 36.4
385 365
38.8 365
39.1  36.6
39.3 36.6
39.4 365
39.6 36.7
350 35.2
352 35.0
35.9 35.3
354
36.7 35.1
369 35.2
35.5
37.8 35.0
35.3
38.1 35.2
384 356
, 34.9
38.7 35.2
35.3
39.1 352
39.3 35.1
36.3 383
36.8 38.4
37.4 385
38.0 388

38.7
38.9
39.0
371
37.1
37.1
37.2
37.3
37.4
37.5
37.7
37.8

38.0
38.2
-+ 38.4

38.5

- 371

37.1.
37.4

37.2 ¢

37.2
37.3
37.4
37.%
37.6
37.7
378
38.0
38.1
38.3
38.5
38.6
373
373
37.3
37.3
37.4

375 3.

37.6

376

37.7
37.8
37.9
38.0
38.1
38.3
38.4
38.5
37.2
37.2
37.3
37.4

76

24

2.1

2.0
2.0

- 2.0

2.0

2.0
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178

180
180
180

145
148
150
161

161

167
170
167

170.
173-

176
108
125
137
135
145
150
152
157
158
155
158
160
168
171
170
167

138
140
141
141
145
151
151
153
153
185

158

161

161

148
758
167

69.12
69.60

68.49
65.80

64.80
66.80

64.00
77.40

‘-' - Q



103 -
103
103
103
103
103
103
103
103
- 103
103
103
103
103
103
103
103
103
104
104
104 -
<104 -
104,
104
104
104
104
104
104
~104
< 104
104
104
104
104

104 -

104
104
104
104
104
104
104
104
105
105
105
105
105
105
105
105 .
105

09
1
13
15
17
19
21
01
03
05
07
09
11
13
15
17
19
21
01
03

05
07
09
11
13
15
17
19
21
23
24

01 -

03
05
07
09
11
13
715
17
19
21
23
24
01
03

05

07
09
1"
13
15
17

38.5

38.8.

39.3
39.5

39.9
37.3
37.4
37.6
37.9
38.0
38.2

39.0

39.1

. 383

35.7

- 36.0

36.4
36.9
37.5
37.9

- 38.2

38.4

38.7

39.0
39.2
39.4
39.5
35.1

35.6 -

36.0
36.6
37.3
37.7
38.1
38.2
38.4
38.6
38.8
39.0
39.1
36.8
37.3
37.8
38.2
38.6
39.1
39.3
39.7
40.1

38.4
38.4
38.2
38.3
38.1
38.2
38.3
38.1
37.8
37.6
37.5
37.6
38.3

. 38.7

38.9
38.9
39.2
39.0
36.9
37.6
37.5
37.6
374
37.5
37.3
37.2
37.4
37.6
37.6
37.7

37.7
36.6 -

36.8
36.5
36.7
37.0
37.1
36.9
37.4
37.2
37.1
371
37.0
37.0
41.7
40.7
40.6
40.2
40.5
40.7
40.4
41.3
41.3

37.5
37.7

379

38.0
38.2
38.4
38.6
37.2
37.2
37.3
37.4
37.5
37.6
37.7
37.8
37.9
38.1
38.2
37.3
37.3
37.3
37.4
3725
375
37
37.
37.9
38:0
38.2

- 38.3

38.4
36.9
36.9
36.9
37.0
37.1
37.2

373

37.3
37.4

. 37.6

37.6
37.7
37.8

36.4
36,5
36.6
36.8
37.0
37.4
37.5
37.8

138.1

77

2.0
2.2

2.2

2.2
2.6
2.6

26

25
25
25
2.6
2.4
2.6
2.1

2.5

2.4
2.7
2.6
2.6
2.3
2.5
2.6
2.6
2.7

2.7

2.7
1.4
1.6
1.9
1.7
2.0
1.8
1.9

2.0

1.9

176

176

18

- 192

195

187
191
“ 191

© 155"

158
167
167 °

176
176
180
182-.
184
127
134
145
150
158
161
167
173
176 .

76.56
76.67

75.70
88.45

87.56
89.05

. 87.99

¥

63.80



105
105
105
105
105
105
105,
106
105
105
105
105

106 -

106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106

106
106
106
107
107
107
107
107

107
107

107
107

107

107
107
107
107
107
107

107.

107

106 -
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21
01

05

.07

09
11
13
15
17
19
21
or
03
05

- 07

09
1
13
15
17
19
20
01
03
05
07
09
11
13
15
17
19
20
01
03

05 -
07 .

09
1
13

15 .~
17 -
19

01

03 .

05
07
09
1
13

15

404
40.6
36.6

- 373

377
38.1 .

38.6

39.0
39.3
36.3

'37.0

37.7
38.2
38.6
39.0
39.3
39.6
39.9
40.2
40.4
36.7
37.3
37.8
38.1
38.2
38.5

38.8°

39.1
39.2
39.6
39.8

35.8

36.5
37.3
37.7

.38.2
385

38.9
39.2
39.5
39.7
36.7
37.2
37.7
37.2
38.6

39.0
39.3

39.6

414

40.6

37.8

37.6
37.4

37.8

. 375

37.6
37.9
38.0
37.8
38.0
38.2
39.4
394

39.6

39.8
39.8
40.2

-39.8

39.7
40.0
490.0
39.9.

39.1

39.5
39.5

39.3-

39.2

39.6

39.7
39.8
39.8
40.3
40.3
36.6
36.4
36.3
36.7
374
37.8
38.2
38.0
38.1
37.9
39.9
40.0
40.1
40.4
40.3
40.6
40.5
40.8

387

36.5

36.6
.-36.7

36.9
37.0

37.2-

37.4
37.6
37.8
38.0
38.3
36.9
36.9
36.9
36.9
37.0
37.1
37.3
37.4
37.6
37.7
37.8
37.4

374

37.4
37.4
37.5
37.8
37.6
37.7
37.7
37.8
37.9
37.1
37.1
37.2
37.2
37.3
375
37.6

37.8 -

37.9
38.1
37.3
37.2
37.2
37.3
37.4

' 375

37.7
37.8

78
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176

145 .

145
150

165

155

. 161

167
170

170 -

178
176

- 194

195
204
204

208"

206

94

147
140
150
158
163
182
197
199
100
122

130

136
145
150
158

62.80

1 63.75

62.70
83.92

83.12
83.45

82.53 />

76.05

74.52
74.75 3
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107 2 17 39.9 41.0 380 -21 164
107 2 19 40.2 41.0 382 22 . 164 7322 -

8.2 Rectal Temperature during recovery

Raw data of rectal temperature in 7 subjects -
on )IZ different occasions _resting in thermally neutral
‘environment either after hot air inhalation (H)

‘or after cool air (C) inhalation.
"A.L.-H"
0,38.4 1,385 2,38.6 3,38.8 4,38.9 539.0 639.0 -

07,39.1 839.2 09,39.3 1639.6 21,39.6 27,39.4 7
30,39.3 31,39.2 32,39.1 |
"P.J-H"

0,38.6 4,38.9 5389 6,38.9 7,38.9 8,38.8 9,38.8 10388
11,38.7 12,38.7 14,38.7 15,38.6 16,38.5 17,38.5 18,38.4
19,38.3 20,38.3 21,38.2 22,38.2 23,38.2 24738.2 2538.2
© 26,38.1 27,38.1 28,38.1 29,38.0 30,38.0

"N.G-C" ‘

0,37.9 438.3 5,38.2 6,38.2 7,38.3 8,38.3 9,383 _
-10,38.3 11,38.3 12,38.3 13,38.3 14,383 1538.2 16,38.2 ~
17.38.2 18,38.2 19,38.1 20,38.1 21,38.0 22,37.9 23379 .
24378 2537.8 2637.8 27.37.8 28,37.8 29,37.7 30,37.7
N.G-H"

0,38 3,38.2 4738.2 538.2 6383 7,38.3 8,38.3 9,38.3
1038.4 1138.4 1238.4 13,384 14384 1538.4 16,38.4
17,38.4 1838.3 19,38.3 20,38.3 21,38.3 22,38.3 23,38.3
2438.2 2538.2 26,38.2 27,38.1 28,38.1 2938.1 30,38.0
"G.D-C"

0,37.9 3385 4,386 538.6 6,387 7,38.8 8388 9,388
10,38.9 11,38.9 12,38.9 13,38.9 14,38.9 15,38.9 16,38.9
17,38.9 1838.9 19,38.8 20,38.8 21,388 22738.7 2338.7 o
2438.6-2538.6 26,38.5 27,385 28,38.4 29,38.4 30,384
"T.L-H" .

0,39 1,39.1 2,39.2 3,39.2 4,39.3 539.4 16,39.3
18,39.1 21,39.0 22,38.9 26,38.6 28,38.4
"L.B-H"

0,38.7 542.4 6425 7425 842.0 9413 10,40.4 11,39
12,39.4 13,39.2 14,39.1 15,38.9 16,38.7 s
17,38.6 18,38.6 19,38.5 20,38.3 21.38.2 2238.2 2338.2
24,38.1 2538.1 26,38.0 27,37.9 28,37.9 2937.9 30378
"p.J-C"

0,38.2 2.40.7 340.7 440.7 540.8 641 741 841
09.40.9 10,40.7 11405 12,40.3 13.40.1 14,39.9 1539.7
16,39.6 17,39.4 18,39.3 19,39.2 20,39.0 21,38.9-2238.8
23,38.8 24,38.7 25,387 26,386 27,38.6 28.38.6 29,38.5
30,385

"T.L-C .

038.4 2,40.3 340.5 4,40.8 5(09 641.0 7,40.9 8408 9,40.7
10,40.5 11,40.5 1240.4 13,40.2 1440.1 1539.9 16,39.8
17,39.7 18,39.6 19,39.4 20,39.3 21,39.2 22,39.1 23,39.0
2438.9 25.38.8 26,38,7 27,38.6 28,38.5 29,38.4 30,38.3

&
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"T.L-H" ‘ v

0,38.2 3416 441 6 5415 6415 74156 841.3 9411 -
- 1041.0 1141.0 1241.0 13,40.9 14,408 1540.6 1640.4

. 17.40.2 1840.0 19,39.8 20,39.6 21,39.56 22,39.3 23,39.2
2439.0 25,38.8 26,38.7 27,386 28,38.5 29,385 30,38.4

"LB-C"

0,384 5385 6,385 7,384 8,38.3 9,38.3 10,38.2 11,38.2
12,38.1 13,38.1 "14,38.1 1538.1 16,38.0 17,37.9 1837.8
19,37.8 20,37.8 21,37.7 22,37.7 2337.7 2437.6 2537.6
26,37.5 27,37.5 29,37.5 3037.5 '

"G.D~H" ’

0,37.8 3,40.8 4,40.5 540.4 6403 7,40.5 8,40.6 940.5
'10,40.4 11,40.2 12,40.1 13,39.9 14,39.7 15,39.6 16,39.2
17,39.2 18,39.1 19,38.9 20,38.8 21,38.7 22,38.6 23,38.5
2438.4 2538.3 26,38.2 27,38.1 28,38.0 29,38.0 30,37.9
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9. APPENDIX 2 S

9.1 Body .heat content caiculations

9.1.1 Calorific method

- An example of calculation of body heat content for subject N.A. during
- exercise under heat stress while breathing hot air.

HEAT GENERATED VIA . METABOQLISM ‘(M)

1 litre of 02 = 5 kcal (RQ=1) -

2.14 1/min x 24min x 5 kcal/I'min = 256.4 kcal of work produced during 24.
v minutes of exercise.

mechanical efficiency = 0.25 (Fanger, 1972) L

useful work = 64.1 kcal during 24 minutes of exercise

- accumulated heat generated(256.4-64.1)= 192.3 kcal ' '

heat during 24 minutes of exercise

HEAT DISSIPATED
Convective heat loss (C)

">C=h¢ x BSArx (TS-Ta)

Based on equation (3) in the text (p. \18)~ and assuming that hc=7.2

W/m2°C (Nishi and Gagge 1970) and effective BSA=0.8BSA (Flyn 1974)
convective heat loss for the firstt minute of exercise is equal to -12.79
Watts. (Ts=36.2 °C, Ta=37.4 °C, BSA=1.85m?; 1 Watt=0.01433 kcal/min)

TOTAL CONVECTIVE ‘HEAT LOSS = 3.36 kcal
during 24 minutes of exercise

Radiative heat loss (R)

%

R=e x o x (T*.-MRTY) x f_ x BSA

According to equation (4) in the text (p. 19) and assuming that e=1

(Hardy 1939), fc=0.7 (Fanger 1972); Ts=36.2 °C, MRT=37.4 °C. BSA =185
m?2, 1 Watt=0.01433 kcal/min . '

TOTAL RADIATIVE HEAT LOSS = 2.33 kcal

during 24 minutes of exercise
> (for o Values see Kersiake 1972 pp53 appendix 5)

é1



E =hD{¢s(Cs-Ca)}7\ x BSA

According to eq. (6) in the text (p. 20)

. hD=0 .3734 m/min;
(p=1.13 kg/m?, c=0.242 kcal/kg C=1013 J/kg°C)

According to eq. (7). in the text. (p. 20)
¢s=1.0 (AT=1 °C, Ts STa)

C , C derived according to Weast, 1976 and Ta, Ts measured

A

Thus, based on eq. (5) of the text (p. 20) ;

TOTAL EVAPORATIVE HEAT LOSS = 22.6 kcal
during 24 minutes of exercise

Respiratory Heat Exchange (RHE)

+

RHE = V_ {H (T, = T )+x P - Po):

E “ctin we

Accord}ng to eq (1) in the text (p. 17) and Fp‘pendix 3 (p.84‘)/

TOTAL RHE= -2,68 kcal
during 24 minutes of exercise

Body heat Storage (S)
S=M i RHE + C + R - E

Accordmg to eq. (2) in the text p. (18) '
. S 1613 kcal during 24 min. of exercnse S

Mean body 'te‘m'ggrature QMBT) -

¢ MBT = S/(c)y x (W), -
Where c..specnflc heat of tlssue BW bodywelght =

c=0.8 kcal/kg® C.“ : BW*QBS kg. (Weast 1976)
Thus: 5
MBT = (161.3/0.8x685) = 294 °C

5
.
v N
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9.1.2 Thermic mgm,og

The following equation was wused: (Burton 1935, Hardy and DuBois,
1937) : - L

MBT = (0.5 x ATr) + (0.05 x ATs)
- MBT = (0.5 x 1.8) + (0.5 x 4.0) = 29 °C

9.1.3 Body Heat- Storage
- | S= 0.84 x BW x (X x AT+ Y x AT )

BHS was calculated according to equation (8) p. 21 in the text. The
fraction of adipocity for N.A was equal to 0.204, X =0.905, Y=0.0535; see
above calculations for subjects’ weight, body surface area and. A in skin and
recial temperature. )

3

'S = 186.8 kcal during 24 minutes of exercise.
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.10. APPENDIX 3

e R T o el L

101 Colculations of Respirstory Heat Exchange
An interactive microcumputer program written' in BASIC
which caiculated Respiratory Haat Exchange'is attached below.
The program starts with insertion of values in mv which_was
the analog output . of inspired. and explred temperature

ingg U&45);1{4B);D(89;E(4B)

1 P&3B);F(3B?:K(§B);N(SB)
UI” Lk3U)JGf3U):"‘K3U)JJ 30
0oIM “(3U);RK?B);YQ5@);I'7MJ
oim k3U3.

FOR k=1 To' &

READ BrEs» -

MEXT k '

DATA . 10886691, 25(’? 343b” -
.b?34q 8294;?8325494 21

ony )
3:

NI R PO N F N o)

G DY PO A v e

£
[
=]
X
=
X
|
W
o
(" -
3TN
Y
jau]
)]
cn
0
W
U
QLY Ol
=
TR
T Q0 0
e}
a (D
o
=
e
g

a,-2 bBlHdEl3 3. H4U?OE14
PFINT
DISP, “TEMP IN MY
PFIN[ . ’
PPINT “EXE INSP-VOLT #¥x"
"TPREINT (N v .
FOR Jfl TO 25 ° : *
IMPUT VCJda “1
PRINT "oC%; diMoa=";000 ).
Wodr= U(JJ/IGBR
MEXT J :
PRINT
FRINT “%%% IMSP-1EMP IM DEG
REES *¥x" - s
FRINT ’
FOFE H=1 TO. 25
[CH»=DC1 D -
FOR J=1 TO 7
K=J+1
ICHI=TCHY+0CK ¥V (HI)~J
CICH»= . AB1%1IP( IQBE*IKH3)'
NERXT J -
PRINT "POINT“:;H:;"T1 :“;[CH>
NEXT H :
DISF “"EXP-TEMP IN' mu"
PRINT .
PRINT "#$¥i& EXP-L0OLT #£xx“
PRIMT, )
FOR H=1 TO 25
INPUT V(H> )
PRINT ®YC";H;")=v;y(H)
VCH)=V{(H> -~ 18808
HEXT H
PRINT ’
PRINT “x%x%x EXP-TEMP IN DEGRE
ES" fxxx%x".
PRINT o :
FOR H=t TO 2% CF

B4

N b
w W

Ty
[alint K

\fl'l

NSOy
NG

Q0 OO
LLCOCR e

[y

Y .
HH"‘HHHHD—*F‘MHHHF‘HD—QMHD—‘

DN NOOTAND L GWRININ - -GS0
- umm~wumm~wwmm~wwmm~ﬂw
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Y PO e = (D ST D W0 ) O

3P P P o i) B v e b e
“d D ) e G D R e = G D R

P P 3 IS0 T P P g DY o foo [ T
b B W e W o T8 L I I S S N N | ]

DU RN ENEY T RN N ’u ) -

ALE TSN PR IS G (W U Sl L N O

el Lad eog Cob g el ) et o) g
£ B G 0 P e e e D T D ) 00 O 00

A NI I o RN TN LT P S TNE T

i)
[,
i)

SNSNA ™ TN
LS Y]

VLIV N REH

281
85

E(H):U(l) )
FUR J=t 10 7 o
=J+1 .
E(H) E(H\+Ufk)*U(HJ‘I
MEXT J .
ECHY=. BUI*IP(IRBB¥EuH)\ ,
PRINT “FOIMT":;H:"Te “;ECH),
HEXT H -
PRINT
PRINT . :
PRIHT "x%x%¥ OIFF-TEMP Xkx°®
FRIMT ‘
FOR H=1 Tu 25 7 . >
FIHY=1CH)~E(H)

»

&

FCH = BB1XIFCIBBOLF CHY )
PRINT “FOINT":H '“Tl~1n“,F(H'
JHEXT . H - - '
“FRINT

DISP "RAIR DENSITY™
FRIM] "¥PHAEKNOTES OF RIR¥"
FREINT .
FOF H=1 TO 25
IHFUT -P<H> :
PRIHT “PC";H:"dY":FoHD
HEHT H
.aBRz4 _
PEIHT "SPECIFIC AIR HERT":S
PRINT
PFIHT "EXFHERT CHPACITYRRY"

&

GOHYZSERCHY
FEINT “MIMUTE";H;GCH

HEXT H

PRINT

PRINT "¥COMDUCTION'S FACTH"

FORE H=1 TO 25

CCHY=FLHYXG(H)

FEINT "MIMUTE";H;CC(H.,

HE®T H

PRINT

ODISP “"IHSPIRED WHTER YAPOR.
CONMTEHT ™

FRINT "¥¥INSFIRED NHTER VARPO

F COMTENT®x"

FEINT

FOR H=1 TO 25

IHPUT WCH2 A

PEINT "WC"iH:i">";b(H)

DISP "EXPIRED WATER VAPOR
CONTEMT™
PRIHT “¥EXPIRED WATER YHFPOR

. COMTEMTXx"

89
31932
297
481
485

PRINT

FOR H=1 TO 25

IMPUT NC(H» A -
PRINT "NHC";H:")";HNC(H)
HEAT H .

85

<



489
413

417
421
425
429
433
437
441
445
449
4532

457
‘461
465
469
473
477
.481
482
485
436
489
493
497
458
592
593
584
595
SB9
S17
521
S22
523
524
525
529
541
. 545
546
547
543
S49
553
S54
555
569
579
573
577
561
586
587
589

&

PRINT

PRINT "XWATER VAPUR UIFFEREN
CES¥%" : y
PRINT .

FOR H=1 TO 25
KCHY=W(HY~NCHD

PRINT “KC"H;")";KCHD
NEXT H

PRINT

L=.58 . : .
PRINT “LATENT HEAT OF AIR";L
PRINT , L
PRINT “¥*EVAPORATION'S FRCTL
R¥% " | -
PRINT

FOR H=1 TO 25

SCHY»=LAKC(HY

PRINT “POINT";H;SCH)

HEXT H «

PRINT ' '
DISP “MINUTE VENTILATION®
PRINT |
PRINT “MINUTE VENTILATION®
PRINT

FOR H=1 TO 25

INPUT OCH)> :

PRINT “POINT"iH;QCH)

MEXT H

PRINT °

PRINT “@@@@ C.R.H.E. ewee"
PRINT

FOR H=1 TO 25
RCHY=0CHYXC(H)

PRINT "MINUTE";H;R(H’

NEXT H |

PRINT - »
PRINT “%%%%x E.R.H.E. x¥x¥x"
PRINT v ,

FOR H=1 TO 25
Y(HY=OCHIXSCHY

PRINT "MINUTE";H;Y(H)

NEXT H

PRINT .
PRINT “@@®@ R. H. E. e@ee"
PRINT |

FOR H=1 TO 25
TCHY=RCH) +Y (H)

PRINT “MIMUTE";H; T(H>

NEXT H

PRINT - :
PRINT “### TOTAL R.H.E.# "
X=8

FOR H=1 TO 25

¥=X+TCH) »

NEXT H ’

PRINT X

END



