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Thermoregulation in extreme environments:
heat loss and thermal strain.

Nigel A.S. Taylor
Department of Biomedical Science
University of Wollongeng
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Exercising and working in exireme environments:
* Avenues for heat loss and heat gain
« Measuring body temperatuzes

« Physiological significdnce of sweat

« Measuring sweat secretion
= Factors affecting sweat evaporation

* Measuring skin blood flow

+ Psychophysical measures

s
4
£y

Heat gain and loss mechanisms:

* Thermoterulatory zone r—
T ]
'l“hcm‘loncutial zane
Corg tempgrature /

g o
/- Thcnimgcnfsis /

Physiotogical response

) ey
1
Skin bigod flow T 1
Swealing i
1 |
Peak thermogenesis Peak sweat rale
see Alr temperature
=) ¥

tEnvironmcnt] IConlrollcd Systcml EControlling Syslcms]

S

-—_’_‘-—-—»!\‘
i

Air velocily mme—p- o -

Receptars:

Alr temperature
Humidity
Cuntroilers;

central nervous sysiem

Effectors:
vasomolion
sudamotion
thermogenesis

@ Passive system Saurce; Werner, 1950
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Heat balance equation

= M -(£W)

+E iR

K [Wm?

Heat storage (+=T} {Exlcmal work (+= cnergy - machine) I
]

&

-

1

I Metabalic heat produciion ‘

i Conductive heat exchange

Evaparative heat loss

]

Conveclive heat exchange 1

LRudinti\'c heat exchange I

[ 0
Hyighs fimd CEEN:)

Soface drea tELY LES

Core wgeeaya T2k e

Sy Tdy B

Fhcan by somperates (81 17

Wiad udaciy vl Eo]

Surfact e & Lz el X5

Ciicy rotusm ik o o3

Toesl b e cho ¥3)

Al st 440

Rest Eyilogne U gentaining

Rent fwewt prondie DemEsl 1080
K beal prysluciion 31 & pheabete hest pakaise 1T
Reai Soaps om sy 24105

Rospizran evan (Ao} T

Camveetive 4 Rdoine exmy e (W) [EEY
Reouired phrytiheical b tanet (Wam] 15y
Wnguirmd plrysiakrzigal bog ey 3k Reype Seear 218
R ripiratary £ran #i % wf atvesbytr hrut evcboope s
N TR ST P

C 41t % o ctrderie bt $3iun e AT

B bow meldusia: b prafucsion fWans) oo
% forvrae i suctafufy lemt pradunily aat
Feyueed yme cvap e [Waitd oy
Reguieed vacyt g tedhe) MRS

Seod (D 4 5 of st brat cuchenge 1%
T AT ey

Heat Inpug

E‘a

Exercise;
T0-kg person,
200 Was,
T, 40°C,
energy ~ 1000 Lst,
2% efficiency.

Heat storage

Heat dissipatian

Sweat secreiion:
heat loss:
243 k!

required sweat rate;
5 19.8 g.min’.




Exercising and working in extreme environments:
* Avenues for heat loss and heat gain
» Measuring body temperatures
+ Pliysiological significance of sweat
« Measuring sweat sceretion
= Factors affecting sweat evaporation
+ Measuring skin blood flow

« Psychophysical measures

Resting blood volume distribution

D Soureer Rowel] (1083 Heletbonl of Phvdiuloem:

Tissue temperatures: resting skin (A12.5°C)

- 27.5°C: back
32.5°C
M 26°C

24.5°C

22.8°C
29.59C L
30.5°C o 20T
29.5C P
22.5%C —— | ——- 20°C

L3

[ Source; Wermer & Recats (L9830} BurJApplPhysiol, 45:57-94.
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Tissue temperatures: resting body core

s 3L e

intracraniai: 37.3C
heat source

Jugular: 37.0C

Subclavin vein: 36.5C

" Oesophagus: 36.6°C
Right atrium: 36.77C

Liver: 36.8°C Infedior vena cava: J6.6°C

heat source

Reciuat: 37.1°C

Femornl nstery: 36.9C

11



TOR e = e v

[T ——

Cota Tataperature (*C)
.
a
e

o tppliag et

40 nenar

Taue {annatest

Source: Cotter (1995)

a

s

Tissue temperatures: resting thigh
Thermai conductiviiy ¢f muscle = 0.0044 Lom!si e

Skin: 28.5°C Subcutancous: 31.5°C

Muscle (3 cm):
34.4°C

aml artery: 36.9°C

12



Blood flow and heat transfer

Heat flow < thermal gradicent.

Conduction (K) = (kNT Ty
k. = thermal conductivity,
{ = distance between sites,
T,-T, = thermal gradient.

Mean T, = 36.8°C & mean Ty, 32°C:
Thenmat gradient is = $°C.

If | litre of bloed loses 1°C in a trip from core o skin,
then the core witl lose 3.85 kI of heat.

0

Excreising and working in extreme cavironments:
- Avenues for heat loss and heat gain
« Measuring body temperatures

= Physiological significance of sweat

» Measuring sweal secretion
» Factors affecting sweat evaporation

* Measuring skin blood flow

* Psychophysical measures

Fluid lesses durlug thermoncutral resi:

Kidneys:
= 1004-2000 ml.d*! {urinc)

o>
Dissipate ~25% =1 ml'per £0 litres of ventilation

oftatal heat Alimentary canal:
production « £00-200 ml.dt {facces)

Skin:
* transpiration (750 ml.d-').

Tetal fluid loss:
<3150 midt,

i3
K
t

P
CHNTTHDEN
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* Eccrine sweat glands:
* 1.6-4.0 million glands: lowest density on back (64 per em?), highest
on palms and soles {600-700 per em¥);
* most effective means ol heat dissipasion in hot conditions;
* unacclimated peopie:
* extended sweating: 30 g.min’!, or 1.5-1.8 LI
* severe, short-tenn heat stress: 3-4 litres per hour (very short
period);
* maximal daily sweat rate {heat+exercise): 10-£5 litres.
* men have higher sweat ourput than women in both dry and humid
conditions;
* heat acclimation enhances sudomotor function.

* Eccring swear glands:

Highest recorded sweat rate (Atberto Satazar: 1984 Olympics):
* 3.7 Livf afier 19 days of heat adaplation,
* body mass: 67 kg,
* mass loss: 5.43 kg (8.1 % mass) in a 134-min marathena.

e
w n
Peak sweal rate
Acclimated &
(3]
-
=3
=
et
3
= Sweat sensitivity
[77] A
Sweat thresholds
Core telperature
L) 7

14



Sweal composition;

* The major composition of sweat is:

* sodium ions {Na*},

* chloride jons (ClY, and

* water.
Sweat glands have secretory and reabsorplive colnponents.
® Some primary sweat constituents are reabsacbed;

* Na*, CU and bicarbonate juns,

* This is the function of the distal poztion of the gland nbule,
Thus, sweat is hypolonic 10 cxtracellular fuid.

s

Sweat compasition:

it

0% efficiency, 19.8 g.mig’.

due Swep) rue mgfomdinin) FNo et )| Ct gl P08 [mawlh) | Eactate tewoott)
aretrad FET] 362 318 EX) 83 4,16
$hemgy L A16 17 43¢ L3 1.4 L34
s 038 I 33 Fa) % 765 YY)
Fiwer back L11:3) 363 308 226 .55 [HE) 518
hdnmen D88 b N3 446 FEES . i 981 545
ol 032 358 374 35 L4& 5.68 .61
ram 03 2.1 543 1 233 3052 I
buand 05 Ha 568 5.9 1457 EID2 68
Hsh 068 il 7 i 039 [£3] ]
3.3l 0.1 315 458 233 0.7 543 338
ot 035 243 651 6 057 155 B
Source: Exp Pinwiol (2000} 85:869-87
o
Heat Inpat Heat storage Heat dissipation

Exercise:

70-kg person, .

200 %vpc Sweal secretion:

alts, heal doss:
T, 40°C, :
energy ~ 1000 §.s, Tequired sweat raté?
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Effects of exercise in the heat:

Kidneys:
< rdhueed renal bieod flow.
[ esaps:
= increased alveolar ventilation,
- 10Q Lavin? — 10 slmin! (evaporation).
Alimentary canal:
= reduced colonic blood flow,
« iucreased bowel motility.
Sknu

Towl ftuid loss:

e 10-15 L,
J
Cerebrum
* Cerebelfumt
i - Y
- S }
ey Tilamns '}\_,/\‘w‘\_../;-

N}

Preoplic area

alamic nuclei

Fluitary

,//\/kicdulla ablongala

Rlanatilary bady

[ General niede] of thermoregulation

ur

=]

Exercisc
Cald
Bady
SCHSArS \
COIS
1‘ lategrator > Sweating
; Warm
Skin scnsars
&
Feedhack

Alir temperature

Mondified Jpive: Wener, 1990
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Spinal Cord
Sweat glangd funervation:

Spinal segments (Puimon. 1983):

T,-T, supply glands of head and neck,
Ty Ty innervale the upper limbs,
T~ T g supply the trunk, and
segments T, -Ly pass to the legs.

ﬁympalhclic Ganglia )

Sweat glands

Total number of sweart glands:
= between 1,6-4.0 million.

Considerable variability in gland density:
* lowest: back (64 per ¢m?),
* highest: patms and scles (600-700 per cn?).
Glands:
* single unbranched, coiled wbules (~300 pm diamerer),
* 2-5 mm below the epidernis,
* conaected to che epidermis via a straight sepment,
* Lubule contuins secreiory and reabsomtive componeds.

Sweat glands

Neural signals reach sweat glands in swaves:
* sympatletic cholinergic activation,

* palsatile sweat seceetion,

* synchronised begweoen skin regions,

* frequency of expulsion: 5-30 per nxinutc,

17



G

Physialogical response

Corc temperature:

Core ¢

Air lomperature

I Anrta
I11d Al

= Avenues for heat Joss and heat pain
« hleasuring body temperatures
» Physiclogical significance of sweat
» Measuring sweat secretion
« Factars affecting sweat evaporation
« Measuring skin blood flow
» Psvehophysical measures

C‘
Measuriag thermeregulatory function:
University of Wollongong.
=
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Sweat rate measurement:

Whole-body mmss clunees:

« seale; integrzted changes,
+ toad ceils: instantancous changes (Candas).
Regional swenting;
+ sweat bags: limb segment (Meughan),
= swveal capsules: expulsion rate and frequency {Folfongong},

Sweat capsule system;

STV ST s o
B ooma s AR AR

Sweat capsule system:




BRI

Surce, Lo 1w esy
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Sweal threshold:

Sweating response to core temperature:

L Sweal gain
(sensitivity)

Sweat rates encountered during exercise:

Severe, short-ternt hieat stresss 3-4 {1vF,
Acclimntisation: 2.3 Lhrl.
Hiphest recorded sweat rate: 3.7 Lhe!
{Albcvio Salazar: 1984 Olvinpic Mamtkon)
24higur leavy sweating: 10-15 Ld-,

Exercising and working in extreme enviropiments:

« Avenites fer heat loss and heat gain
+ Measuring body temperatures
« Physiological significance of sweat
+ Measuring sweat sceretion
« Factors affecting sweat evaporation
+ Mcasuring skin blood fiow
« Psychophysical measures

21



Factors affecting the evaporaticn of sweat:

« Water vapour pressure gradieot:
* air vapous pressure:
+ macre-climate; air,
= mlicro-ctimate: clothing;
» skin vapour prossure: -
= skin temperature.

~  gradient

)

= Suerface arcy;
«wetted surfiaee area,
» exposed surface arca.
+ Wind velocity:
* macro-climate: air,
« micro-climate: clothing venizlation.

ey
L
Opumal skin exposure: 7 g
i
H
Earcupanizien
-

22



Thermal protective clothing:

Profiems:
* Reduced evaporative heat loss:
= can be reduced by 70%,
* solution:
= increase skin exposure,
* increase garment ventilation;
* Trapped metabolic heat:
« insulates worker from radiation,
* reduces dry heat losses;
« Increased metabolic load:
« mass of elothing added o body,
* reduced mechanical efficiency,
& » reduced range of motion,

4+

Exercising and working in extreme environments:

» Avenues for heat {oss and heat gain
* Measuring bedy temperatures
+ Physiological significance of sweat
* Measuring sweat secretion
» Factors affecting sweat evaporatien
« Measuring skin blood flow
* Psychaphysical measuscs

Skin blood flow:

Yenaus occlusion plethvsmogranhy

%
Pressure cull: venous occlusion "1
2

o
Strain-gauge /ﬁy

Pressure cufl: arterial pressure

23



« Measusi

body teniperatuees
+ Physiologicnl sizniticance of sweat
+ Measu

g sweat secrction

+ Factors alfecting sweai evaporation
+ Mea o skin blood flow
< Paychophysical seasurcs

Exergising and working i extrame environments
« Avenues for Beat Toss and heat gain
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Body fluid volumes during postural,
thermal and exercise stress.

Nigel A.S. Taylor
Department of Biomedical Science
University of Wollongong

R

v

Fluid volumes: postural, thermal, exercise stress:

+ Body fluid compartiments
* Measuring body fluid voiumes
* Physiological significance of body {luids
« Body fluid shifts during postural changes
+ Body fluid movements during exercise
* Body fluid volume during thermal stress

Total body water (TBW) volume:

* The human body is ~60% water
* gy range between 40-80% of body mass.
* reasons for variability:
* natural variability between people,
* particularly due to adipose tissue.
* Adipose tissue has the lowest water content.
+ Higher water content in lean peaple.
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Relative waier volumes:

Tivwurs Fo waict
Kidar, 8%
Hean 79
Lunr 79
Sigienl minude %
Brain 75
Skin 72
Liver [
Skl 22
Adpwe e 10
&
Total body water TTBW) volume

= iper decreases With nge
= Crender: higher in women due i generally greater fat coment.

Age {yearst hake 45 water) | Female (% water}
rewbarn Al 75
£-5 % [ [:3]
10-16 v D 60|
1739 v [ <0 )
20159 ¥ § EX] 4
- D i &3 45
o
Body fluid volumes
Total body Quid: 40 litres
Extraceliular volume:
Tntrace lular vobaome: 15 fitres
Plasma volume:
Interstitizl volumc: 1€ litres '\3*'“‘5
Red ceil volume:
2 litres
pas
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Body fluid volumes

Eight body-fluid conspartments:
» Tatal body fluid: 300-600 mlkg?® (female-male):

* Intracellutar fluid: 3G0-340 mt.kg:
= red cell velume: 25-30 mlkg'';

» Extracellular volume; 200-266 ml kg
« interstitial fluid volume: 160-220 mLkg'!;
*+ plasma volume: 40-40 mlkg';

= Extravascular cellular volume: 275-310 mlkg;
* blood volume: 65-70 mlkg? (RCV+PV):
+ plasma velume: 40-40 mlkg;
* red cell voleme: 25-3¢ ml.kg .

Composition of body fluids

Cells are separated from surrounding fiuids by a sefectively-permeable
plasma membrane.

Thus, the composition of intraceifular and exsracetiular fluids is very
different.

» Extracellular fiuid:
* major compartments of ECF: PV and interstitial fluid ([SF)
= have very similar, but not ideniical compositions
* Na* is major cation and Cl" and HCO," the major nions
* profeins are 2lso present in the PV:
* cannol easily pass through the vascular walis
e this causes clectrolyte compositions to be different,

Composition of bady fluids

+ Extracellular fluid:
*+ Proteins:

* prateins cannot generally cross the vascular membrans

* hence, they affect distribution of ions on bath sides of the

vascular membrane (PY has move -ive joas than ISF):
* cations (Na*, Mg*, K*) will tend to move into PV
* sum of anions and cations tn PV and ISF is equal

» thus, electrical Reutrality withia a fluid

* but the total concentration is not equal across the membrane
(e.g. one side is more nepative).
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Composition of body fluids

Vascular membrane
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PV ISF
~
i Qe Other
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Composition of body flnids
Eeqrolvies | Seracelluy  fluid
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A} ozl 1 | fmmot b fmmat 1
st (A7) 152 143 M
porastinn KTV 3 L 137
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{m}; some texis use mEqQ U, whiek zre exqual (0 mmel I *valance,
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Composition of body fluids

* Intraceliular Ruid:
s No*/K*+-ATPase purrs:
* present in ali celt emembranes
= getively transports Na* our of, and K+ inte, the celis
* Na* is the primz=yy extracellular cation
* K+ is the primary intracellular cation.
= Linited membrane pervanbility:
* some elecirolytes canmot cross the cell membrane
* proieins and orgasic phosphates
« these affect distribagion of ions across cell membrane
*+ inside cells there is more protein than the cusside
* cations (Na*, Mg*, K*) wili tend 1o move inside
* so the sum of amons and cations an each side of the
membrane is equal
» but totaf concetzzation is not be equai across the membrane.
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Composition of body fluids

* Intracetular fluid:
* Resulss of these two factors:
+ the concentrations of small diffusible ions (K* and Ch) are not
equal across the cell membrane:
» K+ is greater inside, Cl° is greater outside celt
= distribution: is governed by Na*/K*-ATPase pump
* total concentration of cations and anions is prearer inside cells
* there is electrical neutrality within the intracellular
comparunent,

Composition of body fiuids

PV ISF C°F
Vaseular membrand Cell membrane
00
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Composition of body fluids
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Fhuid volumes: postural, thermal, exercise stress:
- Body fluid compartments
* Measuring body fluid volumes
* Physiological sigaificance of body fluids
* Body fiuid shifts during postural changes
+ Body fluid movements during exereise
* Body fluid volume during thermal siress

o
¥
t

La SRR, T

..... LlaueSi UlLULiu
i -
[egiangue:

Known velume and coneentration

Unknown velume but a known concentrazton

N
v
4

{

heasuring the size of fluid compartments

General equation:
VG = VoG
where: ¥, = injected (known) volume
C, = injected (known) concentmaton
V, = unknown volume
C, = measured (known) concentration

Thus: V=V, C I G,

Compartmes volume = injected volume * injected concentration
measured foncefiTaton
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Measuring the size of fluid compartments

Ceanactive
Thwsus B3F

ISE and Intra- it

CeHutar -

Lymph - € 2

8L Fluid =
4L -

Measuring the size of fluid compartments

H Aiptallals

COMPARTMENT SUBSTANCE

Tota) bady Tritiated water (H)
Extracellulae 5hromium
Sleromivm-EDTA
Plastra UlL.albumin
Evans Blue
Biood SIC-RBCs

Fluid volumes: postural, thermal, exercise stress:

* Body fluid compartments
* Measuring body fluid volumes
* Physiological significance of body fluids
* Body fluid shifts during postural changes
+ Body fluid movernents during exercise
* Body fluid volume during thermal stress
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Regulating body-fluid volumes

Water balance:
Body-fluid balance requires fnput to match supur.

* Three main sources of water input:
* warer constimed as warer (1-2 liues per day)
@ woter constoned in foods (3.8-1 litres per day)
« weier penerated during oxidation (metabolism) of foods:
= 0,3-0.4 lires per day
* uxidation of 108 g glucose genzrates 108 mi of water.

Regulating body-fluid volumes

Water balance:
Body-ttuld balance requires input 10 mzieh owtpot,

* Four main seurces of wafer pulput:
w rrine {1-2 litres per day)
¢ faeces (0.1-0.2 fizres per day)
« sweaf (widely variable: 0.2 1w 15 jires per day}
« insexsible water losses:
« 50% respiratary (0.4-0.5 litzey per day)
* 50% via skin (0.4-0.5 lires per day).

Regulating body-fluid volumes

Water balance:
Body-tiuid balance requires input to mawch otiput.

* Two most importart factoss controlled during water regulation:
s waitr consumed as water
« modulated by thirst
¢ waler lost as uring
+ modulated by antidiuretic hocmone {(vasopressin).
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Regulating body-fluid volumes

Water balance:

* VWorking with numbers:
* Total hody water = 550 ml/kg
* Average uring flow = 0.893 ml/kg/br (max: 12 mikp/he}
* Average faecal toss = 0.089 mU/kg/he (max: 2,98 mi/kg/hr)
* Average respiratory loss = 0.3 mikg/hr
* Average skin loss (resty= 0.3 mi/kg/hr
* Averape sweat rate = 22 miZkg/hr {1.5 Uhr for 70 kg).

s

Fluid losses during thermoneutral rest:

Kidneys:
+ 1000-2000 ml.d' {urine)

G miiD
Dissipate ~25% « 1 ml per 10 tires of ventilation

of total ?mat Alimentary canal:
production * 100-200 ml.d-! {facces)

Skin:
*transpiration (750 mld),

Tatal fluid loss:
+31530 ml.g'.

Regulating body-fluid velumes
Resting adults

Required fluid intake:
@ = 1.6 ml/kg/hr

Fun )] Ton o i g P wov o B ] v B Bl &) TS0 ey v ol w o ot {achal] ool o o oz o] T3 b o oy (et
E: 103 15000 s 15005 A% ] ISR
[ XRD, 1650 Ay 18357 I 7T i

Juon Hoo Lt [12: 340 [Ty T2

TTah [ i 9 50 ) [T ]

N p=r) 00 [T v 5] (L) Sy
uzs oA 475 = #if FIAS 2eTan)

[t H 1440 HOG ) 263 N

wnao 35 TS, 250 .55 [T =50

i) 1809 ko] o 00 Hilm MY

a0 TEE] T EX5) [Ty T T

[ [t ) Xax 930 T3] 50 35 T 0
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Effects of exercise in the heat:

Kidneys:
= reduced renal blood flow.
Lungs:
* increased alveolar veriilation,
* 190 Lmin® — 10 mimin? (evaporation).
Alimentary canal:
» reduced cotanic biood flow,
* increased bowel motility.
Skin:

Totat fluid loss:
=50-15 4L

€f

Sweat tates encountered during exercise:

Acclimatisation: 2-3 Lhi.
Highest recorded sweat rate: 3.7 Lie!
(Alberw Selazar, 1984 Olympis Marsthon),
I4-hour heasy sweating: 10-15 Ld'%,

34
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Regulating body-fluid volumes

Exercising odulis: average sweat rate = 22 ml/kg/hr

Mass (ept Yool body fuat M1 1Susar oz 1o
A
55
&1
a5
) 3
fr ALy
440
“@x E
49.3 H
373 21
530 22

Required fiuid intake:
* rest: 1.6 ml/kg/hr

* exercise: 22.2 mikglhr
» total: 23.8 ml/ke/hr

b fa o firi =

Igsst

[¥5]
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Regulating body-fluid volumes

Key facts:
* The PV is the only body fluid which has its volume and composition
directly regulated.
¢ The ECF serves as an intermediary between the cells and the external
environment:

* all exchanges between cells and environment occur through the ECF:

* water added to bady enters and leaves vis the ECF,

*» Because fluid and electrolyte exchanges can occur across the capillary
mentbrane, then the volume and compasition of the ISF is also repulated.
 Thus, plasma fluid and composition regulation dictates the volume and
composition of the entire ECF.

)

(] 3

Regalating body-fluid volumes

Key facts:
* Since ICF composition is influenced by the ECF, then itis largely
dictated by PV regulation:
= exception: the influence of celi memibrane barriers:
* Nat/K+-ATPase pump
® prolein composition of membranes,
* Two most imponant factors regulating body-fluid volumes:
* Extracellular fluid osmolariry:
The maintenance of water balance is of primary importance in the
regulation of the ECF osmolarity.
* regulated to prevent sweliing (educed osmolarizy):
* hypotonicity o hypeshydration
* regulated (o prevent shrinking (elevated osmolarity)
* hypertonicity or hypohydration,

Regulating body-fluid volumes

Key facts:
* Two most important faclors regutating body-fluid volumes:
*» Extraceliular fluid osmolarity;
* Extracellular fluid yolume:
Regulated to help maintain blood pressure.
= It is the concentration of electrolytes in the ECF (electrolyte
balarce} that is responsible for determining the ECF.

L6
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Regutating body-fluid volumes

Water balance:
Two most impartant factors controlled during water reaufation:
* water constined as water :
= modulzied by thirst
* waier lost os urine
+ modulated by antidiuretic hormone {ADH or vasopressin).

These are stimulated by two primary physiclogical veriables:
+ plasma osmolarity (concentration)
* blood pressure.

LA

+ Osmoveceptors within the hypothalamus monitor plasma osmolality, fesd
alie judagtomervicr cells of kiduey).

« The volume amd tenicity of these recepior cells change with vasiations in
the osmolarity of plasma:

« expand {become hypotonic, hyperhydrated) when plasma is dilute

*» shrink (bacome hypenonic, dehydrated) when plasma is concentrated.

(g

Reguiating body-fluid volumes

« Dehydration can be induced in three ways:
* insufficient water inake
* excessive water loss
* diabetes insipidus:
» adeficiency of ADH, which prevents the kidneys from
adequately reabsorbing water; paticnis can produce up to 20
litres of wrine per day,

» Hyperhydration can be induced in three ways:
* renal feilure
* rapid ingegtion of larpe volumes of water
 retention of excess water by bady withow retention of soluies:
due (o inappropriate secretion of ADH.
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Regulating body-fluid volumes

= Barorcceptors are located in two regions:
® low pressure reecpiors: Tight and left avia
* high pressure receptors: aortic and carotid regions
* also at the juxtaglomerutar cells of the kidney.

* Baroreceplors respond to stretching induced by either an increase in PV
or blood pressure (BP):

* increased BP or PV increascs baroreceptar activity

* decreased BP or PV decreases barareceptor activity.

Thirst regulation

* Thirst is the swhjective sensation that drives the consumption of
water;
* thirst centre: hypothalanus
* The sensation appears only after we have siarted to become
dehydrated, and the sensation disappears before the body is
adequately hydrated.
* Stgnificance;
* drink early to minimise the risk of dehydration
* drink o replace mass loss, not (o quencls thirst,

Thirst regulation

S o o e 8t P e i 1Y et Ee 1 e e T 0¥ i Tor e ik el
1557 ) E Taiar
[ty = T
(Y3 ) (ET0
i5m n (R}
" ited 1)
>, T YRRy
T 1) Ty
s ) Y —
=3y | Bog o
¥ o T i
= o { 1100 [ 3

Avcrage sweal rate:
22 mifkgrhe
(1.5 Uhr for 70 kg}

FEEF TN

L N - I
B DOMvLOATiCe

%; HNaanal daily loss:

zeTo fluid replacement 3
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Thirst regulation

* Thirs; is predominansly stimulated by the hyporhalaniic osmoreceptors.
* increased osmolarity stimulates
* decreased osmolarity inhibits thirse.

* Thirst s alse stimulated by changes in ECF, which is dewccted by atrial
voligne or pressure recepiors and barorecepiors.

Thirst regulation

* Thirst is alse stimulated by the presence of angiorensin IT within the
blood.

* Thirst is rot stimulated by swress-refated factors: pain, fesr, rauma.
* itis enafizeted by aleohol.

* However, thirst may b promoted by faciors which do ot actin the
regelation of ADH sevretion: dry mowrh.

Fluid volumes: postural, thermal, exercise stress:

+ Body fluid compartments
* Measuring body fluid volumes
* Physiological significance of body fluids
* Body fluid shifis during postural changes
« Body fluid movements during exercise
* Body fluid volume during thermal stress

£
LAY
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Arteriolar and venous fluid exchange:

]
-

1.07 colloid pressure 1.07
3.73 colloid pressure 3.73

3.99 capiliarv pressure 1.33

Key factor ¥

Arteriote 0.4 anterstmal prcssure 0.4 Venule
(=] 1.73 kPa -0.93 kPa ‘

Plasma volume changes: posture

RCV Y RV
%000
= 4880
g ase o
=z
T i
5 3000 $600
<
£y
Z asee ] H 5500
= H
i 1! JEHH i [
g S B B B I St s e el
,/utssa 6 15 3 9 15 W
Supine
Scated Titme {min}
Sanding
BEe
. Saurce: Maw ¢t &l (1995} Acra Seaad. Plysiol 155157161, 49

Fluid volumes: postural, thermal, exercise stress:
« Bedy fluid compartments
* Measuring body fluid velumes
+ Phystological significance of body fluids
*+ Body fluid shifts during postural changes
+ Body fluid movements during exercise
+ Body fluid volume during thermal stress
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Plasma volume changes: exercise
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Fiuid volumes: postural, thermal. exercise stress:

+ Body fluid compartments
* Measuring body fluid volumes
» Physiological significance of body fluids
* Body fluid shifts during postura! changes
» Body fluid movements during exercise
+ Body fluid volume during thermal stress

$
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Plasma volume changes: cold immersion
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Plasma volume: exercise and heat
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Heat acclimatisation, thermoregulatory
failure and fluid replacement.

Nigel A.8. Taylor
Depariment of Biomedical Science
Uaiversity of Wollongong

@iy
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Heat acclimation. thermal failure angd hvdration:

*» Heat adaptation
* Heat adaptation methods
» Thermorepulatory failure
= Dehydration
» Fluid replagement

STANDARD THERMAL TERMS

* Adaptation:

* change which reduces phystological strain;

* when chenge occurs within the normal lifetime:
* phenoypic adapration.

* When chznge is the result of genetic selection:
® genotxpic adaptation,

* Twao types of thermal, phenotypic adaptation zre:
* Acclimation: expetimentally-induced adzptation.
~ Acclimatisarion: natsral exposures which indace

adaplation,
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* Eccrine swear gland adaptation:
* Sweat rate:
* impraved swealing is ene of the mare delayed sduptations,
* requires 8-14 davs o obtain ~95% of the final change:
* anclevated steady-state sweat rate,
*inereased RCRR SWedi rate,
* resuit: doubling peak hourly swear rate o 2-3 Lk
* highest recorded sweat rate (dberto Sclazar: 1984 Oparpics)
* 3.7 il after 19 days of heat adapation,
* body mass: 67 kg,
* mass loss: 5.43 kg (8.1% mass) in a 134-min marathon.

* Eccrine sweer gland adaptarion:

* Sweat adaptation may be of central or neurzl arigin:
* hypothalamus:
" indicated by a sweat threstwld change.

* redyced T, threshold for sweating onser,
* lypothelamus initiaes swesiing &t a lower T3

* acclimation increzses number of swepting plands:

inereased gland recruitment.

#

Peak sweal rate

Acclimated

enp e tiridiepetra

Sweat rate

Sweat sensitivity

Sweat thresholds

Core temperature
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* Eccrine sweat gland adaptation;
* Adapration is also brought about by peripheral mechanisms.
* For a given neural drive, more sweat is produced,
* Thus, acclimarion increases sweat gland sensitivity.
* The mechanism:
glandutar hyperirophy,
larger tubular diamezrs,
longer secretory tubides,
grealer secrezory capacity of the glands,
increased periglandufar concentrations of acetylcholine,
increased cholinergic sensitivity.
(Source: Saro and Sara, 1974)

Y

n

Acclimated

Asweat { ~

NI JUIANG

Core temperaiure

* Eccrine swear gland adaptation:
* Sweat composition:
* The major compositon of sweal is:

* sodium ions (Na-),

* chloride ions {C1), and

* water.
Sweat glands have secretory and reabsorptive compaonents.
Scme primary sweat constituents are reabserbed:

* Na*, O and bicarboaatc jons.

* This is the fuaction of the distal portion of the gland tbule.

Thus, sweat is hypotonic to extracetular fiuid.

45



o
i
4

* Eccrine swear gland adaptation:
* Sweat composition.
¢ As sweat rate increases:
* the rate of jon secretion exceeds ion reabsorption,
* thus, the ion concentration af sweat increases, and
* 1ol electralyie loss per Jitre of sweat increases.
* Acclimation increases gland responsivencss to aidosterone.
* Thus, placds reabsord more sodium and chloride from the

primary sweat, leading to a greater conservation of
electrolyies,

o

8!

Sweat rates and sodivm less

~ & - o o,
- i q
g 0 Unacelimated d"‘_.o
E ot
~ 40
£ o
E 30
oBad?
-§ 20
= Acelinated
§ 10
w

I 1 [ i I L
.2 a6 1.9 1.4 I8 Lx

Sweat rate (mg.cm2.min’)

Saurce: Aan 2 Wilson (1975

Heal adaptation:

« Eleven active males

+ Heat Stress Tests:
« prior to acclimation
= after 7 days
< after 21 days

= Task:
* cycling 90-min per day
« six days a week
+40°C, 6% RH
* Teary tlevaled 1o 38.5°C
= then held stable.

Source: Parkerzon et al., 19992




Overview of 21-day acclimation protocel:

£ Heat Stress Test

]

1 2122
T Acclimation —JRest
H3
U Source: Patterson e ol 1979
Protocel for Heat Stress Tests:
co 30% 0% ]r 30%
t i
EUTI.Ci ElY 60 R30
Time (min}
" Seated rest (changing T,)
0 Seated rest {40°C 60% RH)
3 LT3 Seated rest (28°C S0% RH)
QOesophageal temperature:
—3~ Dav 1 —o— Day 3 ~th [hay 21
3 b
[T b :
3
~ b &b
L2 oar 3
'l
M 3 _Peg Exerrise 3
L T —
e e Y
30 0 30 60 %
Time (min)
s
=
(SR ]
<
I‘-= 13
we < 2 yl\
Ei Dayl Dayf Dayil Sturce: Pattersun €7 ol 1999

47



Sweating response: mass change
T 16 b
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Sweating response: thresholds:
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Sweating responsc: lecal sweat rates:

“ Cdogt Eines Tlpgn
oo~ 3 a D 3 E
= Mc 8 5 2L g mm
< E E i E
v B ¢ 3 F-Aal ﬁ ]
£ E E
£ E 43 T Y N
g & 3 2 E
t E 14 4
- E 3
¢ 1 E
o Yocehead Chest. Forepem . Thiph  Scapulz .
< 150 3 . { 3
- 125 3 f E
w
¢~ 100
¥
T 1
] 58 3 3
] 3 E
:—qJ 25 3 E
o 4 E,
Forchead  Chest  Foresrm  Thigh  Seepuls

Sweating response:

Active sweat
glands
{glands-cai?)

Dav]

Lay 8

Glandular flow
{al -gland-min!)

Dhav 22

T
*
3

Foreliead 177.8258
Forearm  105.8 25,0
Scapula 804 427
Chest 9.6 £2.0
Thigh 61.6268

A

Source: Montagna and Parckkal, 1974

A5G x520% 460 2300
9.6 £3.2 28.7+2.3

293 235 42.9£3.0*
26.6 3.8 49.544.3%
3344287 43.222.3%

48,6 23 6%
36.8 3.0
56.3 43,4
47,9 2.6
436225

Interpretation:

* Sweat elevations were observed at all sites.

* A trunk-to-limb redistribution was not abserved.

* Way?

* sweat changes reflect the capacisy to elevate sweat secreticn
* sweat changes appear not to shaw altered ssdomator control.
* The reduced sweat threshold may be related to a lower
resting T, and not necessarily central control.

Sourve: Paticnon et ul,, 1999
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Sunumary of human heat adapation:

* Range of davs 1o achieve ~95% of maximal response:
* f. decrease: 3-6 days;
PV expansion: 3-6 days: unless wark rate is continually T;
reduced RPE: 3-6 days;
* reducaed urine Nz and Cl excretion: 3-8 days;
reduced T: 5-8 days;
redasad sweat Na and Cl excretion: 5-1G days: and
increased swezt rate: 8-14 days.

0

05

Surmary of human heat adapiation:

t=hes up 1o 14 days for all sysiems w adupt completely;

* Eariy adapztions involves impraved CV control:
*increased PV, reduced 7.

* The increase PV appears 1o be ransient:
* decaws in B-14 days {unless work rate is continusliy T),
* henmonal changes zlso show decay,

ate 1eplaced by:

fiicreased sweating, and
® reduced skin blood flow.

Heat acclimation. thermal failure and hvdration:

+ Heat adaptation
» Heat adaptation methods
* Thermoregulatory failure
* Dehydration
+ Fiuid replacement

&4




Considerations for heat acclimation protocols:

* Safery:
* meniter the T, and f, of each individual;
* identify subjects most likely to expericnce dysthermia;
* establish emergency procedures.
* Efficiency:
* efficicncy of personnel;
* throughput;
* acclimation duration;
* acclimation decay;
* individual needs;
* availability of the acclimation facility.

Considerations for heat acclimation protocols:

* Acclimation specifications;
* basal acclimation stale of people;
* worst case thermal stress expected;
* the fevel of heat acclimation required;
* critical heat exposure work durations;
* wst of heat acclimation,

=]

Principles and practices of heat acclimation:

* Natwral acclimatisation is best.
* It is usually not possible,
* Five methods:
* Passive heat acclimation:
* Exercise-induced heat adapiation:
* Exercise-induced heat adaptation with solar foad:
* Exercise-induced heat adaptation with sweat clothing:
* Combined exercise and heat stress accltmation:
* Cansizant work rate profocols:
* Sel-regulated exercise protocols:
* Contrelled hyperthermia protocols:
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How is heat acclimation best maintained?

* The benefits of bieat acclimation ase transicnt.
* Rule of thumb:

* one days acclimation is lost every [wo days
* rzined subjects lose effects more slowly.
* Decay is influcnced by:
* the magnitude of the thermal strain,
* the duration of acclimation, and
* the number of exposures.
* To maintain heat acclimation:

* one exposure for each five days away from significant heat
Qurces O exXposures,

Hear acchmation. theemal failure and hvdration:
« Heat adaptation
= Heat adaptation methods
» Thermoregulatory failure
» Dehydration
= Fluid replacement

Distribution ol core temperatures
in young, resting adults (#=276).
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Physiological response

Heat gain and loss mechanisms:

" Themoregulatory zone —

T =
g -
L~ Core temperature
( / 1 i N
{ Therdnogehesis
Eot
——v/
Skin bjood flow 1
Sweatin ! !
_ [ i .
Peak thermogenesis Peak sweat rate

Air temperature

Limits of core temperature tolerance:

= Core tonperaivies.
28°C: ventricelar fibriflation, no pupillary reflexes
30°C: loss of consciousness
< 35°C: hypothermia
35-39°C: noninal range
> 39°C: hyperthermia
40-42°C: high intensity protracted endurance exercise

* Extreme values:
survival at 14.4°C {accidentad),
survival at 9°C (clingeal) |
survival at 47°C,
people have died at 40°C.

Source: Uayward er af. (1975),
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Risk of heat illness

* Environmentat conditions affecting heat iliness:
* Critica} factors:
* air emperature
® refative humidity
* wing speed
* radiant heat.
* Heat stress index: wet bulb globe temperature (WBGT) index:
WBGT=(0.7 T, +(0.2 T +{0.1 Ty}
* Note: humidity accounis for 70% of the index.
* Risk categories:
* Very high risk: WBGT above 28°C
* High fisks WBGT 23-28°C
* Moderate risk: WBGT 18-23°C
* Low risk: WBGT helow 18°C,
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Heat injuries

* Hear iliness occurs most frequently during first 3 days.
* Heat illness increases probability of subsequent iliness.
* The following states may predispose to heat jliness:

* steep deprivation,

* infectious discase,

* excess fatigue,

* glycogen depletion,

* sudden increases in Lraining inignsity,

* alcohial or drug abuse,

* abesity,

* very low bady mass: <50 kg,

*age: >40 years,

* poor tevet of fitness: <40 mbkganint,

* previous heat disorder,

i

&
¥

iy SWATCE Hiidy pavdispuse (0 et Bingss,
* various medications:

* diurctics,

* apticholinesterases.

* vasodilawors,

* antihistamines,

* CN§ inhibitors,

¢ musele eelaxans,

* atropine,

* ranauilisers and sedatives,

* beta-blockers, amphetamines, propranoiol.
= cardiovascular discase:

* hyperension (SBP > 180 mmHg, DBP >95 mmlig),

* reduced CV response {(fower ).

* Three syndromes assoclated wigh heat exposure:
* Heat cramps:
* only in those that sweat profusely, and
* occurs eagly before acclimatisation;
* Heat exhaustion:
* due o an inadeguate cardiovascular response,
* the initial increased skin blood flow is not compensated
* by increased blood velume, or
* reciprocal vaseconstriction elsewhere;
* Heatstroke:
* hyperpyrexia due to relative or absolute thermoregulatory
failure.
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* Heat cramps:
* Limk or abdominal cramping associated with heat swwess:
* ustaify associated with vigorous physical activity, and
* profuse sweating, but
* the exact mechanism is uncertain.
* Incidence:
* ~1% of ait workers,
* Some clinical examples:
* cane-culter's cramp,
* fireman's cramp,
* miner's cramp,
* sioker's cramp.

€

* Heat exhaustion:
“ biost connn furus of heay fliness:
* T, greater than 48°C is defined as heat stroke,

* Characterised by an inability to cominue work, and is frequently
seen among, the clderly.

* Cause:
* inadequate cardiovascuiar responsc to heat smess;
* increased skin blood flow is not compensated for by:
* increased blood volume, or
* reciprocal vasoconstriction elsewhere;
= person loses heat tolerance znd fatigues.
* Symptoms:
* pallor (sense of depression or gloom), headache, vomitiag,
= posturzl sypcope, urge to defaccate, giddiness, fatigus,
* hyperventilation, tachyeardia,
* profuse sweating.

73
*
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* Heatstroke:
* Due 1o relative or absolute thermoregulatory failure.
* Diagnosis:
* T, 39.3-41.0°C or more, no sweating (mest important factor);
* also: hyperpnoea, allered consciousness, tethargy, siupor, coma;
* convulsions may occur;

* elevations in blood urea nitrogen may be present {e.g. 2640
mg/10G ml common).

* Predisposing factors:
* use of diuretics,
* skin discases,
* spinal lesions (awtonomic nerves severed},

44
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raistroke:
* Predisposing (actors:
* obesity (SA/mass and increased muscle work),
* zizdal consumption (T musculer work, diuresis, vasomaiwor
CORTIY,
* acwz viral or bacterial infections (T, afready high},
* use of anticholinergic zgents (inhibit sweating),
" Pzifason's disease {medication inhibits sweat and musculzr
work 3 high, thus greater heat production),
* singk: most important factor in the aged:

¢ zzrdiovascular disease,
* sech paticnis do not T heart tolerance over time,

S TN

Severs Jises gan tesuit in:

exwzsive muscle damage,

:ohinuria (myoglobin in urine},

2 (decreased ability 1o form: and pass urine),
* myucendics (inflammation of myocardium),

* mascie and neural necroses {{ocalised tissue death),
* hzzorthages of the skin,

* pesmointestinal bleeding (in some severe cases),
" densration of protein and bloed coagulation.

* welwwels of cold bath,
" comstent skin Tubbing 1o ensure skin biood flow is maximised
(i.€. beat shift from core to skin},
oxavz=a therapy.,
= avinZ excessive intravenous fluid replacement wiless clinical
dehyZation exists:
* soch therapy can produce pulmonary oodema,
* antpyretic drugs (e.g. aspirin) are not effective:
* Eeir action requires a functioning heat loss systems, and
* may abso produce imestinal biceding,
* T, ==y be unstable for several days, and may show secondary
elevadon.
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* Rhabdomyolisis:
* Derivation:
* rhabdos = rod, ntys = muscie, fysein = loosen,
* Meaning: breakdown of musele tissue,
* Can occur in both hyperpyrexic and mildly hyperthermic pecple.

é‘t:

* Heal injuly prevention:
* Sources for detiled informatdon:
* ACSM position statements: Med. Sei, Sports & Exerc. {1955),
* city-to-surf policy: Med. 1. Aust. (J979) 2433474,
* Summary of this information;
* identify people at risk,
* identify work and exercise conditions in which the risk is
elevated,
= esigblish weork and sporting practices shich are designed o
minimise the incidence of heat disorders;
* three categories of these practices:
* worker/competiter education;
* medicat organisation; and
* work/event arganisation.

€E

Heat acclimation, thermal failure and hvdration:
* Heat adaptation
« Heat adaptation methods
= Thermoregulatory failure
* Dehydration
* Fluid replacement

&
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Physiological consequences of dehydration:

* Increased cardiovascular sirain
= Reduced general endurance {perfonnanced
* Reduced local musele endurance
* Increased thermal strain

* Reduced heat wolerznce

Increased risk af heat iflncss.
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* The consequence of sweating:
* Progressive defiydration
* 1 litre of sweat equates with a 1-lire dehvdration
* 1 titre of sweat weighs 2bout I kg
* > 1% dehydration increases cardiac strain
* 70 kg persor: 1% = 0.7 kg
* limits ability to move heat to the skin (dlood}
* 2-3% dehydration increases chance of heat iliness
* 70 kg person: 3% = 2.1 kg
* reduces blood volume
* reduces sweating,
* increases body emperature.
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Total body-fluid losses

Exercising adults: average sweat rale = 22 mlfkp/hr
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Physiological consequences of substrate depletion:

Electrolyte loss leads to:
* dehydration

* hyponatresmia

* muscle cramps.

Muscle glycogen depletion feads to:
* reduced exercise performance
¢ reduced mental performance.

Daily sodium requirements
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Heat acclimation. thermal failure and hvdration;

+ Heat ad=ptation
* Heat adapiation methods
« Thermorcgulztory fxiure
* Dehydeation

* Fluid replacemes:

Dehydration and hear iliness

* The solution:
* Edentify people at risk
* Edentify conditions in whick the risk is elevated
* Establish practices o miniriice heat disorders
* Three generai categories:
(i) worker/comperiror educczon,
* preparation for heat exzosure
* clothing
* diet
* water replenShmen:
* aleohol 2pd Crug use
* the hazard of exposurs =hile il
* signs and svomtoms of ezt itnzsses,

* The solution:
* Thres gencral categorkes:

(i} warker/compeiiior education:

(ii) medical erganisagion:
*® aid centres
* personnel traiesd in detzTion of those at risk

(iii) work organisatice:
* modify duties 2scording w environument.
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* The solution:
* Fluid replacement:

= Before exercisefwork:
* 1.5 litres on night before
* 0.5 livre 2 hours before

* During exercise/ work;
= 0.5 litre per hour for shart exposures
* § litre per hour for long exposures
* frequent small volumes better
* larger, less frequent volumes less effective.

= After exercise/work:
* repiace mass lost {non-alcoholic)
= ensire healthy diet wo replace electzolyies.
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Sports drinks are less effective than eating

(4% fwid replaternent
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* The solution:
* Electrolyie replacement:
* Stiery duration:
* 6ot required
* Long duration { > 4-5 hours):
* may be beneficial
* 0.5 grams pet litre
* improves palatability of floid
* Carbohydrate replacement:
* Short duration:
* not required
* Long duratian {>>4-5 houss):
* concenmation between 3-8% (3-8 g per 100 ml)
* Key poiat
= sweat is 99% water: replace with 99% water.

e i
* The solution:
* General fluid prescription at work:
* stait diianiig caily
* do not wait for thirst sensation
* thirst = dehydration: thiest prevention is the key
* drink frequendy: every 15 minutes
* aim to replace weight foss
* or maximum that can be tolerated
® keep fluids cooler than air temperatere (15-22°C)
* flavour drinks to increase palatability
* increases desire (o drink
* long duration:
* carbohydrale (3G g & elecirofytes (0.5 g) each hiour
* Thus: drink a total of 1 Hre of waier containing
50 g glucose and 0.5 g sall each hour.
v
4
Carbohydrate concentration:
affects on fluid and carbohydrate delivery
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HABITUAL PHYSICAL ACTIVITY ON FLOW-RESISTIVE WORK OF -
BREATHING DURING EXERCISE: A REVIEW

Rungchai Chaunchaiyakul, Ph.D,
Exercise Physiology Lab, Department of Physiology,

Faculty of Science, Mahidol University.

Heat loss during physical activity is generally via conduction, convection and radiation
(60-75%) and another 25-40% via evaporation and insensible water loss (ACSM, 1984). At
certain level of exercise when heat produced exceeds capability of body regulation, there is an
additional cooling method, the evaporative cooling via respiratory tract through panting, taken
place. As respiratory rate increases, this rapid shallow breathing obviously causes heat
evaporation from upper respiratory tract, but this is associated with alkalosis of the body
(Haymes, 1984). Furthermore, panting itself also requires muscular work, which produces heat
i order to overcome the elastic and dynamic properties of the respiratory tract. This is one of
nstraints that impact on human thermoregulatory system.

Dynamic work of breathing of the lung, to overcome flow resistance, is determined

mainly by tidal volume (V-), and pulmonary flow-resistance (RL) (Otis et al., 1964). Two types
of pulmonary flow-resistance to transport of air into and out of the lung have been specified as:
(a) resistance due to lung tissue deformation (lung tissue resistance or tissue viscous resistance,
Ry, and (b) resistance due to airway friction (airway resistance, Ry, including upper airway,

glottis, and tracheobronchial tree) (Fry et al., 1954; Frank er al., 1957).
HABITUAL PHYSICAL ACTIVITY AND DYNAMIC LUNG FUNCTION.

Habitual physical activity offers numerous physiological benefits on the ventilatory
responses in young adults with increases of respiratory flow, pressure, and ventilatory capacity
(Leith and Bradley, 1976; Fanta ef al., 1983; Clanton ef al., 1987). On the contrary, reductions
in ventilatory capacity were reported after long-term training, which was related to the reduction
of circulating lactate, epinephrine and nor-epinephrine (Casaburi ez al., 1987). The effect of
physical training in young adults on the ventilatory work was reported by Milic-Emili and co-
workers (1962), where trained subjects had smaller ventilatory costs than the untrained subjects

at a given oxygen uptake.
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Table 1. Changes of flow-resistance of the lung (Ry), airway (R,.), 2nd lung tissue (Ry)
during exercise.

Source Age (years) Flow-Resistance
Chiang ez al., 1965. 15-35 Unchanged (Ry)
Mcllroy er al., 1954, 21-35 Decrease (Ry)
Stubbing et al., 1980. 22-65 Unchanged (R;)
Granath et al., 1975. 26-37 Unchanged
Johnson et al., 1991, 63-74 Increase (Ry)
Johnson and Dempsey, 1991. 70 Increase (R, Ri)
Buatler et al., 1960. 75-90 Unchanged (R,0)

Flow-resistance of the lung and its component during exercise has been previously
reported with unequivocal results (Table 1). Some investigators indicated that increased in flow-
resistance was due to imbaiance between tension in the airway and alveolar walls and the
opposing transmural pressure gradient (Johnson and Dempsey, 1991; Johnson er al., 1991),
others indicated that changes of these forces during exercise are well balance (Butler er al., 1960;
Chiang er al., 1965).

Work against dynamic resistance at rest is about 20-40% of total ventilatory cost
{Mcliroy et al., 1954). Howeaver, during exercise, it was reporied that this flow resistive work
increased as an exponential function of workload (Holmgren ef al., 1973). At maximal exercise
intensity, Johnson and co-workers (1991) reported the increased of total respiratory work,
inspiratory, and expiratory work up to 69-, 65-, and 73-fold from resting levels, in which 60-
70% of total ventilatory work was spent to overcome expiratory flow limitation during exercise.
At maximum intensity, ventilatory work increases by 6% from resting level in young untrained

subjects and 13% in the older habitally-active subjects {Johnson and Dempsey, 1991). They aiso

found that expiratory pulmonary resistance (Ry(g)) increases (o a greater extent than inspiraiory

pulmonary resistance (Ryp), which is particularly observed in older subjects. Thus, in both

young sedentary and the older habitually-active persons, increased work of breathing during
exercise 1s primarily due to increased of expiratory flow resistance. Narrowing of small airways,
with the concurrent increases of airflow resistance in the aged lung, has been reported
{Niewoehner and Kleinerman, 1974), in association with the reduction of lung elastic recoil
{(Colebatch er al., 1979). Thus, it is likely that even in physically-active person more ventilatory
work is spent to overcome expiratory flow limitation during exercise. In the aged lung, the ability

to resist compressing forces, the high pressure from the surrounding tissues, during expiration
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is further diminished.

ESTIMATION OF DYNAMIC WORK OF BREATHING

A variety of different methods for estimating dynamic work of breathing have been
previously determined. For example, respiratory work can be estimated from the estimation of
the oxygen cost of breathing (Barlette ef af., 1958), from analysis of the pressure-volume diagram
during spontaneous breathing (Otis, 1964}, during mechanical ventilation (Coussa er al., 1993),
and from predictive equations (Otis et al., 1950; Magaria et al., 1960). Work of breathing
obtained from the integration of the pulmonary pressure-volume loop was found to be equivalent
in outcome to method 'which derived work using the other techniques (Sekizawa et ai., 1984).
With the integration method, the pressure-volume relationships of inspired and expired air must
be separated using two sets of low resistance two-way, non-rebreathing valves with
preumotachograph assembly (Figure 1), Intrapleural (Pp) and mouth (Py) pressures are

determined using differential pressure transducers.

pl o m

Expiration
To gas analyser

Y -stopcock

Room air

]

A
Inspiration \
Paeumotachograph

QOesophageal ballcon Volume, flow

Figure 1. Schematic of breathing circuit used during exercise. Inspired and expired

pressure-volume relationships are measured separately.

With the correction of phase shift between flow and transpulmonary pressure (Pyp)

signals, total dynamic work of breathing of the lung (Wpy) from the integration of Py with

respect to volume over a complete respiratory cycle can be derived. As spontaneous ventilation
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varies between subjects. Wy, is generally presented as Joule (J), and normalised 1o tidal volume
. -1, . . . .
(Joule per liter, J.1 ) (Taylor and Morrison, 1991). It is assumed that the dynamic compliance

Cdyn() always shows its linearity as indicated by the line LT between zero flows at the end-

inspiration and end-expiration (Figure 2).

_ 5
D T Co
' Ead-tspirzdoa
4
Expiratory work — Inspiratory woek
)
¥,
!
v H
&
E Doymamic compliznce
-
£
= L End<xpiration
o
E L
=
=
-

- 0 ' +

Treaspuimensry Fressure (kPe)

Figure 2. Schematic of the pulmonary dynamic work using transpulmonary pressure-volume
loop. Line LT represents dynamic compliance of the lung during volume changes (V1) arcas
LCTBL, TALBT and LCTAL represent inspiratory, expiratory and total dynamic works
respectively. Lines CB and BA represent flow-resistive pressures required to inflate and deflate

the lungs at volume V; respectively.

Pressure gradient required to overcome elastic force of the lung during inspiration equals
to the horizontal distance from point B on the dynamic compliance LT to zero axis and pressure
gradient to overcome inspiratory flow-resistance equals to pressure at point C minus pressure at
point B. Since total mechanical work of the lung during inspiration (LCTD) is to overcome both
the elastic (LTD) and flow-resistive components (LLCTBL), then inspiratory flow-resistive work

of the lung equal to total mechanical work of inspiration minus the elastic work (LCTD-LTD).
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This is equivalent to the integration of area bounded by the inspiratory pressure-volume relation
follow line LCT and the dynamic lung compliance LT. With the same principles, expiratory
flow-resistive work of the lung is computed by integration of area bounded by expiratory
pressure-volume curve (TALBT) and dynamic compliance LT. Because the expiratory flow-
resistive work lies entirely within the elastic work of inspiration, no work is required from the
expiratory muscles, and energy stored during inspiration is used to overcome flow-resistive
forces of expiration. This area represents energy dissipated during the early phase of expiration
where inspiratory muscles performed the lengthening contraction, Thus, inspiratory muscles
performed negative work assisting expiration (Otis, 1950; Otis, 1954; Taylor and Morrison,
1991). Total dynamic work of the lung (area LCTAL) is derived from summation of inspiratory
(I.LCTBL) and expiratory dynamic work (TALBT).

ESTIMATION OF FLOW RESISTANCE (Ry ): In this review, a term pulmonary flow-

resistance is used to represent the combination of airway resistance (R,y) and lung tissue

resistance (Ry). Resistance 1o airflow within the lung can be expressed as a pressure drop per unit

flow. Based on the dynamic pressure-volume loop, which was superimposed on the Cgyp()) and

by assuming that Cgyn(y) is constant during each respiratory cycle, the inspiratory and expiratory
flow-resistance can be obtained. To do this, values for instantaneous flow-resistive pressures

during inspiration and expiration were calculated, from the pressure difference between Pyp of

dynarmmc transpulmonary pressure-volume loop and Ptp of the compliance, and divided by

inspiratory and expiratory flows at a given volume (after Mead and Whittenberger, 1953).

For example, flow-resistive pressure during inspiration is equal CB. The ratio of CB and
inspiratory flow at that particular volume (V1) provides inspiratory flow-resistance. The pressure
gradient required to overcome expiratory flow-resistance is opposite in sign (-AB) but represents
by the magnitude BA. Thus, expiratory flow-resistance during expiration equals to BA/expiratory
flow. Specific computer software might be developed in order to computed these flow-resistive
pressures with the corresponding volume, then averaged this ratio from the starting until the end
of inspiration, and repeat the same procedure from beginning of expiration toward the end of

expiration. Total flow-resistance is then averaged from the algebraic summation of inspiratory

and expiratory flow-resistance for the full breathing cycle. Average inspiratory resistance (Ry),

average expiratory resistance (Rg) and average total pulmonary resistance (R ) are computed
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for the full breathing cycle with sampling rate of 50 Hz. Thus, this methad represents the precise

values o1 the average flow-resistance across the whole breathing cycie. Flow-resistance wiil be
-1
expressed as kPa.l s

RESPIRATORY FLOW AT REST AND DURING EXERCISE.

It is generally known that airways become wider during inspiration and narrower during
expiration. Lung tissue is stretched during inspiration to accommodate the increase in lung
volume and, as a result, airway diameters are enlarged (Marshall and Holden, 1963; Fry ef al.,
1954). Flow resistance generally alters in an inverse proportion with airway caliber (Granath et
al., 1959). Accordingly, inspiratory flow always tends to be greater than expiratory flow and
some subjects may experience an expiratory flow limitation at higher ventilation.

A number of factors involved with such flow limitation have been defined. These include
changes in the elastic recoil of the lung, airway diameter, differences in lung size, breathing
frequency, and time dependence of maximum flow (Frank et al., 1957; Briscoe and Dubois,
1958; Fry er al., 1960; Chiang er al., 1963; Mellisinos er al., 1979; McNamara et al., 1987). An
important factor affecting airway diameter is transmural pressure. At normal end-expiration,
alveoli and small airways are kept open by positive transmural pressure across alveolar wall (Fry
et al.,, 1954). During forced expiration, when a high intrathoracic pressure is developed,
transmural pressure 1s diminished as expired air is pushed downstream toward the airway
opening (Dubois, 1964). When transmural pressure reverses, pressure inside the airway is less
than surrounding pressure, and the alveoli and some small airways, which have low air
conductance and high resistance (Hughes et al., 1972; McNamara ef al., 1987), may become
smaller and possibly even compressed. As a result, some alveoli and small airways will be
coliapsed, while others remain open during forced expiration. Thus, as lung volume decreases,
pulmonary resistance becomes progressively increased due to the resistance produced within by
the air passages and alveoli, particularly at lower lung volume (Fry er al., 1954; Campbell ef al.,
1957). This effect may be magnified during exercise in persons who have an uneven alteration
of the lung tissues and airway tissues (Edge et al., 1964; Niewoehner and Kleinerman, 1974). As
there is the reduction of pulmonary elastic recoil which is equivalently occurred at all lung
volume, it is likely that, at any given lung volume, the airway diameter will be less, which results
in the increased in pulmonary flow-resistance. Based on these principles, it may be assumed that
a person may have lower expiratory flow at a given exercise intensity. Under the resting

condition, the effect of a cyclic change in airway calibre during inspiration and expiration is
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minimal, but during forced expiration, it becomes a critical factor leading to exercise intolerance
(Stubbing er al., 1980). Previous investigations show that as ventilation increases with exercise,
the uniformity of gas distribution in untrained subjects, who were exposed to resistive loading,
becomes impaired (Hanson et al., 1965}, and air flow is then independent of the elasticity of the
lung (Hughes ez al., 1972). Thus, higher inspiratory and expiratory flows in habitually-active
subjects, during exercise, may be the results of a uniform distribution of air within the Jung.

CONCLUSION

In summary, evidence from previous literature shows that habitual physical activity
enhances some aspects of ventilatory capacity. On the other aspects, other investigators indicated
that this factor fails to offset the age-related alteration of the lung. Increases of dynamic work of
breathing, even in the habitually-active subjects, during exercise is likely to be associated with
increases of both inspiratory and expiratory flow-resistances. Narrowing of small airways in
which 60-70% of total ventilatory work was spent to overcome expiratory flow limitation is
indicated. With positive transmural pressure across alveolar wall, these small airways diameters
are kept open even at normal end-expiration. Duning forced expiration or at high respiratory rate,
when transmural pressure becomes gradually diminished or even reverse from high intrathoracic
pressure. It is critical that pressure inside the airways is now less than surrounding pressure,
airways diameters become smaller and will be collapsed. This effect may be magnified during
exercise, particularly in persons who have defects of the lung tissues. At a given exercise
intensity, this expiratory flow Hmitation becomes a critical factor leading to exercise intolerance.
It is likely that habitual physical activity affects pulmonary mechanisms by increasing total, and
expiratory dynamic work in younger persons, which may be related to their high minute
ventilation. On the other hand, a lack of habitual physical activity was associated with an
increased total pulmonary flow resistance, and expiratory flow resistance during exercise in the
aged group.
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PRINCIPLES AND PRACTICES OF HEAT ADAPTATION,

ABSTRACT:

During prolonged exercise or work in the heat, human thermal homeostasis is first challenged,
and eventually lost, as one moves from a compensable state through to uncompensable heat
stress. During the first week of such exposure, work and athletic performance is most affected,
and the threat of heat illness is greatest. However, given adequate time, the body will undergo
a threz-phase adaptation to better tolerate the heat. In this review, the principles and practices
of the six primary methods by which such heat adaptation may be achieved are evaluated. One
technicue involves repeated exposure to both heat and exercise, and is designed to elevare and
mainizin a target body temperature, by varying the intensity of the work rate during the
acclinzziion period: the controlled-hyperthermia (isothermal) technique. It is recornmended that
this rmeihod provides the most dependable, and least hazardous, means of adapting workers and

athleic: for heat stress.
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1. INTRODUCTION:

Body tissues operate as thermal energy reservoirs, with local tissue temperatures varying as a
function of the nett heat exchange between the body and environment. Semi-clothed humans
employ both autonomic and behavioural mechanisms by which to regulate the thermal status
of the miliue intérieur. Heat dissipation is primarily mediated via its transportation to the skin
surface within the biood. Since the specific heat of blood is relatively high, it is an ideal
medium by which to transport heat to the skin surface. On reaching the skin, thermal energy

is used to convert sweat into water vapour, thereby removing heat from the body.

Under hot conditions, particularly during prolonged exercise, human thermal homeostasis is
first challenged, and may eventually be lost, as one moves from a compensabie state through
to uncompensable heat stress. This transition is dictated by the combined effects of air
temperature and its water vapour pressure, exercise intensity, clothing and its permeability to
water vapour, body composition, hydration status, long-term endurance fitness, and state of
heat adaptation (Cheung er al., 2000). During heat stress, the cardiovascular system must
subserve both the metabolic demands of active skeletal muscle, and the demand for blood flow
at the skin, to dissipate metabolicaliy-derived heat. In the short term, most people, particularly
endurance-trained athletes, can satisfy this dual demand. Nevertheless, during prolonged
exercise in the heat, thermal homeostasis is compromised, resulting in positive heat storage,
and eventually uncompensable heat strain. If the heat loading is high enough, or if the exposure
duration is long enough, cardiovascular function is compromised, and it can no longer serve
both skin and muscle blood flow demands (Kenney and Johnson, 1992). In this situation, blood
pressure declines, and cutaneous vasoconstriction ensues. While sweating can be still remain
functional, continued exercise will rapidly elevate body core temperature, eventually leading
to heat exhaustion and heat illness. Regardless of whether such fatigue is associated with the
attainment of a critical body temperature (Fuller ef al., 1998; Gonzilez-Alonso er al., 1999),
reduced central drive (Briick and Olschewski, 1987), or reduced metabolic function triggered
by oxidative stress (Mills e al., 1996), the end result has the same practical outcome: impaired

work performance.

During the first week of an exercising heat exposure, worker and athlete performance is most
affected, and the threat of heat illness is greatest (Armstrong and Maresh, 1991). From a
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praciical perspective, it is during these early days of repeated exposure that workers, and thelir
supervisors, must exercise greatest caution. However, just as humans can adapt to increased
physical work, so can they modify the function of both autonomic and behavioural mechanisms
for heat dissipation and conservation, to overcome altered thermal stresses. Herein, we shall
briefly overview the principal physiological adaptations to heat stress, then emphasise how such

modifications may best be achieved for military, industrial and sporting applications.

While transformations within the autonomic control of skin blood flow and sweating are
perhaps most frequently associated with heat adaptation, a host of readily observed
physiological changes are also apparent. For instance, there is an expansion of the plasma
volume, associated with an elevation in, or a superior maintenance of, the osmotic potential of
the blood, brought about by either a reduction in the heat-induced loss of plasma protein to the
interstitial space (Senay, 1972; Harrison, 1985), or a greater retention of the extracellular
electrolyte content (Patterson er gl., 1999). This plasma expansion typically wanes with
progressive exposures, as adaptation to a constant exércise and thermal stress proceeds (Bass
et al., 1955; Wyndham er al., 1968). However, when the physiological strain is maintained
during adaptation, using small but progressive increments in exercise intensity, this expanded
plasma volume is sustained, with elevations being reported for up to three weeks (Patterson er
al., 1998a). Indeed, the entire extracellular space may be significantly enlarged during this type
of heat adaptation (Patterson ef al., 1998a).

Typically, during an exercise-heat stress, the interstitial and plasma volumes contract, as fluid
is drawn to fuel sweating. In the unadapted state, this can result in a reduced stroke volume and
elevated heart rate, to preserve cardiac output and systemic biood pressure. However, an
expanded plasma volume is better abic to withstand this fluid loss without compromising stroke
volume. Therefore, it is often seen that, following heat adaptation, and when working at a
given intensity, the stroke volume is larger and the cardiac frequency lower (Mitchell er al.,
1976; Shapiro et al., 1981; Cadarette er ol., 1984). The combined effects of these changes
permit an elevation in skin blood flow during heat exposure, and a lowering of the vasodilatory
threshold (Fox ef al., 1963). Both these mechanisms facilitate a more rapid transference of heat
to the periphery for dissipation. Accordingly, people report being less stressed, via thermal and

effort sensations, and are better able to tolerate the exercise-heat stress.
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Sweating provides our most effective means of heat dissipation within hot environments. This
heat dissipation is a form of "mass transfer”, because fluid is lost from the body, down the
water vapour pressure gradient, and with it, heat is transferred up the thermal energy gradient.
That is, heat moves from the cooler skin to the warmer air. Therefore, it is not surprising to
observe an enhancement of the sweating response accompanying heat adaptation. In fact, these

modifications potentially represent our most potent adaptive responses.

Specifically, there is an increased steady state sweat rate (Libert ef al., 1983; Sato ef al., 1990;
Patterson er al., 1998b), an increased sweat gland sensitivity relative to body temperature
changes, and a reduced body temperature threshold for sweating onset (Nadel ef al., 1974;
Patterson et al., 1998b). These adaptations can produce a two-fold increase in sweat rate,
increasing from 1.5 to 3 [-h™*. The eccrine sweat glands appear to reabsorb more sodium and
chloride from the primary sweat, leading to a better conservation of the extracellular electrolyte
content (Allan and Wilson, 1971). These changes may also be induced by endurance training,
even when conducted in cool-temperate environments (Nadel e al., 1974; Avellini e al., 1982;
Henane er al., 1977). Nevertheless, such changes are universally found to be less than elicited

through similar training in the heat.

Unfortunately, a more robust, heat-adapted sudomotor system, while advantageous to the semi-
clothed endurance athlete, does not implicitly bestow a physiological benefit upon the clothed
worker. Consider the worker wearing chemical protective clothing. Typically, this clothing is
impermeable to water molecules. Thus, the microclimate will rapidly attain a water vapour
pressure which will prevent the evaporation of sweat. Under such conditions, the continued
secretion of sweat will not facilitate cooling, but will instead elevate thermal discomfort
(Hensel, 1981), and lead to a more rapid dehydration and work performance decrement
(McLellan ez al., 1993). While it is beyond this review to fully address the interaction of heat
adaptation and clothing (see: Cheung er al., 2000; Goldman, 1994), readers should consider

these implications with some circumspection.

When combined with the above cardiovascular changes, the sweating adaptations act to
minimise the affects of exercise and heat stress upon thermal homeostasis, permitting reduced
physiological strain and elevated heat tolerance. Collectively, these transformations permit a

greater potential for heat flow from the core and active muscles to the skin, a greater potential
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for dissipation of this heat via the evaporation of sweat, and result in a reduction in both the
average skin temperature and core temperature for a given combination of exercise and heat
stress (Mitchell ez al., 1976; Pandolf ef al., 1977; Houmard ef al., 1990). Thus, in the semi-
clothed state, and following heat adaptation, one may move from an exercising state which may
be deemed to be physiologically uncompensable, and into a state in which compensation is
physiologically attainable.

Classically, the above physiological modifications have been shown to be elicited in response
to naturally-occurring climatic changes (acclimatisation: Hellon ef al., 1956; Wells ef al.,
1980), artificial heat exposure (acclimation: Nadel er al., 1974; Patterson ef al., 1998a, 1998b,
1999), or endurance training which produces significant elevations in body temperatures
(Gisolii and Robinson, 1969; Pandolf er al., 1977). In addition, a number of techniques have
arisen from which thermal adaptation may also be derived. These methods may confer various
levels of pre-exposure heat adaptation, and we shall now discuss several of these methods,

whilst providing a critical assessment of their relative merits,
2. HEAT ADAPTATION PROCEDURES:

2.1 Natural acclimatisation:

It is generally recognised that narural heat acclimatisation forms the most effective means by
which to increase heat tolerance (Edholm ef al., 1963). In climates which undergo considerable
seasonal change in air temperature, physiological adaptation occuss via a gradual transition, as
air temperatures climb from the cooler to the hotter months (Shapiro ef al., 1981; Inoue et al.,
1995). in this situation, the simple completion of daily physically-demanding tasks confers
some degree of thermal adaptation. Indeed, from an occupational perspective, these subtie
changes allow the thermal tolerance of workers and athletes to gradually develop. Thus, long-
term residents, and some indigenous groups, appear to be better adapted to the heat than do
transient visitors (Hellon et al., 1956; Duncan and Horvath, 1988). Nevertheless, such an
extended adaptation procedure is not always possible. For instance, military personnel, athletes
and some workers are constrained by the need to rapidly move from one environment to
another, and must do so without compromising either their physical performance or their
health. Thus, while natural adaptation is the most effective technique, its practical limitations

minimise its relevance to many occupational and sporting groups.
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2.2 Passive heat acclimation:

This method represents an extension of natural acclimatisation. Since external (exogenous) heat
sources can invoke physiological adaptation (Hensel, 1981; Wells ef al., 1980), one may
achieve some degree of heat adaptation by passively raising body tissue temperatures, at rest,
via the external application of heat. Various means have been employed by which to apply heat:
water baths, saunas, climate chambers and vapour-barrier suits (Fox et al., 1963, 1964, 1967;
Fox, 1968; Sugenoya ef al., 1986; Ogawa et al., 1988, Inoue ef al., 1995). Fox and colleagues
extensively explored the use of vapour-barrier suits to maintain an elevated body temperature.
In this controlled, passive hyperthermia technique, body temperature was rapidly increased
using exercise in the heat, then held stable (2 h) by dressing subjects vapour-barrier suits,
placing them within a heated chamber, and controlling their rate of heat loss. The authors
reported this technique to be very effective in achieving an acclimation effect. Notwithstanding,
passive acclimation is less effective than methods which incorporate an active, exercise stress
into the acclimation procedure (Shapiro ef al., 1981; Wyndham, 1973), and might generally

be considered to be a technique of ast resort.

2.3 Exercise-induced heat adaptation in temperate climates:

Exercise elevates muscle and deep tissue temperatures in proportion to the intensity of the
exercise siress (Nielsen, 1938; Saltin and Hermansen, 1966). In addition, once an exercise
steady state is achieved, and sustained, the body may be placed under a significant thermal
load, which very slowly decays when exercise is terminated. If this exercise-induced thermal
load is applied on a regular basis, then exercise can induce heat adaptation responses. This
association was first recognised by Bean and Eichna (1943), Robinson et al. (1943), and Bass
et al. (1955). Greenleaf (1964) and Piwonka er al. (1965) described their endurance-trained

subjects as behaving as if they were already heat acclimatised.

Anelevated aerobic power, which typically accompanies endurance training in more sedentary
people, permits a greater cardiovascular stability (Gisolfi and Robinson, 1969; Wells er al.,
1980), and more favourable body-fluid dynamics when exposed to the heat (Senay, 1979). In
addition, improved heat tolerance is ascribed to the results of repeated simultaneous activation
of cutaneous blood vessels and sweat glands to dissipate metabolic (endogenous) heat (Piwonka
et al., 1965). Indeed, endurance-trained subjects display an earlier sweat onset (Nadel, 1979)

and a greater sweat sensitivity to increments in body temperature (Wells er al., 1980).
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Pandolf er al. (1977) and Cohen and Gisolfi (1982) reported that, not only does temperate
exercise induce heat adaptation, but it also facilitates a more rapid response to the traditional
heat acclimation protocols (combined exercise and heat stress; r=-0.68). Pandolf er al. (1977)
found that subjects with an aerobic power > 635 ml-kg”-min™ could be acclimated within about
four days, to achieve more stable cardiac frequency and body temperatures during a subsequent
heat stress. Moreover, subjects who display an insufficient acclimation response during heat
adaptation, have been found to have a low basal fitness level (Kok, 1973). Consequently, the
early part of the traditional acclimation regimen might be considered to act more to elevate
fimess than acclimation state, with less trained subjects requiring a longer acclimation regimen

to achieve a comparable acclimation status.

It is important to note that it is not the aerobic power per se which enhances the heat
acclimation response, but the method in which aerobic power was elevated, and in particular,
the endogenous thermal load accompanying that elevation. This relationship is perhaps best
exemplified within the experiments conducted on trained swimmers (Hennane ez al., 1977), and
the sweatless training work of Hessemer ez al. (19806). These projects have shown that exercise
per se is not a sufficient stimulus for heat adaptation. Instead exercise must induce, and hold,

an elevated body temperature to elicit thermal adaptation.

Over the past 50 years, many research groups have endeavoured to determine which method
of exercise-induced heat adaptation best facilitates improved heat tolerance. With hind sight,
it is apparent that one cannot make such an assessment without simultaneously guantifying the
thermal loading imposed by the exercise. For example, Edholm er al. (1963} and Turk and
Worsiey (1974) relied upon traditional military training regimens to evaluate the efficacy of
exercise-induced heat adaptation, finding minimal benefit. Similarly, Cohen and Gisolfi (1982)
appraised the impact of differing endurance training intensities upon subsequent heat tolerance,
but again without monitoring thermal strain. While such reports are often cited, it is impossible
to draw firm conclusions from these investigations, as between-trial differences in thermal
strain will result is differences in the stimulus for adaptation. Notable exceptions include studies
conducted by Shvartz ef al. (1973) and Regan ef al. (1996), wherein exercise-induced heat
adaptation was found to be less effective than traditional heat acclimation. Nevertheless,
exercise under temperate conditions can foster heat adaptation, and the following conclusions

would appear valid: (a) exercise-induced heat adaptation depends upon the capacity of the

99



Hear acclimation: Taylor

exercise to elevate body temperatures, and hold that elevation for an extended duration; (b)
body heat storage is proportional to the intensity of the exercise; (c) the total endurance-training
volume appears to be more critical than the intensity, once an adequate intensity threshold has
been obtained; (d) continuous exercise will more reliably hold an elevated body temperature
than will intermittent exercise; () heat tolerance is best improved by more prolonged endurance

training.

In spite of the benefits of endurance traiming, it only appears to provide a thermoregulatory
benefit during heat exposures of <2 h (Wyndham, 1973). Once an adequate basal endurance
fitness has been attained, there appears to be little additional thermoregulatory advantage that
may accrue from continued endurance training (Bean and Eichna, 1943; Eichna ef al., 1945).
In addition, on its own, it appears that endurance exercise is an inadequate substitute for heat
acclimation (Armstrong and Pandolf, 1988; Gisolfi, 1973; Lind and Bass, 1963; Pandolf, 1979;
Regan ef al., 1996). It may not be sufficient to simply elevate deep tissue temperatures. Instead,
the elevatton of peripheral tissue temperatures may be needed to provide a critical thermal
stimulus for complete heat adaptation (Regan e al., 1996). Finally, one must note that
endurance training and heat adaptation subserve vastly different physiological and psychological
outcomes, and require quite different exercise programmes. While endurance exercise may
improve heat tolerance, exercise-induced heat adaptation may have minimal beneficial impact
upon the endurance fitness of some trained people, particularly the endurance athlete, and may
even be detrimental, due to the reduced work load which may be tolerated in the heat. Thus,
it must be remembered that heat acclimation training merely acts to enhance heat tolerance, and
should not be used as a substitute for endurance training. For these athletes, heat acclimation

is a form of supplementary training.

2.4 Exercise-induced heat adaptation in hot climates with solar radiation:

While some degree of heat adaptation may be derived from training in temperate conditions,
one might expect these adaptations to be less effective than those which might be induced by
short-term training in hotter conditions, in which solar radiation constitutes a significant part
of the thermal load. Very few studies have addressed this issue, and such studies are very hard
to interpret, due to the inability of the researchers to control environmental conditions.
Nevertheless, since this type of exposure most closely approximates the conditions that would

obtain during natural acclimatisation, it would seem reasonable to suggest that this method
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would be superior to temperate endurance training. Furthermore, direct solar radiation more
readily elevates skin temperature, than does an equivalent increase in air temperature, and
Jessen (1990), using the goat model, has shown that the thermoregulatory responses, at a given
alr temperature, are markedly different when solar radiation forms part of the thermal stimulus.
Earlier, Chen and Elizondo (1974), investigating differences between the impact of changes in
body and local skin temperature upon heat acclimation, determined that an increased central
thermal stimulus, in conjunction with elevated skin temperatures, was necessary for heat
acclimation. Since physiological systems adapt to stresses, with some degree of adaptation
specificity, then it is therefore reasonable to suggest that endurance training, with solar loading,

would elicit a more specific heat adaptation.

This premise was first supported by Edholm ez al. (1963), who compared the thermal tolerance
of soldiers living in two vastly different environments: the Aden (6 weeks) and Scotland. The
naturally-acclimatised soldiers displayed superior heat tolerance, and had fewer field-related
regularly exercised under sunny desert conditions, were better adapted than were their
acclimatised counterparts. The investigators interpreted this observation to indicate that both
endogenous and exogenous heat loads were required for optimal heat adaptation (Wells ef al.,

1980), a proposition also advanced by Regan et al. (1996).

Armstrong e: al, (1987) investigated highly-trained distance runners during both spring and
sumimer training. They observed equivalent heat tolerance both before and after summer
training. Thus, the additional summer training, and its concomitant solar loading, did not
elevate heat tolerance above that which existed at the end of spring. Therefore, the state of heat
adaptation of the athletes did not improve over summer. This does not mean these athletes were
optimally heat adapted, just that summer training did mot provide an adequate additional
stimulus for heat adaptation. There are two practical implications from this work. First, highty-
trained endurance athletes or workers, do not need special thermal preparation to facilitate heat
tolerance during seasonal climatic changes. Second, when athletes or workers are required to
travel from their winter to compete or work in the summer months of the other hemisphere,
additional heat exposure may be required, due to the inadequacy of the solar load during winter
exposures.
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2.5 Combined exercise and heat siress acclimation:

We have established that, prior to artificial heat adaptation (acclimation), endurance-trained
people will have a thermal tolerance advantage over the untrained. However, Cadarette ef al,
(1984) has shown that this advantage subsides after both trained and untrained subjects undergo
heat acclimation, and their thermal tolerance is more homogenous. It is widely acknowledged
that, for practical objectives, heat acclimation produces a reasonable and close approximation

of the physiological benefits which accompany natural acclimatisation.

One of the paramount advantages of heat acclimation is that one may choose a combination of
air temperature and relative humidity which most closely matches the environmental conditions
which might reasonably be expected to be encountered. While the experimental evidence is
somewhat sparse, it does appear that some degree of specificity exists relating to the
transference of acclimation benefits between hot-dry and hot-humid conditions (Goldman ez al. ,
1965). Humid heat acclimation generally results in a greater elevation in sweating than does
dry heat acclimation (Henane, 1980; Shvartz ef al., 1973), and dry adaptation does not provide
optimal protection for humid exposures (Armstrong et al., 1987), However, Shvartz ef al.,
(1973) found, when subjects were exposed to hot-dry conditions (50°C) following either hot-
humid or hot-dry heat acclimation, that the hot-dry acclimation regimen resulted in less thermal
strain (see also: Eichna er al., 1950; Gisolfi and Robinson, 1969: Piwonka and Robinson,
1967). Therefore, careful consideration of the projected environment is critical to successful
heat acclimation. The conventional heat acclimation regimen involves moderate-to-heavy
exercise (e.g. walking, running, cycling, bench stepping) within a temperature- and humidity-
controlled chamber. These methods may be grouped into one of three general modes: (a)
constant work-rate methods; (b) self-regulated exercise methods; and (c) controlled-

hyperthermia niethods.

2.5.1 Constant work-rate methods:

For this heat-acclimation procedure, subjects exercise at a fixed rate, such that heat production
exceeds heat dissipation, with body temperatures tracking nett heat storage. This is the most
common heat-acclimation method (see: Greenleaf and Greenleaf, 1970 and Sciaraffa er al.,
1980), and is the typical model used by military-based researchers, who are tasked with
evaluating performance at various fixed work rates, such as the standard marching rate of
soldiers (Pandolf er al., 1977, 1988). While this method has wide-ranging application, the
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observations {rom this work must be applied with caution. First, since all subjects are forced
to exercise at the same absolute intensity, there may be considerable variability in the relative
load imposed upon various subjects, thus physiological strain may vary widely between
subjects. Such variance within pre-adaptation data will inherently drive these methods towards
the more conservative statistical outcomes. Second, since the work rate is held constant
throughout adaptation, the sirain during subsequent heat exposure will decline progressively.
Thus, the physiological adaptations which derive from this type of regimen may not be identical
to those which obtain from either of the two methods described below, and the universal

application of these observations must be treated with caution.

2.5.2 Self-regulated exercise methods:

This method allows subjects to select their own work rates, during prescribed work:rest
intervals, on the basis of their endurance fitness or perceived exertion, during heat acclimation
exposures (see: Miller, 1984, Armswmong. ef al., 1986). The between-subject vartability is
ninimised with this approach, but te iechnique suffers in that it can become quite difficult to
control the endogenous thermatl load. Accordingly, this method has greater practical utility than

is does research application.

2.5.3 Controlled-hyperthermia nethods:

In this isothermal model, exercise in thz heat is used to elevate and maintain a steady-state body
temperature above the sweating threshold. Most previous research, which has evaluated the
efficacy of exercise-heat exposure regimens, has simply compared heat adaptation responses
elicited by those methods, and not the differential thermal forcing functions applied via each
method. Since we have herein established that exercise, in the absence of an elevation in body
temperature, is an inadequate stimulus for heat adaptation (Hennane ez al., 1977; Hessemer et
al., 1986, then it follows that, 1o compare various heat-acclimation methods, one must control
and equate the thermal strain inposed epon subjects. Therefore, it is considered more germane
to compare experimental conditions onthe basis of the thermal potency of the methods, rather
than on the basis of their secondary mmpact upon physiological function. This fundamental
methodological limitation has prevented the unequivocal interpretation of most experimental
observations, and has made verification of the physiological mechanisms which drive heat
adaptation hard to discriminate. Indeed, one may argue that both the constant work-rate and

controlled-hypothermia models invoke qualitatively similar, yet quantitatively different
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physiological outcomes.

Fox et al. (1961) first utilised the isothermal approach, controlling a constant and elevated body
temperature by regulating air and microclimate temperatures, using vapour-barrier suits.
Subsequently, Turk (1974), and Turk and Worsley (1974), employed the method to acclimate
soldiers, exercising them in the heat whilst monitoring body temperatures, and adjusting the
work rate to maintain a predetermined thermal strain. Havenith and van Middendorp (1986)
revised this procedure, adapting it to a work-rest protocol. More recently, we have further
developed this technigue, using it to explore acclimation-induced changes sweating and body-
fluid balance (Regan ef al., 1996; Cotter et al., 1997; Patterson ef al., 1998a, 1998b, 1999).

Two key observations from these studies are applicable to the current discussion.

First, based on significant post-acclimation reductions in core temperature, forehead skin blood
flow and perceived exertion, and elevated forehead sweating, Regan ef al. (1996) concluded
that, when a conirolled-hyperthermia regimen is performed in the heat, it will invoke a more
complete heat acclimation than when controlled-hyperthermia is used under temperate
conditions, even when both elicit equivalent core temperature changes during adaptation.
Second, we have shown that the plasma volume expansion, previously considered to be only
a transitory outcome of short-term heat acclimation, is preserved, with such elevations lasting
as long as 21 days (Patterson et al., 1998a). It is concluded that the controlled-hyperthermia
model induces a more complete heat adaptation than either the constant or the self-regunlated
work rate techniques.

3.6 Exercise-induced heat adaptation in combination with sweat clothing:

An overview of this topic would be incomplete without noting the use of insulated clothing and
vapour-barrier clothing to help induce heat adaptation. Interest in this procedure may be traced
back to the work of Bass (1963) and Gisolfi and Robinson (1969). Clearly, if this technique was
successful, it would have a great practical advantage over the more traditional heat acclimation
methods, Unfortunately, there is litile empirical evidence to indicate that this procedure is any
more beneficial than is endurance training (Allan et al., 1965; Crowdy and Haisman, 1965;
Marcus, 1972; Dawson, 1994). Furthermore, it is evident that researchers have generally failed
to use appropriate experimental controls or to equate the dependent variables between

experimental conditions. For instance, if one treatment elevates body temperatures more than
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another, then between-condition differences could be predicted a priori. In the absence of
adequate research, one must concluded at this time, that minimal physiological benefit that can

arise from the use of sweat clothing during physical training.
3. RECOMMENDED HEAT ACCLIMATION PROCEDURES:

Before discussing the practical recommendations for heat acclimation, it is important for the
scientist, supervisor or coach to consider matters related to the acclimation specifications,
subject safety and efficiency. These points are listed within Table 1, and will serve to help
better decisions to be made concerning the principles and practices of the chosen heat

acclimation regimen.

Table 1: Operational considerations for determining methods of heat adaptation:
Acclimation specifications:
Operational definition of heat acclimation.
Basal acclimation state of workers.
Anticipated worst case thermal stress.
Level of heat acclimation required.
Specificity of the exposure: dry versus humid conditions.
Critical heat exposure work durations.
Test for attainment of heat acclimation.
Safery:
Monitor body temperature and cardiac frequency.
Establish criteria for exposure termination.
Identify subjects most likely to experience dysthermia.
Establish adequate emergency procedures.
Efficiency:
Efficiency of technical personnel.
Individual variations in pre-exposure heat adaptation.
Throughput of subjects.
Acclimation duration required.

Acclimation decay and its minimisation.
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Availability of heat acclimation facility.

1t is the author's view that heat acclimation which employs exercise in the heat, in combination
with the controlled-hyperthermia (isothermal) technique, provides the most dependable, and
least hazardous, means of heat acclimation. That is, this method permits one to prescribe the
thermal load, in terms of the magnitude of the core temperature elevation, and the duration for
which the elevation is sustained. However, the technique also produces more uniform body
temperature elevations across subjects, which are supervised by both the subjects and trained
observers. The following points are noted for careful consideration by the experimenters.
(i) Select an air temperature which is at least equivalent to that which is anticipated.
(ii) The upper temperature limit should be ~40°C for humid exposures, and ~50°C for dry
€XpOosures.
(iii) Choose the relative humidity based upon the highest anticipated within the target
environment.
(iv) The core temperature elevation should be ~1°C, but core temperatures should not
exceed 39.5°C. Within these constraints, the magnitude of the core témperature elevation
during acclimation should be determined by the following factors: the other duties that the
subjects are required to perform between acclimation sessions; the extent of medical
coverage available; the ratio of the acclimation subjects to supervisors.
(v) The mode of exercise used is only an important consideration for athletic groups. For
all other groups, one should consider: cost, subject monotony, and the number of people to
be simultaneously heat acclimated.
(vi) The controlled-hyperthermia technique permits the supervisor to focus upon exposure
duration, while the subjects themselves modify their work intensity to hold the target core
. temnperatures While- there-is little-empirical: data a‘_{ajlablg-,«a;theg literature - indicates-that a
minimal heat acclimation to expected heat exposure ratio would be 1:2 (Wyndham, 1973;
Avellini et al.; 1980). When it is anticipated that heat exposures will be relatively short (<2
h), and separated by full recovery periods, then it is recommended that acclimation
exposures be of at least equal duration to the anticipated heat exposures. For exposures >3
h, also separated by a full recovery, acclimation exposures should be at least 2 h, or 50%
of the aﬁﬁﬁipated duration, whichever is .Ionger. If consecutive €Xposures are not planned

to provide full recovery periods, then recovery should be considered incomplete, and
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successive durations should be summed to determine the duration of the acclimation
exposure.-

(vii) It appears that the length of discrete acclimation exposures is a more important
consideration than is the cumulative exposure duration within a day. For instance, Lind and
Bass (1963) found that a single 100-min exposure was superior to two 50-min exposures
(morning and afternoon). The critical consideration is the time spent at the target body
temperature. Therefore, since each exposure has an inherent warm period during which
tissue temperatures rise towards the target temperature, then longer exposures permit greater
time at, or above, the critical temperature.

(viii) Given enough time, heat acclimation will progress through three distinct phases
(Candas, 1987): the acute phase elevates body temperature; short-term acclimation enhances
the sweat response; and long-term acclimation results in sudomotor habituation and
improved sweat efficiency, with a reduction in sweat secretion and drippage. The aim of
heat acclimation is to drive the subject into the short-term phase. This cannot occur when
exposures are at one-week intervals (Barnett and Maughan; 1993), Furthermore, since not
all physiological variables respond at identical rates (Armstrong and Maresh, 1991}, it may
take up to fourteen days for all systems to enter the short-term heat adaptation phase.
However, since there are decreasing returns with each additional day of exposure, once the
first week has elapsed, then one must often consider financial factors when determining the
duration of the acclimation regimen. For instance, while heat acclimation may not be
complete, and will vary between subjects, Turk and Worsley (1974) found that 86 % of their
subjects could be acclimated within four days, using a one-hour controlled hyperthermia
procedure.

(ix) Finally, we must consider acclimation decay. Williams ez al. (1967) reported that about
25% of the thermoregulatory adaptation was lost after 6-7 days without heat exposure. As
a general guide, it is considered that one loses the' equivalent of one days dcclimation every
two days (Givoni and Goldman, 1973). Nevertheless, Pandolf et al. (1977, 1998) found that
subjects with greater endurance fitness, or some degree of pre-existing acclimation state, lost
acclimation effects more slowly. Retention seems to last longer following dry acclimation
than humid heat acclimation (Pandolf, 1998). While yet awaiting definitive research, it is

recommended that one additional heat exposure be used for each five days away from
significant exposures.

107



Heat acclimation: Taylor

4. CONCLUSION:

1t is well established that humans can adapt to many forms of physical stress, including altered
thermal environments, While is generally recognised that natural heat acclimatisation forms the
most effective means by which to increase heat tolerance, its practical limitations minimise its
relevance to many occupational and sporting groups. The passive exposure to external heat,
while mimicking natural thermal exposures, is less effective than are methods which
incorporate an active, exercise stress, and might generally be considered to be a technique of
last resort. Unquestionably, endurance-trained subjects behave physiologically as if they were
already heat acclimatised, but endurance training only appears to provide a thermoregulatory
benefit for short-duration heat exposures. Once an adequaté basal endurance fitness has been
established, there appears to be little additional thermoregulatory advantage from such training,
However, when training is combined with a solar load, one can more closely approximate
natural acclimatisation, and such conditions may elicit superior heat adaptation, though the
evidence for this is not unequivocal. Therefore, it has become widely acknowledged that heat
acclimation produces a close approximation of the physiological benefits which usher natural
acclimatisation. Of the conventional heat acclimation methods, it may be concluded that the
constant work-rate and controlled-hypothermia models invoke qualitatively similar, yet
quantitatively different physiological outcomes. Indeed, the technique which elicits the more
complete adaptation, and which provides the more dependable, and less hazardous, means of
heat acclimation is the controlled-hyperthermia (isothermal) technique.
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INTRODUCTION
Body tissues behave as reservoirs of thermal energy, through which heat passes, altering local
tissue temperature. In turn, excitable cells within these tissues display some degree of
thermosensitivity, mediated via temperature-dependent modification of ion fluxes. However, only
within certain cells (thermoreceptors) does this change elicit a neural response, to which both
autonomic and behavioural mechanisms act to regulate the thermal status of the miliue intérieur.
These processes operate to regulate body temperature which, due to the convergence of
thermoafferent pathways, is considered to be the algebraic summation of thermal information
throughout the body (Bligh, 1976). Thus, effector function is driven following the integration of
all thermoafferent messages. Of particular attention here will be thermal states outside the upper
critical temperature, where sudomotor (sweat gland) function dominates autonomic
-thermoregulation, and where external thermal stimuli are applied via the skin surface.

CENTRAL THERMOSENSITIVITY
Thermoresponsive cells exist throughout the central nervous system (CNS; Hellon, 1983; Simon,
1974), and are also located within extra-CNS deep-body structures (Mercer and Jessen, 1978).
While in many avian species, the spinal cord appears to dominate the hypothalamus in
temperature regulation (Caputa, 1984), this pattern does not universally obtain in mammals,
where the reverse generally occurs (Simon, 1974), with the hypothalamus contributing ~50% of
the total thermoafferent flow (Jessen, 1996), From an autonomic perspective, it is the mammalian
preoptic anterior hypothalamus within which peripheral and central thermal afferents converge
and are integrated. More than 60% of its neurons are temperature-insensitive, while ~30% are
warm- and ~ 10% cold-sensitive (Boulant, 1996); coincidental with the general dominance of
core temperature changes in most warm-defence strategies.

CUTANEOUS THERMOSENSITIVITY
Cutaneous thermoreceptors are positioned in a three-dimensional configuration (Ivanov ef al.,
1986), appearing as overlapping fields of variable sensitivity and size, with few insensitive zones
(Melzack ef al., 1962). Hensel (1976) has suggested their role is to warn of changing, more so
than of constant, tissue temperatures. This notion is appealing when one considers that cutaneous
cold thermoreceptors are more numerous, and possibly related to the exogenous nature of cold
thermal stress.

Within any skin region, peripheral thermosensitivity is the product of the number of afferent
neurcns and their discharge frequency, with the intensity of a thermal stimulus dictating . .
discharge frequency. However, cutaneous afferents do not project directly to the hypothalamus.
Indeed, they pass via the spinothalamic tracts, through which spinal cord afferents also proceed.
Simon (1972) has demonstrated almost 100% convergence between cutaneous and spinal
afferents within these tracts. Such convergence acts in an additive function, with two warm
afferents producing a more powerful signal than either on its own, and the convergence of warm
and cold afferents resulting in a less powerful signal, or even signal inhibition. Such convergence
is not apparent for thermal afferents travelling via trigeminal neurons, which maintain their
integrity through the trigeminal ganglion, medulla and thalamus (Poulos et al., 1976).

In non-facial skin, convergence results in spatial summation, demonstrated for thermal sensation,
increasing with the size of the area stimulated. At the same time, the smaller the area stimulated,
the greater is the thermal stimulus required to elicit a thermal sensation (Hardy ef al., 1938).
Sensation also displays temporal variations, with changes occurring primarily at the boundaries
of thermosensory fields, while the central portion remains stable (Melzack er al., 1962). That is,
not all receptive spots associated with an afferent fibre are functional at any given time. Finally,
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there is strong evidence of thermal adaptation (Melzack et al., 1962), with mapped areas
revealing the same sensitivity patterns, but with a reduced overall sensitivity. While generally
lacking statistical support, these psychophysical data provide the neural basis for within-
dermatome differences in cutaneous thermosensitivity.

Cutaneous thermal sensation differs between regions (Kenshalo er al., 1961). Recently, we have
investigated local and whole-body thermal sensations to locally applied heat and cool stimuli,
across ten skin regions (different dermatomes), while the core and untreated skin temperatures
were clamped (Cotter et al., 1996). In general, the skin was found to be of uniform thermal
sensitivity. However, the hands and feet were highly sensitive to local stimuli, but did not modify
whole-body sensation. Moreover, the face displayed a significantly greater local thermal
sensitivity, which also affected whole-body thermal sensation. As facial afferents pass via the

trigeminal path, this observation could be explained on the basis of minimal afferent convergence
(Poulos and Molt, 1976).

On a neural basis, regional cutaneous thermosensitivities vary as a function of the number of
afferent neurons radiating from any given site, the number of active nerve endings within that
site, their state of thermal adaptation, the magnitude and direction of the thermal stimulus, and
the extent of neural convergence between the site of stimulation and the hypothalamus. These
peripheral neural messages are integrated with those arising within the CNS, thereby giving rise
to both vascular and sweating responses. We shall now focus our attention more closely on the
control of the latter.

THE PHYSIOLOGICAL SIGNIFICANCE OF SWEAT
The evaporation of sweat is an extremely powerful cooling process. When totally evaporated
from the skin surface, sweat can remove body heat at a rate of 2.43 kJ-g. Humans therefore
control sweat secretion to maintain thermal homeostasis. Since humans are capable of extended
sweat rates approximating 30 g-min?, it is possible to remove heat at rates =73 kJ-min’.
Assuming a 20% metabolic efficiency, such a heat loss rate will support a normothermic total
energy use =1520 W, This equates with an external work rate of 304 W, eliciting an oxygen
consumption >3.5 I-min’. However, while man has a great capacity to both work and dissipate
metabolically-derived heat, exercise under various environmental extremes may impede heat
dissipation. Under such conditions, the cumulative effects of metabolic and environmental
thermal loads may represent an uncompensable heat stress, predisposing to hyperthermia, and
impairing physiological and cognitive performance.

Evaporative cooling in terrestrial beings is perpetual, occurring from the respiratory tract with
every breath, and via water-permeable membranes. Resting normothermic man, within a cool-
temperate environment, evaporates 30-33 g-h' from each surface, with the corresponding cooling
effect accounting for the dissipation of about 25% of the resting metabolic heat production. This
occurs without our awareness: insensible evaporation. When faced with an external heat load,
thermosensitive cells within the skin, and eventually those within deeper tissues, communicate
this altered thermal status to the hypothalamus for interpretation. Hypothalamic iniegration of
thermal messages results in the generation of a thermal error message, to which a proportional
sympathetic response is elicited: sweating from eccrine glands. o ' '

Apart from man, a nnmber of species possess the ability to sweat actively in response to thermal
stress. In man, considerable inter-individual differences are apparent for sweat gland densities
and secretion rates {Montagna and Parakkal, 1974; Sato and Sato, 1981). Indeed, men generally
sweat more than women (Janowitz and Grossman, 1950), and even racial differences exist
(Gibson and Shelley, 1948). While euhydrated people can sustain insensible losses indefinitely,
dehydration will occur during active sweating, if water replacement is not elevated
proportionately. For instance, daily sweat rates can increase from 300-400 ml, to 10-15 litres
during prolonged heat and exercise exposure, Extended-duration sweating of 1.5-1.8 Il (30
g-min™) is commonly observed and, under severe heat stress, glands can secrete up to 3-4 ['h'.

It has been estimated that we have between 1.6-4.0 million sweat glands (Szabo, 1962), with

considerable variability in gland density between regions. Each gland consists of a secretory coil,
connected to the skin surface. As sweat moves through the duct, sodium, chloride and
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bicarbonate ions are reabsorbed (Quinton, 1983). Sweating typically starts by recruiting groups
of glands innervated by the same sympathetic nerve. At rest, sweating generally starts at the
extremities, moving towards the head as thermal strain increases (Randall and Hertzman, 1953).
However, we have shown that, with the exception of an earlier lower torso sweat onset, between-
site sweat recruitment is generally uniform during upright exercise (Cotter ez al., 1995). During
sustained sweating, sweat is secreted across the body surface in a cyclic pattern, reflecting the
thythm of sympathetic activity. As thermal strain rises, the frequency of glandular stimulation is
elevated. During the phase conversion from liquid to gas, the water molecules do not themselves
change temperature, but simply absorb thermal energy to drive evaporation. With the evaporation
of 1 g of sweat, 2.43 kJ of heat is removed.

FACTORS WHICH AFFECT SWEAT EVAPORATION
The evaporation of sweat is influenced by the water vapour pressure of the surrounding air, but
is mainly determined by that of the microclimate above the skin, with water passing down the
vapour pressure gradient. Thus, any factor which affects this gradient will impact upon
evaporative cooling.

Immediately above the skin is a very thin layer of air, which behaves as though it was trapped in
permanent contact with the skin: the boundary layer. For evaporation to occur, the water vapour
pressure of the boundary layer must be less than that of the skin surface. Since both the size and
composition of the boundary layer are an inverse function of air velocity (relative or absolute),
both environmental water vapour pressure (reflected within relative humidity) and wind speed
can modify evaporative cooling. The single greatest impact upon the boundary layer is brought
about by the use of clothing. While some clothing ensembles allow air to pass through the fabric
and apertures, less permeable garments trap air. In such ensembles, locomotion largely
determines garment ventilation (Havenith ef al., 1990}, and trapped air water vapour pressure.

The above factors represent physical changes. Evaporative cooling also depends upon
physiological variations. Continuous sweating, at high flows, leads to sweat accumulation, and
eventually sweat suppression (hidromeiosis: Collins and Weiner, 1962). This is generally
attributed to water-induced swelling of subcutaneous tissues, leading to pore blockage.
Hydration status affects heat loss by reducing the core temperature threshold for sweating onset,
the sensitivity of the sweat response to such changes, and local sweat rates (Sawka and Coyle,
1999). On the other hand, adaptation to both endurance training and heat have been shown to
increase sweat rates (Regan et al., 1996).

SWEATING AND THE BODY-FLUID COMPARTMENTS
The human body is about 60% water (500-600 ml.kg™: female-male), which, while stored within
various compartments, is free to move between these sites. Water, the primary substrate for
sweat, is drawn from this reservoir. The total volume of water stored is a function of hydration
state (Sawka and Coyle, 1999), body composition (Pace and Rathbun, 1945), and endurance
exercise adaptation (Maw ef al., 1996). For instance, a low adiposity is associated with the
storage of a larger water volume relative to body mass, due to the higher water content of lean
tissue relative to fat (Pace and Rathbun, 1945). During exercise, we have shown that fluid losses
are drawn almost equally from the intracellular and extracellular compartments (Maw et al., .
1998). The plasma volume forms a sub-division of the extracellular voluime, and is generally
defended in cool and temperate, but not within hot environments (Maw et al., 1998). If not
replaced, fluid losses result in progressive dehydration, impaired physiological function and
dysthermia.

SWEATING AND HEAT ADAPTATION
It was believed that heat adaptation (acclimation) might influence the regional distribution of
sweating, favouring greater limb sweating. Past experiments from our laboratory have
demonstrated that, while adaptation enhances sweating by elevating sweat rate and lowering its
onset threshold (Regan et al., 1996; Patterson et al., 1998), it was not associated with a sweat
redistribution (Patterson et al., 1998). For any site, the post-adaptation sweat responses appeared

more closely related to differences in sweat gland density, than to altered control of the sweat
glands.
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Heat adaptation is known to affect body-fluid volumes. Typically, post-adaptation elevations in
body fluid, including the plasma compartment, are observed (Patterson ef al., 1998). However,
until recently, it was accepted that the plasma lost during combined heat and exercise stress
would be diminished following heat adaptation. We now know this to be somewhat imprecise.
Instead, the post-adaptation plasma volume increase is also associated with a greater post-
adaptation plasma loss (Patterson ef al., 1998). We have observed that plasma losses, during heat
and exercise stress, increase from 16% prior, to 22% following, extended heat adaptation
(Patterson et al., 1998). Thus, the plasma volume was not preferentially defended. Instead, the
heightened sweat losses and elevated resting plasma volume, resulted in an elevated plasma
contribution to fluid losses following heat adaptation.

CONCLUSION
We have seen that, while the evaporation of sweat serves a very powerful cooling function, it
may be impeded by changes in the boundary layer air and hydration state. On the other hand,
endurance training and heat adaptation enhance sweat secretion. However, such changes need not
necessarily be associated with greater evaporative cooling, which remains dependent upon the
water vapour pressure gradient between the skin and the boundary layer air.
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1. Introduction

The First Law of Thermodynamics dictates that energy can change from one form to
another, but its total magnitude will remain constant. Heat is thermal energy. During
exercise, chemical energy is converted into both kinetic and thermal energy in a ratio of
about 1:4. For example, a 70 kg person cycling at 200 Watts in a thermoneutral
environment would consume approximately 2.5 litres of oxygen per minute, and
experience a total metabolic energy use-of ~ 1000 J-s™*. About 800 J-s™' of energy would
be converted to heat energy. Since a storage of ~3.5 kJ of heat per kilogram body mass
causes tissue temperature to rise 1°C (mean specific heat of tissues), then heat storage at
a rate of 800 J-s™ (48 kJ-min™), causes the tissue temperature to rise by 1°C in just over 5
min. If we assume a pre-exercise average body temperature of 36°C, and a maximal
upper limit of 41°C, then our person would reach this point in ~25.5 min. Yet, people
frequently exercise for several hours at this work rate without becoming hyperthermic.
This is possible because of our well-developed heat loss mechanisms. All animals
dissipate heat, however, humans rely heavily upon evaporation cooling. This paper
focuses upon the regulation of thermal energy dissipation via eccrine sweat gland
(sudomotor) secretion.

An understanding of heat balance is derived by examination of the avenues for heat

gain or loss. This relationship is illustrated by the heat balance equation:

S=M-(+tW) £E +R +C £K [W-m?]

where:

§ = heat storage (+ = storage; - = loss) [W-m?]

M = internal heat production (metabolism) [W-m™]

W = work performed (+; leaving) or entering (-) system [W-m™]

E = heat exchange via evaporation (-) or condensation (+) [W-m?.kPa]

R = heat exchange via radiation (- = loss; + = gain) [W-m™]

C = heat exchange via convection flow (- = loss; + = gain) [W-m?]

K = heat exchange via conductance (- = loss; + = gain) [W-m?]
During exercise in the heat, avenues for non-evaporative heat dissipation are impeded
and even reversed. For instance, under full solar load, the body experiences radiative
heat gains from the sun and nearby surfaces. Similarly, natural convective losses cease
when air temperature approximates that of the skin surface. Under these conditions, the
body becomes heavily, if not totally reliant upon evaporative heat loss. While some

121



people suffer hyperthermia when exercising in the heat, the majority of people do not. In
fact, our 200 Watt work rate can be maintained for some time when air temperature
equals skin temperature. The body experiences an elevation in tissue temperature, but
evaporative cooling generally enables the maintenance of thermal equilibrium; evidence
of the cooling power of the sudomotor system.

. Evaporation of 1 g of sweat dissipates 2.43 kJ of heat (latent heat of evaporation). In
our situation, dissipation of 48 kJ of heat each minute requires the evaporation of ~19.8
g of sweat. Extended duration sweat rates (mh,,) up to 30 g-min™ are possible, permitting
heat removal rates of ~73 kJ-min”, or a total metabolic energy use of about 1520 J.s
without hyperthermia. Since thermal equilibrium (§=0) frequently occurs at states other
than thermoneutrality, it is within the mild hyperthermic state that we shall explore the
regulation of human eccrine sweating.

- 2. Eccrine sweat glands
Humans, and some animal species, possess sweat glands, of which there are two

functional variations: apocrine and eccrine glands. From an evolutionary perspective,
primitive sweat glands (apocrine) are found in the dog. These glands lack neural
innervation, relying on circulating epinephrine to initiate sweat secretion (Robertshaw,
1975), and play a minimal thermoregulatory role. An evolutionary step found in the cow
is the termination of nerves close to sweat glands, providing superior glandular
regulation (Robertshaw, 1971). However, the apocrine glands of the horse are under
direct neural regulation (adrenergic), and are functionally similar to human eccrine
glands. In man, and some primates, apocrine glands open into hair follicles, having a
secretory function only after puberty. They are located in the axilla, external auditory
meatus, the areolar and genital regions, and primarily serve non-thermal functions
(tactile sensation, frictional contact and possible sexual attractant: Robertshaw, 1971).

Human eccrine glands are primarily thermoregulatory in function, and are found over
virtually the entire body surface. Unlike the adrenergic apocrine glands, eccrine glands
are cholinergically activated, and discharge a fluid containing various electrolytes and
metabolites directly onto the skin surface. The total number of eccrine glands has been
estimated between 1.6-4.0 million (Kuno, 1956; Szabo, 1962}, with a considerable inter-
regional variability in gland density: lowest on the back (64-cm™), and highest on the
palms and soles (600-700-cm™: Kuno, 1956; Sato and Dobson, 1970). While eccrine
glands exist in other mammals (cat, dog, rat, mouse and opossum), they tend to be
restricted to the paws (Sato, 1977).

Eccrine sweat glands are usually single units, embedded in the loose matrix of
subdermal connective tissue. Each gland consists of a single unbranched tubule coiled
into a bolus (~300 pm diameter), 2-5 mm below the epidermis, and connected to the
epiderinis via a straight segment (Quinton, 1983). This tubule contains secretory and
reabsorptive components. The former is located in the tubule coil, and is responsible for
sweat formation. Two distinct cell types (clear and dark) are found in this tubule. The
clear cells rest either directly on the basement membrane or on myoepithelial cells, and
contain abundant mitochondria and an infolded plasma membrane. It is thought the clear
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cells are responsible for the secretion of water and electrolytes (Sawo, 1977). The
reabsorptive component removes sodium, chloride and bicarbonate ions from the fluid as
it passes towards the skin surface.

3. Neural networks

To appreciate sudomotor regulation, we must not only understand gland function, but
also the mechanisms which dictate that function. We must first determine the regulated
variable. This is generally, though not unequivocally, recogmised to be body tissue
temperature (Cabanac, 1975). However, some suggest that body heat content or flow is
regulated (Webb, 1995). Space does not permit entry into this debate. However, one may
ask that if temperature was not the regulated variable, then how could one explain the
remarkable constancy of body temperature within both intact and spinal patients, across a
huge range of ambient conditions? If temperature is the key variable, then which
temperature is regulated and how is it monitored? Is it body core temperatre (T,), since
it is the most stable temperature? Such stability may, however, merely result from
regulating another body temperature (Mitchell ef af., 1972). Is it an average tissue
temperature? Since thermoreceptors have been identified in deep and superficial tissues
(Hellon, 1983), and since thermal stimulation of non-hypothalamic sites elicits an
hypothalamic response (Hellon, 1970), one may hypothesise that the regulated
temperature is an integrated function of afferent input from all thermosensitive sites
(Hensel, 1981). How then are these tissue temperatures quantified?

3.1 Thermoreceptors and afferent pathways: Thermosensiiive neurones have been
located in the skin, viscera, spinal cord, midbrain, medulla oblongata, and the anterior
and posterior hypothalamus (Hensel, 1981; Hellon, 1983). Afferenis generated by
cutaneous thermoreceptors in the limbs and trunk enter the spinal cord through the spinal
ganglion and dorsal root, synapsing in the dorsal horn with second order afferents, which
ascend via the lateral spinothalamic tract (Willis ef al., 1974; Briick and Hinkel, 1990). It
is believed that the subcoeruleus region, within the pontine reticular formation (Hinkel
and Schréder-Rosenstock, 1981), and the raphé system, located in the pons and midbrain
(Dickenson, 1976), relay these thermal afferents to the hypothalamus for integration.
Thermal afferents from the cutaneous thermoreceptors of the face pass through the
trigeminal ganglion, to the hypothalamus, synapsing with second order neurones in the
trigeminal nucleus caudalis (Briick and Hinkel, 1990).

3.2 Central integration: The hypothalamus bas long been associated with
thermoregulation (Isenschmidt and Krehl, 1912), with the preoptic anterior hypothalamus
(POAH) established as a dominant site in the regulation of eccrine sweating (Hensel,
1981). Thermosensitive neurones of the POAH receive and integrate the central and
peripheral thermal signals (Boulant, 1981). However, data indicates that such integration
is also possible at both the spinal cord and brain stern (Simon er al., 1986). This
integration enables the generation of a thermal “load error’ signal, to which the
hypothalamus produces an autonomic response. Increased evaporative loss accompanying
heat storage reveals that sweat regulation operates via a proportional control mechanism
(Hammel, 1968), with an approximately linear increase in heat loss with elevations in
body temperature (Smiles et al., 1976; Mercer and Jessen, 1980).



3.3 Efferent pathways: From the POAH, efferent sweat impulses descend through the
brain siem and the spinal tract, crossing at various levels, and terminating in the lateral
horn, where new neuromes start (Sato, 1977). Eventually these neurones synapse with
post-ganglionic sympathetic fibres, which innervate the glands. Quinton (1983) estimated
that spinal cord segments T2-T4 supply eccrine sweat glands on the head and neck, T2-
T8 inmervate glands of the upper limbs, T6-T10 supply the trunk, and segments T11-1.2
pass to the lower extremities. Efferent signals reach the sweat glands in waves, resulting
in pulsatile sweat secretion, which is well syﬁcl;_ronised between regions. The periodicity
of these neural impulses, which may approach 0.25 Hz in very hot conditions (Bini er
al., 1980), causes alternating sweat peaks and troughs. Such fluctuations may result from
an oscillation within the regulatory system, created by the superimposition of transient
rises and falls in skin temperature upon a constant central drive for heat loss (Bini ef al.,
1980). -

While sweat glands are innervated by cholinergic sympathetic fibres, they also respond
to norepinephrine and low concentrations of adrenaline (Sato and Sato, 1981). The
glands also respond to both ¢ and {3 stimulation, and appear to have a separate
adrepergic pathway (Sato, 1977; Uno and Montagna, 1975). Large inter-individual
differences in cholinergic sensitivity are apparent, and such variation accounts for some
of the observed differences in sweat function between people (Sato and Sato, 1983).
Accordingly, cholinergic sensitivity is generally greater in 1ales (Janowitz and
Grossman, 1950), tropical ethnic races (Gibson and Shelley, 1948), and young adults
(Montagna and Parakkal, 1974).

4. Eccrine sweat gland secretion

4.1 Eccrine secretion: The proximal, secretory portion of the sweat gland tubule
produces a primary secretion, the concentrations and the components of which are
modified as the fluid passes through the reabsorptive duct to the skin surface. The exact
sequence of events following the cholinergic activation of the sweat gland has not been
ascertained. However, the process of fluid secretion probably involves the active
transport of electrolytes (sodium/potassium-ATPase) through the basal-lateral membranes
of the secretory cells (Quinton and Tormey, 1976). The most probable scheme for this
process was postulated by Field (1982). The intra-cellular Na/K pump creates an
electrochemical gradient which draws sodium ions (Na*) into the sweat gland cells. This
flux is accompanied by chloride ions (CI'), due to their coupling with Na*. The CI' can
only leave the cell by moving into the lumen of the sweat duct. Such unidirectional
movement is due to the presence of a Cl” permeable apical membrane, combined with a
Cl' impermeable basal-lateral -membrane and paracellular shunt. The electrochemical
gradient thus created, draws Na™ across the paracellular barrier and into the gland cells.
Water then moves passively inio the lumen of the gland, to maintain an osmotic
equilibrium, and primary sweat is thus formed. Accordingly, the intra-lumen hydrostatic
pressure increases, forcing the primary sweat down the tubule, through the reabsorptive
duct, and eventually onto the skin surface (Field, 1982).

Before sweat actually reaches the skin surface, various primary sweat components are
preferentially reabsorbed, helping ensure the conservation of essential solutes. This
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reabsorption is the function of the distal portion of the sweat gland tubule. Na™, CI' and
bicarbonate ions are the primary reabsorbed solutes. The concentration of Na™ in the
reabsorptive duct cells is kept at a low level by the action of sodium/potassium-ATPase
within the cell membranes of the gland (Quinton and Tormey, 1976). The
electronegativity of the interior of the cell, in conjunction with the low cytoplasmic Na*
concentration, allows Na* to passively move from the lumen into the cell via the apical
membrane (Quinton, 1981), and CI follows passively.

Increases in thermoregulatory sweating closely parallel rises in body temperature, and
as sweating increases towards maximal levels, there is a recruitment of progressively
more sweat glands, followed by an increase in sweat secretion per gland (Randall, 1946).
A caudal-to-rostral pattern of sweat onset has been demonstrated in resting (Hertzman ez
al., 1953), but not in exercising subjects (Nadel er al., 1971; Cotter er al., 1995).
However, while there is considerable m, variation between subjects and a powerful
postural influence, steady state sweating at rest tends to generally be greatest on the
forehead, and least on the arms, hands or chest.

4.2 Maximal eccrine sweat secretion: Given that humans have relatively sparse hair
coverage, and that the entire skin surface is covered with eccrine sweat glands, humans
have an unique ability to utilise evaporative heat loss as a means for heat dissipation.
Typically, during combined moderately heavy exercise and heat stress, sweat rates (1)
will range between 1.0-3.0 mg-cm®min”, depending upon the site of measurement
(Cotter et al., 1995). Under severe heat stress, glands can secreie up to four litres of
sweat per hour, for short periods (Quinton, 1983).

5. Eccrine sweat gland regulation during exercise

The thermoregulatory system is comprised of four componenis: a passive system
(tissues experiencing altered thermal states); thermal sensors (inhomogenously
distributed); a controller; and effector units (blood vessels and eccrine sweat glands).
Numerous cybernetic models have been developed to help clarify the inter-relationships
between these system components (see Hammel, 1968; Hensel, 1981; Werner, 1990).
For our purposes, we shall restrict ourselves to closed-loop regulation based upon a
single feedback loop, which provides information concerning the thermal state of the
whole body, and which elicits proportional sweat regulation (Hensel, 1981; Werner,
1990). Working from the combined assumptions that human heat balance is a function of
temperature regulation, and that the regulated temperature is an average body tissue
temperature, derived using inputs from all available thermosensitive sites, it becomes
“‘apparent‘ that thermal sweating should be induced when -one or more of these sites
experiences a supra-threshold local temperature elevation of sufficient duration.

It is well established that both core and cutaneous temperatures are involved in the
regulation of sweating (Robinson, 1949; Nadel et al., 1971; Patterson et al., 1995). We
know that T, changes can produce large sweat responses (Benzinger ef al., 1963).
Similarly, we know that high skin temperatures alone may elicit sweating (McCaffrey ef
al., 1979). Furthermore, the relative importance of these two inputs has generaily been
determined. For example, Proppe et al. (1976) demonstrated that a core temperature



elevation in baboons produced a ten-fold greater elevation in iliac blood flow than did
skin temperature elevation. In humans, similar central:peripheral thermal sensitivities
appear to govern skin blood flow (Wenger et al., 1975) and h,, (Nadel et al., 1971).
However, our understanding of the contributions, and the thermal sensitivities of various
central and peripheral thermosensitive sites in humans is relatively poor. While we know
that core. and skin temperatures are fundamental inputs of the sudomotor regulatory
system,- we know.relatively little about-the sensitivities of tissues within these zones.
Thus, our understanding of human thermoregulation is incomplete, with most’
investigators considering both the body core and skin as single sources of thermal input.
Animal research tells us that not all deep body thermosensitive sites provide equally
effectual sources of afferent input, with the POAH dominating inputs from the midbrain,
medulla oblongata, spinal cord and visceral sites (Hensel, 1981). Investigations of this
type are almost impossible to perform in humans, however, we are able to evaluate the
relative thermal sensitivities of different skin regions.

Four groups have attempted to identify the role of local skin temperature (T,) in the
regulation of sweating. The earliest work came from an American group. Nadel et al.
(1973) irradiated several skin surfaces (N=2), evaluating thermal sensitivity according to
site-specific capacities to invoke sweat responses at the untreated thigh. T,, heating
initiated sweating, with the face showing the greatest thermal sensitivity. Crawshaw ef al.
(1975) applied cooled thermodes to the skin, investigating the inhibitory effect of T,
cooling on the sweat response of an untreated thigh (N=5). Forehead cooling resulted in
the strongest inhibition of sweating. In neither study was there an attempt to control T,
mean skin temperature, or thermal stimulus intensity. Furthermore, the treated surface
areas were not uniform between treatment sites. Accordingly, data from both groups
must viewed with some caution.

The French approached this question using sealed limb chambers and a climate
chamber, to independently control steady-state T, of the arms and legs, and the head and
torso, respectively (Libert er al., 1984: N=5). The affect of T, changes was measured
from its impact on right arm sweating. Head-torso T, changes displayed the greatest
influence upon sweating. This project again highlighted the significance of T, on
sudomotor function. However, the value of the inter-regional comparisons of thermal
sensitivity is limited, sincc the surface areas of treated skin were not equal, and they did
not control T, mean skin temperature or the temperatures of the untreated skin regions.

A group from Germany also used a limb chamber paradigm. They independently
heated and cooled the legs, showing that an elevated T, could nullify the influence of Ty
on sweating (Heising and Werner, 1987: N=3). More recently, they used this technique
to investigate the effects of controlling arm and leg temperatures on sweating (Werner
and Heising, 1990: N=7). It is uncertain to what extent the limb chambers affected the
microclimate, and therefore sudomotor function. However, their resulis confirmed
sweating was regulated by both T, and T,,. They also observed differences in cutaneous
thermal sensitivity, and provided evidence that central processing of skin temperature
information was different between heating and cooling. However, these observations
relate only to limb skin temperatures. Again, this group did not clamp T, or skin
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temperature, and neither study adequately controlled the untreated skin temperamire, or
the surface area of treated skin.

Finally, recent research in this area comes from the laboratory of the present authors
(Patterson er al., 1995). The influence of Ty, on the regulation of sweating was
evaluated, while a water-perfusion suit (held at 37°C) and climate chamber (36.5°C
+0.8; .relative humidity 60.3 +1.6%) were used to clamp. skin and core temperatures
(N=38). Individual water-perfusion patches (249.0 +0.2 cm®) were used to elevate and
reduce T, of four upper body skin surfaces (face, upper arm, forearm and hand). The
sweat response was evaluated simultaneously from eight body segments, using sweat
capsules. Heating promoted, while cooling suppressed my,, both locally and at the other
skin segments. However, local m,, was not altered to a greater extent than g, at either
the adjacent or contralateral skin surfaces (p>0.05). Face and hand heating produced a
greater elevation in whole-body sweat output than did forearm heating (p <0.05). Upper
arm cooling was least effective in suppressing sweating compared to face, hand and
forearm cooling (p <0.05). These results indicated that independent changes to Ty, result
in i, modifications, with differences in the m,, response varying between upper body
treatment sites, which generally revealed an hierarchical thermal sensitivity between skin
regions. These observations are currently being extended to include the torso and the
lower body (N=12). Therefore, thermal sensitivity of the skin is not uniform, possibly
reflecting differences in thermoreceptor density, convergence of afferent signals, or
differences in hypothalamic responses to these signals.

Conclusion

The thermoregulatory system is made up of four main components: a passive system;
thermal sensors; a controller; and effector units. In closed-loop sweat regulation, sensors
provide information concerning the thermal state of the passive system. The POAH
(controller) integrates this input, comparing it with a reference temperature (or some
analogue thereof), and generates a load error signal (feedback). The POAH then invokes
a proportional sweat response fo elevate heat dissipation and regulate mean body
temperature. We know very little of the roles of the deep body thermal sensors in human
sweat regulation. However, we do know that their inputs dominate that of the skin. We
also know that cutaneous thermal sensitivity is not uniform, displaying an apparent
hierarchical pattern in their regulatory roles.
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HUMAN TEMPERATURE REGULATION:
PARTITIONAL CALORIMETRY

Introduction

Approximately 75-80% of the energy converted into ATP from carbohydrates, fats and
proteins is lost as heat during energy conversion processes in humans (this "loss™ does not
mean an energy destruction, but an energy conversion). The science of measuring heat
production is called calorimetry, and Antoine Lavoisier (1743-1794) first measured body heat
production in small animals using direct calorimetry: the direct measurement of heat
production. Lavoisier also used the relationship between metabolism and oxygen consumption
(Vo) to develop a second method for measuring metabolic rate: indirect calorimetry.,

In this workshop, we will use the method of partitional calorimetry to compute body heat
storage during exercise in the heat. This method is another form of indirect calorimetry. The
principle of partitional calorimetry is based upon derivation of the amount of heat stored within
the body from the separate analysis of the avenues by which the body gains or loses heat.

Heat is thermal energy transported from one site to another due to a temperature difference
between two sites (i.e. the body and its surroundings). This heat transfer ends when the
temperatures of the two sites are equal (thermal equilibrium). By summing the heat fluxes from
these avenues, we are able to indirectly arrive at the amount of heat the body will store.

The technique of partitional calorimetry is based upon the First Law of Thermodynamics®,
which is a form of the law of conservation of energy. In general terms, this law states that:
The total energy in a closed system (e.g. the universe) is constant. Energy is
neither created nor destroyed. Energy can change from one form to another (e.g.
work into heat), but its total magnitude remains the same.

From our perspective, we shall consider our closed system to be a laboratory (or climate
chamber) in which our subjects will be exercising. Now, within this system, the total amount
of energy will be conserved, but not the energy in its various forms. That is, chemical potential
energy (carbohydrates, fats and proteins) will be converted into mechanical energy (external
work performed on a cycle ergometer), and heat energy within the body. The mechanical
energy passes to the ergometer or treadmill from the subject, where it is converted into several
other forms (e.g. heat energy via friction within the ergometer; Kinetic energy via movement
of the ergometer and the air surrounding it), and dissipated and dispersed (but not lost) within
the laboratory (chamber) system. In humans, approximately 75-80% of the energy which is
converted into adenosine triphosphate (ATP) is subsequently converted into heat energy, and
the body has two options: it can store this heat, or it can pass (dissipate) this heat to the
surrounding environment (Jaboratory or chamber system). If this heat energy is stored, the

"Hermann von Helmholtz (1812-1894) was the first person to convince the scientific community of the validity
of the law. :
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body's temperature will rise at the rate of 1°C for each 3.47 kJ of heat stored per kilogram of
body mass’. An average 70 kg person will change mean body temperature (T,) by 1°C for
each 243 kJ change in heat energy content (3.47 - 70 = 242.9).

During exercise at 200 Watts (J-s') in a thermoneutral environment, our hypothetical person
would consume approximately 2.5 litres of oxygen per minute, and experience a total
metabolic energy use of ~ 1000 J-s''. About 800 J-s of this energy would be converted to heat
energy. This would cause the T, to rise by 1°C in just over 5 min. If we assume a pre-exercise
T, of 36°C, and a maximal upper limit of 41°C, then our person would reach this point in
~25.5 min. Yet, people frequently exercise for several hours at this work rate without
becoming hyperthermic. Clearly, heat energy is being dissipated to the environment.

Purpose:
The aim of this laboratory activity is to introduce workshop participants to human temperature
regulation measurement, and to quantify the avenues of heat flux using partitional
calorimetry.

Workshop methods:
Apparatus:
(i) treadmill or cycle ergometer;
(ii) equipment for measuring body temperatures: thermistors and recording devices.
(iif) electronic scales;
(iv) SportTester heart rate monitor;
(v) stopwatch;
{vi) calculators;
(vii) container of Cidex solution to sterilise apparatus;
(viii) tissues, paper towel, thermistor tape, vaseline, alcohol wipes, gloves;
(ix) subject Informed Consent packages;
(x) drinking cups and sports drink.

Procedures:

The laboratory activity involves strenuous exercise, and your subject must first be screened
using the attached questiormaire, and he/she must also provide informed consent for this
activity. Part of that release is the Par-Q Questionnaire, which is designed to identify people
at risk of cardiovascular problems during exercise.

2 Specific heat for the body tissues averages 0.83 keal-kg™°C*, or 3.47 kJ-kg-"C". Specific heat (c: J-g'-°C"',
or thermal energy capacity) is the quantity of heat required to raise the temperature of 1 gram of matter by 1°C.
Examples: water 4.186; air 0.963; ice (-10°C) 2.219; wood 1.758; human tissues 3.470-3.558 (J -gtCh), Thus,
for husnans, it takes approximately 3.5 kJ of heat to elevate 1 kg of tissue 1°C.

3 Mean bedy temperature (T,) is ~35-36°C. This is computed from two assumptions: (i) that core temperature
is ~37°C and mean skin temperature (T,) is ~33°C; and (ii) that the contribution of the core to mean body
temperature in comfortable conditions is about 70%. Thus, T, = (0.7-T) + (0.3-Ty) [CL
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(1) Subject preparation:
The subject will require a swimming costume, running shoes and towel.
(i) Record your subject's pre-exposure mass and height. Compute body surface area:

Ap = 0.202 - mass™?® - height®™

where: mass is in kg, height is in metres, and area is in m’.
(ii) Subject goes to the toilet, then inserts the sterilised rectal thermistor to a depth of 10 cm
beyond the anal sphincter.
(iii) Subject is instrumented with the skin thermistors and a SporisTester. The thermistors will
measure skin temperature, while the SportsTester is a cardiac frequency monitor. For the
purpose of this workshop, we will use a four-site (Ramanathan*) method for measuring mean
skin temperature (T). Ideally, we should measure skin temperatures at more sites, with eight
being the standard number of sites used in our research laboratory. Sites: chest (Ty ,: mid-
pectoral), forearm (T, ,: mid-dorsal), thigh (T, ;: mid-ventral), and calf (T _,: mid-dorsal).
(iv) Drinking: You will perform two trials, In the first trial, your subject is to drink 200 ml
(1 cup) of water every 15 minutes. In the second trial, there is no drinking.

(2) Data collection:

(i) Start stopwatch. Record one baseline data point for each variable after 10 min of rest: core
temperature (T,), skin temperatures and cardiac frequency (f,). Enter these data into Table 1
(this Table is at the end of this document). Collect resting f,, skin and rectal temperatures (T,)
for each minute of the first 10 minutes within the chamber. You have 5 temperatures to read
from the telethermometer, so you should allow 10 seconds for each reading.

(i) Record baseline values for three psychophysical indices. Enter these data into Table 1.

(1) THE 15-POINT BORG SCALE OF PERCEIVED EXERTION (Borg, 1962):
During the exercise period we want you to pay close attention to how hard you feel you are
working. This feeling should indicate the total amount of exhaustion and fatigue that you are
sensing, combining all possible sensations, physical stress, effort, and fatigue (no matter
what their source). Do not concern yourself with any one factor such as leg pain, shortness
of breath or exercise intensity, but try to concentrate on your total, inner feeling of exertion.
Do not underestimate or overestimate, just be as accurate as you can.
We will ask you: "how hard are you exercising”.

6

7. Very, very light

8

9 Very light

10

11 PFairly light

12

13 Somewhat hard

4 Ramanathan, N.L. (15964). A new weighting system for mean surface temperature of the human body. J. Appl.
Physiol. 19:531.533.
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14

15 Hard

16

17 Very hard

18

19 Very, very hard
20

(2) THE 13-POINT THERMAL SENSATION SCALE (Gagge et al., 1967):

During the test we want you to describe how your body temperature feels: that is, we want
you to rate your thermal sensation. Do not concern yourself with any one area, such as your
hands or feet, but try instead to concentrate on your total body temperature sensation. The
thermal sensation scale has numbers ranging from 1 (unbearably cold), to 7 (a neutral
sensation), and finally to 13 (unbearably hot). We will ask you every 5 minutes to give us
a numver that best represents your whole-body thermal sensation at that moment.

We will ask " How does the temperature of your body feel?"

Unbearably cold

Extremely cold

Very cold

Cold

Cool

Slightly cool

Neutral

Slightly warm

Warm

10 Hot

11 Very hot

12 Extremely hot

13 Unbearably hot

O 00 =1 hh BN

(3) THERMAL DISCOMFORT SCALE (Gagge et al., 1967):
During the test we want you to describe how comfortable you feel with the changes in your
body's temperature. That is, we want you to rate your thermal discomfort. Do not concern
yourself with any one area, such as your hands or feet, but try instead to concentrate on total
body discomfort. The thermal comfort scale has numbers ranging from 1.0 {comfortable),
to 5.0 (extremely uncomfortable). We will ask you every 5 minutes to give us a number that
best represents your whole-body thermal comfort at that moment.
We will ask "How comfortable do you fell with the temperature of your body?".

1.0 Comfortable

1.5

2.0 Slightly uncomfortable

2.5

3.0 Uncomfortable

3.5
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4.0 Very uncomfortable
4.5

5.0 Extremely uncomfortable

(iii) At minute 11, your subject can commence exercising.

(iv) Collect £, skin and T, at 5S-minute intervais during exercise (during lasi minute of each
interval). Also record the three psychophysical variables at 5-minute intervals.

(v) Towel subject dry and collect mass data at 15-minute intervals. Record these data into
Table 1.

(vi) Terminating a trial: trials will terminate at exhaustion, or if T,, reaches 39.0°C, or if a
subject's £, reaches 190 b-min™, or if your subject desires to terminate the trial prematurely.
(vii) Towel subjects dry, and record body masses at exercise termination. Gently remove
thermistors. Subject removes rectal thermistor in the toilet, washes and dries the probe, and
returns it to for sterilisation.

{3) Calculations: .
You will be calculating components of the heat balance equation, using data collected from
your subject. This equation is derived from the first law of thermodynamics.

S=M-(+W) +E +R £C +K  [W-m’]

where:

S = heat storage (+ for storage; - for loss) [W-m?],

M = internal heat production (metabolism) [W-m™],

W = work performed (+: energy leaving system) or received (-: energy entering

system) [W-m?],

E = heat exchange via evaporation (-) or condensation (+) [W-m*kPa'],

R = heat exchange via radiant exchange (loss -; gain +) [W-m™,

C = heat exchange via convective heat flow (loss -; gain +) [W-m™],

K = heat exchange via conductance (loss -; gain +) [W-m?.

(i) Compute T, for each of the recording intervals.
Ty = 0.3 Ty) + 0.3 Typ) + (0.2 Ty + 02Ty [*Cl

(ii) Compute T, for each of the recording intervals:
T, may be derived using the weighted sum of T, & Tg:
Tb = (0'8 * Tr) + (0'2 ' Tsk) {oC]

(iii) Compute body heat storage (S) at 10-minute intervals, for the full trial ({.e. commencing
at time zero (pre-exposure thermoneutral)). During thermal equilibrium: S = (M (£ W) £E
+R +C +K +S = 0). However, during this workshop, T, and T, both experienced
elevations, so S must have been some value other than zero, and it must have had a positive
sign. We can now compute the change in heat storage (AS in the units of kJ-mhr) from the
equation:

AS = 3.47 - mass - (T, - Typ) / Ap / time  [kJ-m™hr']

where:
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3.47 = average specific heat of body tissues (kI-kg™-°C™),

mass = subject's mass at recording interval (use pre-exposure mass) (kg),

T,, = T, at the current recording interval (°C),

T,, = T, at the previous recording interval (°C),
fthus: AT, = Ty, - Tyo (PO,

Ay, = surface area (m®) [read metabolism laboratory concerning the use of Ap], and
time = the sampling duration (hr: 10 min -, 0.167 hr).

(iv) Compute metabolism (M: in the units of kJ-m%hr!) at 10-minute intervals, for the full trial
(i.e. commencing at time zero). Assume the data at time zero were also computed over a 10-
min period. Due to space and equipment restrictions, we will not measure metabolic heat
production during this activity. However, if we did do so, we would use open circuil, indirect
calorimetry (spirometry} to derive V,. If it is possible to measure the Vg, for our resting
subject, the we will use those data. However, we can also assume that Vo, for our resting
subject is 0.3 L-min" (STPD). During exercise, we could assume that Vo, increases linearly,
and that the V,, for our exercising subject (at each 10 minute mark) is: 1.25, 1.50, 1.75, 2.00,
2.25,2.50,2.75, 3.00, 3.25, 3.50, 3.75, and 4.00 /-min™* (STPD). We will also assume an RQ
of 0.90 during exercise (see Table 2): at rest, use 0.83 (during heavy work RQ is closer to
1.00).

M=V -H -600/A, [kI-m™>hr']

where:

Vg = OXygen consumption (/min’},

H, = the thermal equivalent of O, for the non-protein respiratory quotient (J 1,

60.0 = to convert YV, from /-min” to Ihr”,

Ay = surface area (nr).

(v) Compute the external work performed on the ergometer (W: in the units of kJ-m?*-hrt) at
10-minute intervals, for the trial (i.e. commencing at time zero). During the rest period, this
will be zero.

W = work rate - 0.06 - 60.0/ A, [kJ-m™hr']

wihere: :

work rate = load setting on the ergometer (Watts or J-s™),

0.06 = to convert J-s* into kJ-min’,

60.0 = to convert kJ-min™ to kJ-hr,

A, = surface area (m?).

(vi) Compute the evaporative heat loss (E: in the units of kKJ-m2-hr?) at 10-minute intervals,
for the trial {i.e. commencing at time zero).

E = Amass - 2430/ A, [kJ-m>hr']

where:

Amass = mass change over sampling duration (kg),

2430 = latent heat of evaporation (kJ-/': I litre = 1 kg),

A, = surface area (m*).
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Table 2: The thermal equivalent (kJ-I") of oxygen for the
' non-protein respiratory quotient (RQ).
From: Zuntz, N. (1901). Pfluger's Arch. Physiol. 83:557.

Non-protein RQ kJ Non-protein RQ kJ Non-protein RQ kJ

0.707 19.616 0.818 20.147 0.92¢ 20.712
0.71 19.632 0.828 20.197 0.93% 20.767
0.72 19.683 0.83¢ 20.252 0.94 20.817
0.73 19.733 0.8  |20302 0.95 20.867
0.74 19.787 0.85 20.352 0.96 20.922
0.75 19.837 0.86 20.407 0.97 20.972
0.76 19.888 0.87 20.457 10.98 21.022
0.77 19.942 0.88 20.457 0.99 21.077
0.78 19.992 0.89 20.557 1.00 21.127
0.79 20.043 0.90* 20.612

0.80° 20.097 0.91% 20.662

Notes: § = typical non-protein respiratory quotient at rest; and } = typical non-protein
respiratory quotient during steady-state exercise.

(vii) The computations of radiative, convective and conductive heat losses are technically
complex, and, for simplicity, shall be treated as a single value. Compute this collective value
(+R+C+XK: in the units of kJ-m?-hr") at 10-minute intervals, for the trial ({.e. commencing
at time zero).

S=M-(+W)-E +R £C +K [W-m?]

2 (#R +C +K) =S -M +(+W) -E [W-m?]
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Laboratory report:
Table 1: Raw data collection sheet.
Time (min) | Mass (kg) | £ T, | Ty, Tg_2 Ty Ts_lg 4 1 Ty T,
0 (rest)
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Laboratory report:

Questions:
(i) Heat is lost from the body core by moving down existing thermal gradients. The key
gradient is from the core to the skin. From here heat moves along the skin surface where it is

passed to the air via the evaporation of sweat. Compute the core-skin thermal gradient (T -T,)
for each 10-minute interval.

(if) Produce the following graphs using you data:
(a) cardiac frequency against tirme,
(b) core temperature against time,
(c) mean skin temperature against time,
(d) REP against time,
(e) thermal sensation against time, and
(f) thermal discomfort against time.

(iii) Prepare an oral report to interpret the graphs produced above. You should pay particular
attention to the time course of your data.

(iv) This experiment has been also performed on an elite athlete. Here is a summary of that
experiment. Steady-state cycling for 90 min at 40°C and 40% humidity. Trial one was
performed in the euhydrated state, while trail 2 was performed on the next day, with the
subject drinking only 500 ml of water between the two trials. So the subject was very
dehydrated on this trial. You will be provided with several graphs from this experiment.
Prepare an oral report to interpret these graphs. You should pay particular attention to the time
course of these data.
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THE 15-POINT BORG SCALE OF PERCEIVED EXERTION (Borg, 1962):

During the exercise period we want you to pay close attention to how hard you feel you are
working. This feeling should indicate the total amount of exhaustion and fatigue that you are
sensing, combining all possible sensations, physical stress, effort, and fatigue (no matter what
their source). Do not concern yourself with any one factor such as leg pain, shortness of breath
or exercise intensity, but try to concentrate on your total, inner feeling of exertion. Do not
underestimate or overestimate, just be as accurate as you can.

We will ask you: "how hard are you exercising".

6

7 Very, very light
8

9 Very light

10

11 Fairly light

12

13 Somewhat hard
14

15 Hard
16

17 Very hard
18

19 Very, very hard
20
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THE 13-POINT THERMAL SENSATION SCALE (Gagge et al.. 1967):

During the test we want you to describe how your body temperature feels: that is, we want you
to rate your thermal sensation. Do not concern yourself with any one area, such as your hands
or feet, but try instead to concentrate on your total body temperature sensation. The thermal
sensation scale has numbers ranging from 1 (unbearably cold), to 7 (a neutral sensation), and
finally to 13 (unbearably hot). We will ask you every 5 minutes to give us a number that best
represents your whole-body thermal sensation at that moment.

We will ask "How does the temperature of your body feel?"
Unbearably cold

Extremely cold

Very cold

Cold

Cool

Slightly cool

Neutral

Slightly warm

Warm

10 Hot

11 Very hot

12 Extremely hot

13 Unbearably hot

O 00 ~1 O W o W b
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THERMAIL DISCOMFORT SCALE (Gagge et al., 1967):

During the test we want you to describe how comfortable you feel with the changes in your
body's temperature. That is, we want you fo rate your thermal discomfort. Do not concern
yourself with any one area, such as your bands or feet, but try instead to concentrate on total
body discomfort. The thermal comfort scale has nurabers ranging from 1.0 (comfortable), to
5.0 (extremely uncomfortable). We will ask you every 5 minutes to give us a number that best
represents your whole-body thermal comfort at that moment.

We will ask "How comfortable do you fell with the
temperature of your body?".

1.0 Comfortable

1.5

2.0 Slightly uncomfortable
2.5

3.0 Uncomfortable

3.5

4.0 Very uncomfortable

4.5

5.0 Extremely uncomfortable
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Informed consent for subjects:

Participation as a subject within workshop activity is voluntary. Before being a subject, you
should familiarise yourself with the following features of the relevant laboratory:
* The workshop objectives.
* The rationale for the workshop.
* The test procedures.
* Possible risks and discomforts.

Inquiries:
Questions concerning the procedures, or rationale, used in this workshop are welcome at any

time. Please ask for clarification of any point which you feel is not explained to your
satisfaction.

Freedom of Consent:
Your participation is entirely voluntary. You are free to withhold such consent before or during
the experiment. In the latter case, such withdrawal of consent should be performed at the time

you specify, and not at the end of a particular trial. Your right to withdraw will be preserved
over and above the goals of the workshop. ’

INFORMED CONSENT
The staff running this workshop support the principles governing both the ethical conduct of
experiments and laboratories, and the protection at all times of the interests, comfort and safety
of all people involved in such activities.

Your signature below indicates five things:
(1) You have read the relevant workshop material.
(2) You have been given the opportunity to discuss the contents, and any possible risks
and hazards prior to commencing the workshop.
(3) You clearly understand these procedures and possible risks.
(4) You voluntarily agree to participate in the workshop.
(5} Your participation may be terminated at any point in time.

To screen out people at risk, please answer the following seven questions:
(1) Has your doctor ever said that you have a heart condition and recommended only medically
approved physical activity?

Yes: No:

(2) Do you have chest pain which is brought on by physical activity?
Yes: No:
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(3) Have you developed chest pain at rest during the last month?
Yes: No:

(4) Do you lose consciousness or lose your balance as a result of unexplained dizziness?
Yes: No:

(5) Do you have a bone or joint problem that could be aggravated by the proposed physical
activity?
Yes: No:

(6) Is your doctor prescribing medication for you for blood pressure or heart problems?
Yes: No:
(7) Are you aware, through your own experience, or a doctor's advice, of any other reason
why you should not perform exercise without medical consultation?
Yes: No:

[Source: Thomas, S., Reading, J., and Shephard, R.J. (1992). Revision of the
physical activity readiness questionnaire (PAR-Q). Can. J. Sport Sci. 17:338-345.}
I agree to participate in the workshop described in the accompanying documentation.

Last name: Given name: Date of Birth: _ /[

Address:

Name and phone number of contact person in case of an emergency:

Name: Phone:
Family doctor: Phone:
Signature: Date: [ [/
Witness: Name Signature:
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Physical Activity Readiness WaME OF PARTICIPANT
Questionnaire (PAR-Q)*

DAFE

PAR-0 1s designed 1o help you help yourself. Many heallth bengfils are associated with regusar
exercise. and the completion of PAR-Q is a sensible first step to \ake d you arg planning fo
ncrease the amount of physicat activity in your lite,

For most people physical aclivity should not pose any problem or hazard, PAR-(2 has been
designed 10 identily 1he small number of aduils for whom physical acirily might be inappropriate
or those who should have medical advice concerning the type o} aclivity most suitabte for ibem

Common sense i answerlng these {few questions. Piease read them
caretully and check (/) the £} YES or &I NO opposite the question if it applies o you.

YES NO
[ T Has your dottor ever s8id you have heart troubte”
2 Do you frequently bave pains in yGuf hearl and chest?

Do you ofien feel faint or have spells of severe dizziness”?

4 Has a doctor ever sard your blood pressure was too tugh?

oOcocoad
Oooa 7.

5 kas your goclor ever loid you hal you have a bone or joint problem such
as artnritis that has been aggravated by exercise. or might be made
worse wilh exefCise?

G
[

is there a good physical 22ason not mentioned here why you should oot
follow an aclivily program even i you wanicd 107

Are you over age 85 and not accustomed 10 vigotous excraise”

I you answareg PAR-Q accurately, you have rea-
sonable assurance of your present sudabilily for
» A GRADUATED EXERCISE PROGRAM - a
graduat increase in proper exercise prometes
good finess developmen! while minimizing or
eliminaling discomion,
& A FITNESS APPRAISAL - the Canadian Swan-
dardized Test of Faness {CSTF)

1 you have rol frecentiy done so, consult with your
persenal physicisn by telephone o in persen
BEFORE increasing your physical aclivity andror
laking & Winess apprasat Tell your physician what
guestions you answered YES o on PAR-Q or pre-
sent your FAR-O copy

Altar medical evausion
&5 10 your sultabity lor
« ynresincied ohys:ta act viy starbng off easiy ana
DIOGUess 1Y Qratudy.
* QENIGIEC ©F SJSEVSEN alindly 10 Mest your speciic
reeds. 31 9851 00 31 nia bass Check i your com-
Tﬂun:ly ior spec e D'Og‘a"'!s o Serages

seck acvice from youw physician

" you have a iemporary minot iliness, such as a
common cotd.

* DeseIopes Or Ihe O0NEt Coamz:a Moandey of Health {onceptuanzed ang coliqued by tne Mumdscphraey Adasory Beard on Exerdwe [MARE)
Translatea  soproduclion am8 otk e g entoaty s @ntowaged  Modshcatons Dy wedten peesmnssion gnly Mol 12 e wosen 167 Commartnt
advertma o (BRI T R L
Aptereryee PAR hdaten Repost Bongn Conmpa Monshy of Hedilth 1578

* Frnguzet by the Brnsm Coumted Mests 3 meaith and the Deparment a1 Hanondt Hesin & Wroare WR127
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Abstract The purpose of this study was to investigate
the distribution of steady-state sweating rates {(#i.),
during stressful exercise and heat exposures. Six men
completed 42-min trials: 2-min rest and 40-min cycling
at 40% peak power in 36.6°C (relative humidity
460%). The g, was monitored using ventilated cap-
sules at the forehead, and at three additional sites. Re-
peat trials allowed monitoring from eleven skin sur-
faces. Auditory canal temperature (T,.} and 11 skin
temperatures were measured. After normalising miz., 10
the forehead response within subjects, difierences in
Tscand onset time thresholds, and transient and steady-
state s, were examined. The pooled, lower t0rso #ig,
onset {mean 45.5 (SEM-42.0) s] preceded that of the
head [mean 126.5 (SEM 34.8) s, P<0.05], but was not
significantly different from the legs [mean 66.6 (SEM
2577} s], upper torso [mean 8§0.2 (SEM 36.8) s] or arms
{mean 108.6 (SEM 31.2) s]. Transtent i, did not differ
among regions (P =0.16). Mean, steady-state forehead
s, {3.20 (SEM 0.51) mg-cm ~%-min ~!] was not signifi-
cantly greater than the scapula, forearm, hand, stomach
and lower back i, (in descending order), but was
greater than the chest [1.6 (SEM 0.2)], upperarm [1.6
(SEM 02)], calf [1.5 (SEM 03)] and thigh 1, [1.0
(SEM 0.2), P<0.05 for all comparisons]. The results
did not support the caudal-to-rostral sweat onset evi-
dent during supine, resting heat stress. Equivalent T,
sweat thresholds existed between sites, while steady-
state rf,, topography varied among subjects and was
not dominated by central regions.

Key words Exercise - Heat stress - Sweating - Sweat
onset - Thermoregulation

J. D. Couter (B2) - M. J. Patterson - N. A. S. Taylor
Department of Biomedical Science. University of Wollongona.
Northfields Avenue, Wollongong. NSW 2522, Australia
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Introduction

Heat dissipation during exercise in hot air is primarily
facilitated by eccrine sweating. The ability of this mech-
anism to minimise heat storage is enhanced by its early
initiation, a rapid increase in the rate of sweat excretion
(171, relative to core temperature change (high gain),
the attainment of an adequate steady-state #i,,, and an
optimal distribution of this excretion. Acute and habi-
tual physical exercise, and chronic heat exposure are
known to affect these factors. For instance, acute exer-
cise has been shown to lower the sweat onset point
(Crockford et al. 1971), while physical training has been
shown to lower the core temperature (7,) sweat thresh-
old and elevate the gain of the sudomotor response
(Schvartz et al. 1979). Similarly, heat acclimation low-
ers the T, thresheold (Elizondo and Bullard 1971;
Schvariz et al. 1979), elevates the gain (Libert et al,
1983; Regan et al. 1994), and induces greater steady-
state 1, (Candas et al. 1983). Furthermore, a possible
redistribution of sweating towards peripheral skin re-
gions has been observed (Hofler 1968; Schvartz et al.
1979). This paper addresses the issue of differences in
inter-regicnal sweating rates, and focuses on the onset
and steady-state sweating distributions accompanving
thermal strain during endogenous and exogenous ther-
mal stresses.

A caudal-to-rostral pattern of sweat onset has been
demonstrated in resting (Hertzman et al. 1953; Randat!
and Hertzman 1953; Seckendorf and Randall 1961;
Park and Tamura 1992). but not in exercising subjects
(Nadel et al. 1971; Stolwijk et al. 1971; Schvartz et al.
1979). Steady-state #1,, has been found generally to be
greatest on the forehead. and least on the arms (Hertz-
man et al. 1953), hands (Weiner 1945) or chest (Park
and Tamura 1992). However. this distribution is de-
pendent upon the onset thresholds and gain character-
istics of each skin region (Stolwijk et al. 1971), and dis-
plavs considerable interindividual variability (Weiner
1945; Hoffler 1968: Stolwijk et al. 1971).
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che literature concerning the distribution of eccrine
swealing appears to have been confined to studying a
limited number of sites (Sato and Dobson 1970;
Schvartz et al. 1979; Ayling 19386), exercise transients
{Nadei et al. 1971; Stolwijk et al. 1971), low 10 moder-
ate ., (Hertzman 1957; Seckendorf and Randall 1961,
Tam et al. 1976; Park and Tamura 1992), or procedures
which may have promoted varying degrees of localised
hidromeiosis (Weiner 1945; Hoffler 1968) or hemihi-
drosis (Park and, Tamura 1992). Therefore, while evi-
dence from these studies is often taken as implicit, an
awareness of the topography of high, steady-state
sweating is not yet available. Thus, the purpose of this
study was to attempt to provide this information for hu-
mans exposed to combined exercise and environmentai
heat stress.

Methods

Subjects

Six healthy, aerobically trained, but otherwise unacclimated
males (Table 1) parzicipated in exercising heat stress tests (HST)
conducted within a temperature and humidity controlled room
{mean ambient temperature 36.6 (SD 0.6)° C, black globe temper-
ature 37.4 (SD 0.2)°C, relative humidity 46.0% (SD 2.3)% and air
velocity <0.1 m-s~'}. The subjects completed four 42-min HST,
each consisting of 2-min rest and 40-min cycling at steady-siate
exercise intensily approximately equal to 40% peak power [166
(SD 19) W]. This study was approved by the Human Experimen-
tation Ethics Committee (University of Wollongong), and the
subjects were familiarised with the purposes, demands and proce-
dures before providing informed consent.

 Protocot

Peak power was determined from an initial cvcle ergometer test
{Quinton Excalibur, Quinton Instrument Company, USA), with
the exercise intensity increasing by 3 W every 5 s until exhaustion.
The subjects abstained from strenuvous activity (24 h) and food

{2 h) prior to HST, and reported for instrumentation approxi- .

mately 40 min prior to data collection. The HST were undertaken
at the same time of day for each subject, and were separated by a
minimum of 3 days. Four HST, presented in balanced order, were
used to determine regional sweat onsets and steady-state nig,, for
each of the following regions: forehead (all HST), medial lower
chest, lateral abdomen, lateral scapula, medial lower back, ante-
rior mid-thigh, anterior-lateral calf. dorsal foot, dorsal hand, ante-
rior upper-arm, and three forearm sites (distal-ventral, mid-ven-
tral and mid-dorsal). The mid-ventral site was used to represent

Table } Subject characteristics. Ap DuBois surface area

Subject Age Mass Peak powe Ap
(vears) (kg) (W) : (m?)
1 36 79.5 375 2.01
2 480 79.7 381 201
3 24 84.1 462 2.08
4 24 872 402 206
5 28 705 4386 1.81
6 22 St 381 1.98
Mean 29.0 80.3 414.3 1.99
S 13 5.7 47.6 0.10
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the forearm response during between-region comparisens of ri,
The use of the two medial and twe lateral torso sites was designzz
1o evaluate sweating in refation to distance from the principal saz-
i1al plane, since it has previously been indicaied that sweat rat=s
are greater medially (Hertzman 1957).

The ri,, was determined from body mass changes (uncor-
rected for metabolic or respiratory losses: A&D electronic bal-
ance, model no. fw-150k, USA), with mass determined prior ic
instrumentation and after towelling dry at the completion of eact
HST, and locally using four ventilated sweat capsules (each
2.19 em®). The latter systerm was based upon the principles of ¢a-
pacitance hygrometry (Sweat Monitor, Clinical Engineeting Solu-
tions, Australia). Each capsule was secured with an elasiic strip.
which was adjusted to apply an approximately constant contac:
pressure among sites, and veatilated with air at 0.4 I-min ~* whick
had been passed above a saturated lithjum chloride solution, pro-
viding a relative humidity standard within the range of 11%-12%
in air-temperatures from 25 to 50°C. The response time of this
system was approximately 2s at a flow of 0.4 | min !, The test-
retest correlation was 0.85 (SD 0.10), while the intrasubject coei-
ficient of variation of the procedure was 13.0% (SD 11.8%), as
assessed from the steady-state ri, On the forehead®. The humidi-
ty sensors were calibrated at 36° C, by introducing relative humid-
ity standards collected over saturated solutions of lithium chlo-
ride (11.5%), sodium iodide (33.0%), potassium chloride (42%).
sodium chloride {75%) and potassium di-phosphate (93.5%). Thz
ritg,, was derived from changes in the refative humidity and tem-
perature of the air passing through the capsule and over the skin
surface. Although an attempt was made to provide consistent
pressure when securing the sweat capsules, there appeared to be
greater pressure exerted upon the capsule on the dorsal foot in
two subjects. Postonset 71, for the dorsal foot were therefore ex-
cluded from the statistical analvses.

The 7, was approximated from the auditory csnal temperz-
ture (7.} during all HST using zero-gradient thermormetny {after
Keatinge and Sloan 1975). A servo-heating unir warmed anc
maintained an outer ear pad at the temperature of the anditory
canal, thus isolating the canal and its thermistor from external
thermal artefacts. Three additional indices of 7. were obtained
during the second HST f{or each subject. Tympanic temperature
(7. was oblained using a thin and flexible thermisior (Yellow
Springs Instruments, FF mini thermistor, USA), inserted through
2 wax ear'mould. and secured in contact with the tympanic mem-
brane, as indicated by an initial sharp pain, and subsequent noise
with movement. Placement was periodically checked by gently
tapping on the thermistor lead. Oesophageal temperature {To.)
was monitored using a thermistor {Yellow Springs Instruments,
type 401}, inserted via the nose following the method used by
Mekjavic and Rempel {1990). Rectal temperature (7,.) was mea-
sured 11 cm bevond the anal sphincter (Yellow Springs Insiru-
ments, FF mini thermistor). The T, correlated weli with T,
(r=0.974), Tous (r=0.940) and T,. (r=0.963), and exhibited com-
parable response characteristics (Fig. 1), further validaiing the T,
index of T.. The T, was therefore used in subsequent data ana-
lvses. ‘

Skin temperature was measured using surface thermistors
(Yellow Springs Instruments, EU mini thermistor), secured to the
skin with a single layer of waterproof tape. Temperatures were
monitored at the sweat capsule sites, plus at sufficient sites to de-
rive an eight-site mean skin temperature (7,,; according to the
International Organisation for Standardisation (ISO) 1992).

All thermistors were calibrated {£0.05°C) against a certified
reference mercury thermometer (Dobbie Instrumenis. Dobros to-
tal immersion, Australia). Temperature data, with the exception
of Ty, were recorded at 0.2 Hz with a portable data logger (Grant
Instruments Ltd., 1206 Series Squirrel, UK). Cardiac frequency
(f:) was moailored from ventricular depotlarisation and recorded
at 0.2 Hz (Polar Electro SportTester, model PE300J. Finland}.

! These data are equivalent 1o those obtained for pilocarpine ion-
wophoresis (Buono er al. 1991), despite differences in the means
by which sweating was elicited
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Fig.1 Auditory canal, tympanic, oesophaoeal and rectal temper-
ature during 2 42-min heat stress trial, consisting of 2-min rest and
40-min cyc!mo at 40% peak power (n=6; ambient temperature
36.6° C, relatve humidity 46.0%). Data are means with standard
errors of the means

The T, and hygrometry data were converted to digital signals
(Computer Boards Inc, PPIO-Al18, USA), and recorded at
1.0 Hz on a mains-isolated laptop computer (Total Peripherals,
Notebook 3865X, Australia) for later analyses.

Sweat onset was determined as the point from which a contin-
uous, supra-baseline s, was maintained for a 5-min period, with-
out returning to the baseline, For data in which the initial deflec-
tion was not clearly apparent, linear regressions were fitted to the
pre- and post-onset periods and were solved simultancously to
isolate the onset time. Since forehead mt,, was measured during
each HST, and since this my, was variable among HST within
most subjects, it was considered that sweat onset times and #ig,
should be mormalised against each subject’s forehead sweat re-
sponse. The sweal onset times were normalised to the earliest
within-subject forehead sweat onset. Similarly, each regional i,
for a given subject was normalised to the largest within-subject
forehead n,,. response recorded for that subject. Accordingly,
statistical analyses were testricted to normalised data, and re-
ported sweat onset and rate data are normalised, unless otherwise
stated.

Sweat onset data from adjacent regions were pooled for anal-
ysis ta produce five skin regions: lower limbs (three sites); upper
limbs (three sites); lower torso {two sites); upper 1orso (two sites);
and the head. The average initial /2, following sweat onset was
termed the wransient ., and was calculated as the mean m,,
over the first 3 min following sweai onset. Steadv-state mr,,, was
the mean s, for the 5-min period 18.5-23.5 min after onset. This
period was chosen since data from the calf were considered ques-
tionable in two subjects bevond 235 min, due to pressure arte-
facts accompanying an adjustment of the pressure on these cap-
sules, while attempling 1o ensure an airtight seal. Non-normalised
fite, Were used, in conjunction with surface area weighting factors
(ISO 1992}, to provide an estimate of the whole body sweat loss
for the steady state, and the entire sweating period.

Statistics

Differences in sweat onset time, and the Ty, Tous. T, and local
skin temperature (Toq) thresholds at sweat onset. transient #i,,.
and steady-state ni,,, were examined using ANOVA for repeated
measures, with Tukey's HSD procedure (ex=0.03). Pearson’s cor-
relation coefficient was used to evaluate intervariable refation-
ships.
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Resuits

Figure 2 shows the 7, responses, for four skin regions,
for one subject throughout the course of one HST,
These data were selected to illustrate both typical m,
response patteras and inter-regional s, differences. In
this HST, sweat onset times for three lower body sites
were relatively synchronous, occurring at about min 2,
while that of the forehead was delayed by approximate—
ly 2 min. The onset of a rapid, approximately linear rise
in #s, occurred concomitantly with the elevation in T,
(Fig 1; Tuey Toess T3y, after which a phase of reduced
gain occurred, at varying 1., among skin regions. The
trace for the shank shows a clear pressure artefact at
about 30 min:

The process of normalising data within-subjects was
designed to enable valid between-HST comparison of
sweat onset and r,. The raw onset times were 55.6
(SEM 3.8)s later than normalised onset times, and the
raw sweat rates were 83.0% (SEM 3.1}% of the nor-
malised sweat rates (Table 2). Thus, although this pro-
cedure altered the absolute magnitudes of the sweat
onset times and 1, obtained, it did not substantially
alter the inter-regional patterns for these variables (Ta-
ble 2).

The lower torso sweat onset [mean 435 (SEM
42.0)s] preceded that of the head [mean 126.5 (SEM
34.8)s, P<0.05], but was not significantly different from
the onset times of the legs [mean 66.6 (SEM 25.7)s], up-
per torso [mean 80.2 (SEM 36.8)s] or arms [mean 108.6
(SEM 31.2)s. Table 2]. The T, To.s 2nd Ty, at sweat
onset, were equivalent across regions: 37.0 (SEM
0.03)°C (P=0.30), 36.7 (SEM 0.01)°C (P=0.86) and
36.6 (SEM 0.01)° C (P=0.20), respectively. The T, was
obtained for 60 of the 96 sweat onsets and ranged from
34.8°C (SEM 0.22; for forearm sweat onset) to 35.2°C
{SEM 0.10; for abdomen and scapula onsets), averaging
35.0°C (SEM 0.02) for sweat onsets among the 11 re-
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Fig.2 Sample sweat rate patterns from one subject during a 42-
min heat stress trial. consisting of 2-min rest and 40-min cyclmg at
40% peak power (ambient temperature 36.6° C. relative humidity

%)
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Table 2 Regional sweat onset limes and steady-state sweat rates
daring constant work rale cycling (0% peak power, ambient
temperature 36.6°C, relfative humidity 46.0%). Data are un-
treated (Raw) and normalised {(Norm) means with standard er-
rors of the means (SEM). Steadv .. sicady-state sweat rale,

*¥ indicates steady-state i, differs significantly from that of the
forehead and scapula. respectively. Postonset data for the foor
were excluded due to pressure artefacts in two subjects. Statistical
comparisions between individual regions were restricted to stea-
dv-siate, normalised ..

Region Onset-norm Onset-raw Steady #1,,-norm Steady i ~raw

b (s) {s) {mg-cm ™2 min ") {mg-em ~* min ")

Mean SEM Mean SEM Mean SEM Mean SEM

Head 126.5 348 1826 354 3.20 0.26 272 .33
Chest 902 0 362 1333 26.4 1.62 AYE 1.48 0.16
Scapula 702 42.8 144.0 515 2.89 0.33 2.10 0.14
Abdomen 49.2 455 123.0 52.2 1.99 0.33 1.42 0.16
Low back 41.9 39.1 1158 47.0 1.91 0.24 1.39 0.09
Upperarm 100.2 336 1434 2389 1.58 0.14¢ 1.46 0.18
Forearm 1118 374 170.6 36.9 2.15 0.41 1.51 G20
Hand 1133 31.6 156.7 26.4 2.05 0.32 1.83. 026
Thigh 65.7 6.7 114.3 3.8 1.05 0.15® 0.95 0.20
Calf 68.2 254 116.8 46 148 0.28%® 1.3% 0.34
Foot 66.0 25.0 114.7 4.6 - -
Mean §2.1 . 84 137.8 303 1.99 - 0.21 1.63 0.15

gions. The 7j,; at sweat onset was lower at the foot and
calf than at either the scapula or forehead. Intraseg-
mentalily, the distal-ventral, mid-ventral and mid-dorsal
forearm sites exhibited equivalent sweat onset times:
98.0 (SEM 22.8)s, 111.9 (SEM 34.7)s, 1120 (SEM
35.3)s, respectively (P=0.38).

The transient mi,.-responses from the hand {1.06
(SEM 0.34)], forearm {1.00 (SEM 0.14)], forehead [0.86
(SEM 0.13)] and scapula [0.95 (SEM 022)
mg-cm~*-min~'] tended to display greater transient
i, responses than those of the legs [calf=0.40 (SEM
0.09) and thigh=0.3% (SEM 0.09); P>0.05]. Conse-
guently, the transient ni,,, for the pooled sites ranged
from 0.91 mg-cm~*-min~' (SEM 0.25), on the upper
limb, t0 0.39 mg-cm ~2-min ! (SEM 0.09), on the low-
er limb. However, intersite comparisons proved nonsig-
nificant (P=0.12). Similarly. within the forearm, the
mid-dorsal site tended towards a lower transient m,..
[0.53 (SEM 0.08) compared to 1.00 (SEM 0.14), mid-
ventral, and 0.93 (SEM 0.15) mg-cm ~?-min ™}, distal-
ventral], with differences again being nonsignificant
{P=0.08).

The steady-state regional iy, were considered to be
close to the peak steady-state i, attainable under
these conditions. For each core temperature index, and
within each subject, the HST were sufficiently stressful
to prevent the attainment of thermal homeostasis,
while eliciting a mean f,, during the last 5 min of the
HST, equal to 84% of the peak f.. The final T,. aver-
aged 38.2°C (SEM 0.2) across trials, with the subjects
reporting that a considerable effort was required to
complete each trial. Under these conditions, 1, pla-
teaued in all sites during each trial. thereby permitting
tits 10 be described as sieady siare. Steady-state sweat
disiributions were significantly correlated with tran-
sient i, observed across 10 skin regions (excluding
the foot: r=0.76 (SEM 0.05). P <0.03), and with the es-
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timated mean gland density® (r=0.75, P<0.03). How-
ever, the magnitude and distribution of sweat was vari-
able among the subjects, even though the subjects gen-
erally displaved higher s, on the forehead and scapu-
la. particularly when compared to sweat rates from low-
er limb sites {Table 2, Fig. 3). The mean steady-state
.. on the forehead [320 (SEM 0.31)
mg-cm “*-min~'] was not significantly greater than
i, of the scapula, forearm, hand, stomach or lower
back (listed in descending order; P>0.05), but was
greater than the s, of the chest, upperarm, calf and
thigh (Table 2; P<0.05). The mean medial torso {chest
and lower back) s, was 1.77 mg-cm ~2-min " (SEM
0.10), which did not significantly differ {from the mean
fateral torso (scapula and abdomen) s, [2.44 (SEM
0.34) mg-cm~-min~'; P=0.06]. Between-site fore-
arm, steady state »i,, differences were not significant
(P=0.17).

The mid-ventral and distal-ventral forearm steadv-
siate g, §2.15 (SEM 041) and 159 (SEM 0.31)
mg-cm ~2-min T, respectively} correlated most closely
with the estimated mean body. steady-state n,, [1.82
(SEM 0.11) mg-cm ~*-min "% r=0.89 and 0.85, respec-
tivelv; £P<0.05}: However, this strong correlation was
not retained for total mass loss. Only the chest steady-
state #1,, was related to total mass loss over the entire
HST {136 (SEM 0.08) mg-cm ~2-min~"; r=091;
P<0.05], with the time integrated m,, of this site ac-
counting for 80% of the variability in total mass loss
(P<005), and being of equivalent magnitude [1.32
(SEM 0.13) mg-cm~*-min~'. raw data; P>0.05].
When total body s, was derived from rates measured
at the eleven local sites. the nr,,. [1.31 (SEM 0.09)
*-min "', raw data) did not significantly differ

mg-em

- Regional gland deasities were taken from the data of Roberts et
al. {1970}



Fig. 3 Mean sicady-state

stveat rates for 11 skin regions
during heat stress trials con-
sisting of 2-min rest and 40-

min cycling at 40% peak pow-
er {n=0; ambient temperature
36.6°C, relative humidity
46.0%). The 11 regions tested
were: 1 forehead, 2 medial

chest, 3 lateral abdomen, 4
scapula, 5 medial lower back,

6 anterior upper arm, 7 ven- ..
tral forearm, §:dorszl hand, 9°:.
anterior thigh, 10 posterior
lower leg, 11 dorsal foot !

region

from, or correlate with, the total mass loss (r=0.36,
P>0.05).

Discussion

Only the pooled, lower torso (abdomen and lower
back) sweat onset significantly preceded that of the
forehead. Thus, for seated subjects exercising in the
heat, we found little evidence to support the caudzl-to-
rostral sweat recruitment which has been reported for
supine, resting subjects (Hertzman et al. 1953; Secken-
dorf and Randall 1961; Park and Tamura 1992). Other
groups have also failed 1o observe this distribution pat-
tern during cycling (Stolwijk et al. 1971; Schvartz et al.
1979), although the early onset of the lower torso has
been noted (Nadel et al. 1971). The current sweat onset
distribution was not due to the T, distribution, since,
as has been observed for supine subjects (Hertzman et
al. 1953; Randall and Hertzman 1933; Seckendorf and
Randal 1961}, there was a trend toward an inverse rela-
tionship between T, and onset times.

While our data cannot refute the existence of a cau-
dal-to-rostral sweat recruitment pattern, it appears that
this pattern is either less pronounced or abolished in
the seated posture (Park and Tamura 1992), and with
the rapid imposition of a heat load (Seckendorf and
Randall 1961). The caudal-to-rosiral pattern of onset
distribution, seen with supine rest, may possibly be re-
stricted to instances where heat stress is of exogenous
origin in combination with a sufficiently high T, since
sweating is reported to be initiated from most regions
within seconds of exercise onset in a warm environment
(van Beaumont and Bullard 1963). Such recruitment is
presumably due to a generalised. nonthermal neural
outflow, as it has recently been demonstrated that the
magnitude of this non-thermal portion of central sweat
drive is considerable (Yamazaki et al. 1994).

Assuming that the core temperature indices were
representative of the time course of temperature
changes within central thermosensitive structures, it
was evident that sweat onsets were not dependent on

[,53
Sweat gxcrotlon rato
{mpg-cm ™l

Subject number

core temperature elevations. The T, was decreasing, at
a rate in excess of 0.1°C-min~!, concomitantly with
41% of the regional sweat onsets, and it was stable for a
further 38% of the sweat onsets. This dissociation of
sweating onset has been observed previously (Randall
and Hertzman 1953), and did not appear to be an arte-
fact of the T,; index, since the corresponding trends
were observed for T, in 50% and 13% of the sweat
onsets (respectively; Fig. 1).

Van Beaumont and Bullard (1965) have demon-
strated the influence of T.y on the initial ., during
cvcling. However, the present low correlations between
Tys and the tramsient 71, (r=0.16) did not support
such a facilitation. Since T, also modifies established
local sweating (Nadel et al. 1971; Elizondo 1973; Ogawa
and Asayama 1986). it was envisaged that T, may
have contributed to the topographic variance of steady-
state #1,,, between subjects. However, only 2.3% of the
distribution could be explained by T, variance alone
(P>0.05); perhaps attributable to the narrow range of
T (35.8-36.6° C). This dissociation of T,y and 1, has
been observed in resting (Park and Tamura 1992) and
exercising subjects (Bothorel et al. 1991), and has been
attmbuted to nonthermal sweat drive accompanying ex-
ercise {Bothorel et al. 1991). Furthermore, it has been
reported that #1,,. from the skin overlying exercising
muscle is not modified by local influences resulting
from exercise (Bothorel et al. 1991), and steady-staie
Hit,, topography is not modified by arm versus leg exer-
cise (Ayling 1986). Thus, the present steady-state ri,,
topographies were not attributable to 7,. exercise
mode, or exercise per se.

The present regional n1,,, data are considered broad-
ly to reflect the steady-state sweat topography which
exists in asymptomatic. habitually active men during cy-
cling in the heat. These data extend previous observa-
tions, since a moderately severe thermal load was im-
posed upon the subjects in this studv, requiring near
maximal efforts to complete each HST. The resultant
topography of relativelv high steadv-state sweating
(Fig. 3), is broadly in agreement with previous observa-
tions obtained at lower absolute i1, in that individuals
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tend to display their own pattern of sweating {(Weiner
1943; Hofler 1968). The notion of Weiner (1945), that
steadv-state sweating is generally greater at central
than peripheral regions, was only supporiad to the ex-
tent that the forehead and possibly the scapula had
comparatively high s, particularly in relation to the
consistently low i, of the lower limbs.

While the cause of the present steady-state iz 10-
pography remains uncertain, the distribution of active

sweat glands is a major determinant of within-subject
differences (Sato and Dobson 1970; Roberts “et*al.

1970). However, since the neural drive for sweating is.
in itself, insufficient to determine the density of active
eccrine glands, and since various regions respond dif-
ferently to sudorific stimuli (Randall 1946}, it would
not be expected that the steady-staie #i,. topography
could be explained simply on the basis of inter-regional
estimates of active glands. Furthermore, it has been
_suggested that the distribution of sweating may be
modified by changes in gland function accompanying
postural changes (Ferres 1960; Park and Tamura 1992).
individual gland responses to neural input (Randall
1946; Sato and Dobson 1970), and heat acclimation
(Hofler 1968; Schvartz et al. 1979).

In conclusion, there existed lzrge interindividual
variations in the magnifude and distribution of onset
and steady-state s, during cycling in a hot environ-
ment. The recruitment of sweating was not caudal-to-
rostral, and occurred at equivalent ‘core temperature
thresholds across regions. The forehead and scapula re-
gions consistently had higher r1,.., both transiently and
at steady-state levels, especially in relation to the chest
upper arm and lower limb. However, the data tended
neither to support Hertzman’s (1957) observation that
g, declines laterally, nor did it support the observe-
tion that regional »1,.. approach uniformity with in-
creasing heat stress {Hertzman 1957).
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Whole-body hyperhydration in endurance-
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radionuclide dilution
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ABSTRACT

MAW, G. J., MACKENZIE, 1. L., COMER, D. A. M., and TAYLOR,
N. A. S. Whole-body hyperhydration in enduraace-trained males de-
termined using radionuclide dilution. Med. Sci. Sports Exerc., Vol. 28,
No. 8, pp. 10381044, 1996, Despite evidence of hypervolemia fol-
lowing endurance training, thete is little information regarding corre-
sponding extravascular fluid volumes. Quantification of such volumes
relies upon radionuclide dilution methods, previously hampered by the
loss of plasma albumin. It was our purpose to measure human body-
fluid distribution in eight endurance-trained males, using a simulta-
neous radionuclide dilution technigue, incorporating radioiodinated
serum fibronogen (RISF). Fluid distribution was measured on three
occasions, using 2 pCi of RISF, 8 uCi of 31Cr-labeled erythrocytes,
and 20 pCi of N2®Br and 450 pCi of 31-130: to measure PV, eryth-
rocyte (RCV), extracellular (ECFV), and total-body water (TBW)
volumes, respectively. Respective volume means, standard deviations,
and coefficients of variation were: 46.6 (+£4.9; 8.44%), 33.3 (£2.9;
3.89%), 258.1 (£12.}; 4.93%), and 654.2 (£13.4; 3.24%) ml - kg~ .
The incorporation of RISF provided a reliabie modification to previous
methods, and revealed a2 body-floid expansion in endurance-trained
males. It was concluded that such subjects were hyperhydrated, pos-
sessing proportionately expanded fluid volumes throughout both in-
travascular and extravascular spaces. This was attributed to training
history and accompanyirg reductions in adiposity.

BLOOD VOLUME, ERYTHROCYTE VOLUME,
EXTRACELLULAR FLUID VOLUME, INFTRACELLULAR
FLUID VOLUME, PLASMA VOLUME, TOTAL BODY WATER

commonly reported, though not universally ob-
served (27,33), adaptation accompanying habit-
uaj physical exercise is an expansion of blood
volume (BV). This is typically reflected by a supranor-
mal plasma volume (PV) (25.28), with trained male run-
ners, for example, having BV of up to 107 ml - ke™".
including 66 m! - kg™’ of plasma. compared with BV of
between 75 and 85 m! + kg™ in untrained males (10,19).
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The mechanisms of exercise-induced hypervolemia are
presently unclear, although both hydrostatic and osmotic
causes have been suggested (2,6). Brotherhood et al. (2)
suggested that BV was expanded hydrostatically in order
to fill the enlarged volume of the trained heart and cir-
culation. Harrison et al. (14) proposed that plasina ex-
pansion was stimulated by a post-exercise intravasation
of protein, which osmotically drew water from the ex-
travascular compartment. Thus, PV expands in response
to physical training, with the possible consequence of
reduced mixed-venous hematocrit (Hetg) and hemoglo-
bin concentrations (25,28).

Depressed Het; and hemoglobin concentrations are not
consistent conseguences of physical training. For exam-
ple, when investigating exercise-induced anemia, Mag-
nusscn et al. (23) found no difference between the he-
moglobin concentrations of long-distance runners and
inactive males. When measured directly, hemoglobin
mass or erythrocyte volume (RCV} has been found to be
enlarged following endurance training, or in comparison
with nonathletic counterparts (2,19). Dili et al. (10} re-
ported a mean RCV of 41.4 ml- kg™ in 12 middle-
distance runners compared with 35.2 ml + kg™' in a.sim-.
ilar, more sedentary, population. Such a trend has been
attributed to erythropoietin release following localized
hypoxia during physical exertion (2,28). The hypoxia
may result from reduced blood flow, from increased
oxygen demand, or from the initial hemodilution associ-
ated with exercise training. Regardless of the process, it
appears that prolonged habitual physical training may
provoke an expansion of BV that, while initially confined
to the plasma phase, is later reflected by a proportionate
expansion of RCV as well.

The proportionate expansion of PV and RCV is not
surprising in light of the freedom-of-water movement
around the body. Acute reductions in PV during dehy-
dration. for example. have been shown to rapidly deplete
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TABLE 1. Physical charactesistics of subjects.

AQE HEEQM MBSS :asﬂnrq!ﬁ: ":'Uzmu
yn (eml (ko (mm) {ml - kg~ - mia~")

$1 246 1657 7262 80.7 538
52 245 1802 64.55 60.0 845
53 232 1838 8.3 66.8 63.1
4 243 1843 88&/ 836 68.7
55 210 1764 7864 893 59.4
§6 278 1839  80.07 855 536
57 38 1745 73860 64.3 748
S8 268 1856 8085 445 64.0
Mean 260 1793 7935 730 66.0- -
T 40 68 831 17.0 10.7

$# = subiect idenlity code, o = standard deviation, Zgouees = the sum of biceps,
triceps, subscapular, mid-axillary, supraiiiac, sbdominal, thigh, and call skinfold thick-
nesses; and Y0,..,,, = predicted maximal aerebic power.

RCV due to the osmotic transfer of water across the
cellular membrane (8). Similarly, it would be surprising
if chronic hypervolemia were maintained at the expense
of depleted extravascular fluids. However, there is pres-
ently a paucity of information regarding the volume and
distribution of extravascular fluids in endurance-trained
individuals, so that speculation regarding such flaid bal-
ance often lacks empirical support.

Measurements of whole-body fluid distribution, which
could shed light on this balance, have previously been
hampered by methodological limitations including time
constraints, subject safety, and internal validity. For ex-
ample, the initial method of simultaneously measuring
total-body water (TBW), extraceliular fluid, plasma, and
RCV required 36 h to complete, and the withdrawal of
200 ml of blood (24). A later modification allowed sim-
itar volume measurements within 3 h (31), but was lim-
ited by the use of radiciodinated serum albumin {RISA)
to measure PV. RISA dilution has consistently been
shown to exaggerate PV in comparison with the dilution
of larger tracers due to the constant exchange of albumin
between the plasma and interstitial. fluids (1,22). In con-
trast, radiolabeled fibrinogen (RISF) is slow to leave the
vascular space (1,9), and, hence, in 1980 the International
Committee for Standardization in Haematology (ICSH)
(18) suggested that the dilution of RISF may provide a
miore accurate measure of PV than presently afforded by
the use of RISA. It was, therefore, the purpose of this
study to develop an accurate and convenient method for
measuring the overall distribution of body fluid using a
method of simultaneous radionuclide dilution incorporat-
ing RISF and to subsequently deterrnine the distribution
of body fluids in endurance-trained males.

METHODS

Body-fluid distribution was measured in eight adult
males (Table 1), using the simultaneous dilution of four
radionuclides. Subjects were asymptomatic, trained en-
durance athletes, five of whom had achieved National- or
State-level representation in their chosen sport. Subjects
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were fully informed of the experimental procedures,
which were approved by the University of Wollongong
Human Experimentation Ethics Committee, and subse-
quently provided informed consent. Body-fluid distribu-
tion was assessed on three occasions, each separated by
a minimum of 28 d, to permit the decline of residual
radicactivity.

" Subjects arrived at the laboratory 1 h prior to assess-

‘ment, in a rested state, following a 12-h overnight fast.

Following a -standard breakfast (38 kJ - kg™' of body
mass plus 5 ml - kg™! of water), 20 ml of blood were
collected, without stasis, from an antecubital vein. 10 ml}
were used in the preparation of a radiochromate injection
and 10 ml were stored as a background reference. A urine
sample was collected, from which a sample was stored as
a background reference. Subjects were first seated at rest
for 30 min to stabilize circulation. Qur clinical proce-
dures for such measurements typically use a seated pos-
ture, and since postural changes affect fluid distribution,
we kept subjects seated during both the preparatory and
the data collection phases of each trial.

The radiochromate injection, used to measure RCV,
was prepared in accordance with ICSH (18) recommen-
dations. Packed erythrocytes from 10 m! of blood were
incubated for 20 min at 37°C with 8 pCi of sodium-
radiochromate (Amersham Australia. Na”'Cr), washed
three times, and resnspended to an approximate volume
of 10 ml in isotonic saline. Four radionuclide injections
were then administered into a second antecubital vein,
via a Teflon cannula, within a 30-s perod. Two pCi of
radioiodinated human serum fibrinogen (Amersham Aus-
tralia, '*I Human Fibrinogen; RISF). the >'Cr-labeled
autologous erythrocytes, 20 pCi of sodium-radiobromide
{Australian Radioisotopes, Na®?Br), and 500 uCi of tri-
tiated water (Amersham Australia, H,Q) were injected
sequentially to enable measurement of PV, RCV, extra-

* cellular fluid (ECFV), and TBW volumes, respectively.

The mid-time of the fibrinogen injection was considered
as the commencement of assessment (t;). The exact quan-
tity of each injection was determined gravimetrically, and
small guantities were used to prepare the respective ra-
dionuclide standards. The cannula was immediately
flushed with sufficient heparinized saline to render it
suitable for subsequent blood sampling (21).

Blood samples (10 mi) were collected. without stasis,
at tyq, lgo, and t g0, and treated with ethylenediamine
tetra-acetic acid (EDTA). Collection of each sample was
preceded by removal from the cannula of 3 ml of super-
natant, and followed by a 10-ml flush of heparinized
saline. A urine void was collected and measured at t, 4,
Blood samples, including the background reference. were
centrifuged for 40 min at 1700 X g o scparate ervthro-
cyvtes, and the volume of erythrocytes adjusted to account
for 2% trapped plasma (3). On seven occasions, a 3-ml
aliquot of whole blood was removed prior w blood sep-
aration to assist in the calculation of ECFV. Ahquos 3
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mi) of plasma and erythrocytes from each sample were
placed into glass vials and refrigerated at 4°C pending
y-radiation counting; a 3-m! aliquot of urine was simi-
larly stored. Erythrocyte aliquots were hemolyzed prior
to storage, using a trace of powdered saponin (Sigma
Chemical Company, S-1252). Further 0.5-ml aliquots of
plasma and urine were placed into glass vials in prepa-
ration for B-radiation counting. The preparation involved
vigorously mixing each aliquot with 0.05 mlof 1 M « 17!
hydrochloric acid to solubilize all solid tissues, followed
by 9 ml of liquid scintillation cocktail (Packard Instru-
ments, Emulsifier-Safe). The combination of the acid and
the cocktail effected clear solutions with homogeneous
radiation quench, regardless of the original fluid.

Radiobromine activity was counted on the day of as-
sessment using a calibrated well-type < scintillation
counter (Abbott Laboratories, Auto-LOGIC). Counting
of all other radionuclide samiples was delayed for 14 d.
pending the decay of ™Br, since its activity interfered with
the detection of ™I and *'Cr. Spears et al. (31) previously
suggested allowing between 5 and 7 d to elapse prior to the
measurement of ***I and **'Cr in order to permit the decay
of 52Br; however, in the present study, considerable **Br
was still detectable in both plasma and erythrocytes 10 d
after their collection, making it impossible to differentiate
the respective activities. It was therefore necessary to allow
$*Br to decay for 14 d prior to the measurement of '**] and
*'Cr, at which time only 0.14% of the original **Br re-
mained, due to its half-life of 36 h (16). *H activity was
counted using 2 liquid scintillation counter (LKB Wallac,
1219 Rackbeta), while I and *'Cr were counted using the
« scintillation counter. Aliquots were counted twice for *Br
due to its short physical half-life; and three times for *H.
'*31, and *'Cr, for a minimum ageregate of 10,000 counts
each. For each radionuclide, the sequence of vials was
reversed between counts. Radionuclide concentrations were
then averaged and expressed as counts - min - ml ™', After
radiation counting, plasma aliquots were assessed in tripli-
cate for protein concentration using a refractometer (Otago.
93032). Plasma protein concentration was considered as the
mean of the three refractometer readings.

Three-ml dose standards were prepared for each radio-
nuclide from dilution samples. For *'Cr, this waus
achieved by combining 0.5 ml of the radiochromated
erythrocyte preparation with distilled water to produce a
total sample volume of 250 ml. Tritium, "Br, and '*
standards were similarly prepared, diluting approxi-
mately 0.1, 0.1, and 0.2 mli of the respective preparations
with distilled water to provide dilution volumes of 50,
500. and 250 ml, respectively. A 3-ml distilled water
sample was also stored as a background reference. These
standards were subsequently used to determine the exact
injected doses of the four radionuctides in the caleulation
of respective compartmentat {luid volumes.

Compartmental fluid volumes were determined using
equutions deseribed by Chicn and Gregersen (). Thus. in
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determining TBW, it was necessary to correct plasma *H
concentration ([FH]) for the presence of protein and '2°|.
and for *H loss in urine. Similarly, **Br concentration
([**Br]) was corrected for the presence of protein, and for
$2Br loss in erythrocytes and urine; *'Cr concentration
(PP'Cr]) was corrected for *'Cr loss in urine: and '*%|
concentration (['**1]) was comrected for the gradual loss
of 1231 from the vascular space. This latter extravasation
was accounted for using semilogarithmic extrapolation of
the '**I elution curve to estimate the theoretical {'2%1] at

L (18).

— d((su K5y XS _.UV(UH - fU[))
Pg - IP|

where d = protein displacement factor (see below): S, =
[*H] of the “H standard; S, = dilution of the *H standard:
Sy = volume of the *H,O injection; U,, = volume of
urine collected at 1,44; Uy = [*H] in the urine collected
allyy: i = ratio of " detected in the *H and '**1 energy
ranges; Uy = ["*71] in the urine collected at t,4,: Py =
[*H) in the t,4 plasma aliquot; P; = [**I} in the 1,4,
plasma aliquol.

ECFV =

di1Sg X 8¢ ¥ Sv) — Uy(Uy — ¢Uigl = RCV(Eg — ¢Er) .y
"( Py

+ PV

where d = protein displacement factor (see below); r =
Gibbs-Donnan ratio (taken as 1.02; 4); Sz = [**Br] of the
**Br standard; S, = dilution of the **Br standard: S, =
volume of the Na**Br injection: U,, = volume of urine
collected at t,50; Uy = [**Br] in the urine collected at
tig0; ¢ = the ratio of *'Cr detected in the %*Br and *'Cr
energy ranges; Uc = [>'Cr] in the urine collected at t,y,;
RCV = erythrocyte volume: Eg = [™Br] in the t,q,
erythrocyte aliquat; Ec = [?'Cr] in the 1,4, erythrocyte
aliquot; Py = {**Br] in the t,4, plasma aliquot: PV =
plasma volume.

(S\: X Sd X Sv) - O.ZS(UC X UV)
Ec

where S¢- = [*'Cr] of the *'Cr standard: S, = dilution of
the *'Cr standard: S\.. = volume of the Na™'Cr injection:
0.25 accounts for the first 45 min of the t,,, urne col-
tection: U = [F'Cr} in‘the urine collected at 1,4, Uy =

. ~ 51 -
volume of urine collected at 1,4y E- = mean of |7'Cr] in
the 1., and L, erythrocyie aliquats.

RCV =

S8, S,
Py =

n

st

where ) = ["71] of the "1 standard: S, = difwtion of
the =1 standard: S = volume of the RISE INfeCion:
Py, = theoreticat [ in plasma at G,
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WBLE 2. Body-iluid volumes in endusznce-trained males, obiained from triplicate determinations, using e simultaneous dilution of tadigiadinated serum fibrinogen, ¥'Cr-labateg

ythrocyles, Na®2Br, and *H,0.

TBW ICW ECFV i3 BY PV HCY

Kbsatute volume (mi)

1 47,985 30,440 17,760 14,700 5255 3,060 2,190

§2 43,085 25,135 18,200 14,600 5,180 3.500 2,580

§3 56375 35,240 21,380 17,870 6,420 3510 2910

54 57,130 34,240 23,185 13,045 6,810 4,140 2670

S5 50,850 22885 21,155 17,030 &,740 4125 2610

$6 56,390 34 660 21,995 16,200 6,770 3,79 2970

s 48,700 28,735 19,200 15,815 5,885 3.3%0 2505

58 54,065 33,840 20,485 16,720 6,350 3,765 2,580

hfean 51,822 30,784 20,420 18,747 6,302 3673 2627

o 5022 4631 1,893 1621 529 385 242

Contret 48,000 27,200 21,010 37,800 5,200 3,000 2,209
Relative volume (mi- kg~*)

Mean 6542 3804 258.1 2115 801 466 333

o 143 15.6 13.0 8.1 7.6 52 3.1

Control 6000 40,6 2626 2225 63.0 315 275
Reliability

v (%) 3.24 5.82 443 5.46 6.00 - B4 3.28

P 0.327 0.234 0.8 0.448 0.799 0.8493 0.532

£ = subject identity code, TBW = total body water, ICW = intraceliuter water volume, ECFV = extrzcelluiar fluid volume, IFV = interstitia] flvid volume, BY = bood volume, PV =
plasma volume, RV == eryiheocyte volume, Control = seference controi vaies for sedpntary 80-kg mzn (17}, o = standard deviation, Reliability = anzlysis of variance comparing
repeat 2ssessments on ezch subject, P = probability that differences among the three measurements were due 1o chance alone, and v = coefiicient of variation (averagzd acrese

subjects).

The protein displacement factor (d) was calculated as:

100 — (0.073 X [PP])
100

where [PP] = plasma protein concentration.

On seven occasions, when a whole-blood aliquot was
preserved, the extent of 52Br loss into erythrocytes was
determined both directly from measuring [**Br] in eryth-
rocytes and from calculating erythrocyte-[3"Br] from the
whole-blood concentration adjusted for Helg. Erythro-
cyte-[¥*Br] was then calculated as:

(Wg = cWe) — Py

Eg = Pg +
B 8 Herg

where Py = [®*Br] in the t,g plasma aliguot; Wy =
[**Br] in the t, 5, whole-blood aliquot; ¢ = ratio of *'Cr
detected in the *'Cr and *Br energy ranges; We = {*'Cr}
in the t,5, whole-blood aliquot; Het; = hematocrit of the
1,50 blood sample.

Further calculations were made to determine intracel-
lular water volume (ICW = TBW — ECW, where ECW
was ECFV-corrected for the total volume of plasma
solutes (4), interstitial fluid volume (IFV = ECFV —
PV), and BV (BV = RCV + PV,

Compuartmental fluid volumes were then considered
for cach subject as the mean of three assessments: retest
reliability was considered as the mean of each subject’s
coefficient of variation for each fluid volume. The three
assessments were compared using analyses of varianee,
while comparisons of two related measurcs were made
using paired Fwests. Alpha was set an the 5% levell and
specific differences were then examined using Tukey's

test of Wholly Significant Difference (Tukeywsp). Data
are reported as means with standard error of the means,
unless otherwise stated as standard deviatons (o).

RESULTS

Body-fluid volumes did not differ significantly within
subjects between repeat assessments, with the mean in-
trasubject coefficients of variation generally being less
than or equal to 6% (Table 2). The exception was for PV,
with a coefficient of variation of 8.44%, for which con-
siderable physiological variation was possible during the
56-d course of the study. The coefficients of varation
embraced both physiological and methodological varia-
tion, ard hence, for all volumes, variation due to meth-
odological errcr could be considered to be less than the
reported coefficient. The compartmental fluid volumes
for “TBW, ECFV, RCV, and PV averaged 351,822
(+5022), 20,420 (*1893), 2627 (£242). and 3673
(£365) ml, respectively (means * o7 Table 2). Hence. the
respective ICW, IFV, and BV were 30,784 (£4630), 16.747
(#1621}, and 6302 (£529) mi (means = o= Table 2}.

Measurement variability was probubly unaffected by
the presence -of residual radiation as. at the time of
reassessment. less than 0.01% of the previous “H. =L
and *'Cr doses remained in the blood: no residual *~Br
was detected, reflecting the 36-h half-life of the *Br
nuclide (16). The clearance of residuai radintion con-
firmed the report of Fortney et al, (12) that the multiple
radionuclide method could safely be used for sequential
determinations of human body-fluid disiribution. with the

ol rmdition dose imposed by theee assessinenis
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amounting to approximately one-filieenth of the annual
dose permiued for an industrial worker (16).

The measurement of ECFV was dependent on the
method of calculating intracellular losses of ®Br in the
seven assessments when erythrocyte-{*Br] was mca-
sured both directly from erythrocytes and calculated from
the plasma and whole-blood [**Br]. The apparent eryth-
rocyte-[**Br] was higher in the latter measwe (P =
0.001). The corresponding ratio between erythrocyte-
[®2Br] and that in plasma was 06.804 (£0.019), compared
with 0.703 (x0.011) when erythrocyte and plasma con-
centrations weré both measured directly, Consequently,
ECFV was 532 (£54) ml smaller when erythrocyte-
{**Br] was derived from plasma and whole-blood con-
centralions compared with the volume determined di-
rectly from plasma and erythrocytes (P = 0.001).

Analysis of urine voided showed that 1.25% (0.08%)
of the **Br dose was excreted during the 3-h assessments.
Similarly, an average of 0.85% (£0.10%), 15.60%
(£0.97%), and 0.44% (=0.07%) of respective *H, '*°I,
and *'Cr doses was also excreted during the course of
assessment.

DISCUSSION

The distribution of body fluid was measured in eight
endurance-trained males. Previous studies have exam-
ined the body-fluid disiribution of normal or hed-ridden
populations (£1,12,31), or the intravascular fluid volumes
of athletes (10,19,23). However, no studies were found
documenting the distribution of both intra and extravas-
cular fluids in éndurance-trained subjects. \

The body-fluid volumes of the present sample were all
slightly enlarged compared with previously reporied ref-
erence values (17,18; see Table 2}, but were considered
normal in light of the subjects’ athletic history and body
composition (26,30). The subjects were all well-trained.
participating in endurance exercise daily, and, on the
basis of their estimated maximal aerobic power, were
amiong the top 10% of age-matched Australian males
(13). Similarly, based on their skinfold measurements.
subjects were among the leanest 5% of aged-matched
Australian males (13).

Low adiposity is known to be accompanied by a large
volume of TBW relative to body mass due to the hicher
concentration of water in lean tissue than in fat (26,
Hence. in companson with less lean populations, the
present subjects possessed enlarged TBW, resulting in
similarly expanded ICW and ECFV. Fluid volumes were
stll comparable o values at the upper end of the refer-
ence datas determined using similar dilution methods on
nare sedentary male populations (12.31). confirming the
validity of the present simultancous ditution method. For
example. Dyrbye aad Kragelund (11 reported vatues of
GO 3320 and 265 ml - ke For TRW, ICW, and BCEV.

resprectively.

mi- ke
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Despite the present absoluie volumes being enlarged.
the relative contributions of both the ICW and ECFV to
TBW remained similar 1o previously reported values.
ICW and ECFV accounted for 61% and 399% of TBW,
respectively, compared with respective values ranging
from 537% to 63% and from 37% 10 43% in more sed-
entary populations (I1.17.31). Similarly, the relation-
ships between TBW and the intravascular fluid volumes
were essentially maintained, with BY and PV accounting
for 12.3% and 7.1% of TBW compared with previously
reported values ranging from 11.2% 10 12.4% and 6.9%
to 7.7%, respectively (11,17.31).

Intravascutar volumes were alse farger, in absolute
terms, than those considered normal for more sedentary
populations, with the BV averaging 80 mi - kg™"; 47
ml - kg™ for plasma, and 33 ml - kg™ for erythrocyies.
In comparison, the ICSH (18} reporied normal BV, mea-
sured using the simultaneous dilution of RISA and ra-
diochromated erythrocytes (*'Cr), to be between 65 and
75 ml-kg™'. Of this BV. plasma accounted for 40
" and erythrocytes for 25-35 ml - ke ™', Simi-
farty, Sawka et al. (27) found thai the blood volume of 22
healthy young males was 69 ml- kg™ including 43
ml - kg™ of plasma and 26 ml - kg™* of erythrocyies.
We suggest that the normal BV determined using RISF
may be shlighily smaller than these vaiues, as PV mea-
sured using RISA may be an overestimate of the true
circulating plasma. due to its relatively greater leakage
from the vascular space. Consequently, it has been shown
that PV is enlarged by approximaiely 6% when measured
using RISA dilution compared with that measured vsing
the dilution of RISF (1.22).

The present intravascular fluid volumes were compa-
rable to values obtained from trained subjects. For ex-
ample, BV between 79 and 85 ml-kg™' have been
reported for trained cyclists and runners (23,30), while
even larger volumes are found in highly trained athletes
(93-104 mi - kg™') with maximal aerobic power around
75 ml-kg™' -minT' (2,10,19). The relationship be-
tween BV and maximal aerobic power has previously
been identified (15), and -it was considered that the
present mild hypervolemiz was the resull of training
history of the subjects rather than methodological error. |t
was therefore concluded that the radionuchide dilution
method employed in the current investigation provided a
reliable means of determining the distribution of intra-
vascular and extravascular ffuid volumes.

In the present study. IFV was not decreased compared
with normal values (17). and Het, was nonmal (23). [0 is
therefore likely that hyvpervolemia was a rellection of
whole-body hyperhivdrmion (3 including a4 proportion-
ate expansion of all body-tluid compartments. Propor-
Honuately expanded PV and ROV have previousy been
reported foflowing prolonged pericds of exercise training
(19280 while depressed Hetg i primardly evident during
the ety stages of waming, before ROV has responded
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(6,25). Increased RCV has been attributed to the stimu-
lation of eryihropoietin production (2,28), although, this
does not always increase following exercise (20). In tight
of the present data, expansion of the RCV may also be
explained by homeostatic balancing of the body-fluid
compartments, since it is unlikely that whole-body hy-
perhydration would be maintained without a proportion-
ate increase in RCV.

The increased volume of TBW, necessary to support
such a whole-body hyperhydration, may be accounted for
by increased water retention due to increased plasma
renin, aldosierone, and vasopressin activity following
exercise (7). In particolar, increased sodium retention.
due to increased renal sensitivity to aldosterone, may be
an important factor In exercise-induced water retention
(5). In addition, part of this hyperhydration may be as-
sociated with reduced adiposity. Dill et al. {10} suggested
that at least one-third of exzrcise-induced hypervolemia
could be explained by reduced adiposity accompanying
habitual exercise. In fact, the present data indicate that
differences in adiposity between the current trained sub-
jects and more sedentary rzference males may acwally
account for more than one-third of the apparent hyper-
hydration. For example, PV adjusted for adiposity (esti-
mated from TBW) (26) equated to approximately 52
ml - ke™! of fatfree mass compared with a volume of 50
ml - kg™! from normal values (18; based on body fat
content of 20%). It is therefore suggested that, when
considering the chronic status of body-fluid velumes.
consideration must be given to the relative adiposity of
the subject while recognizing the inaccuracies of estimat-
ing body fai content.

Methodological Considerations 1

The present method for measuring body-fluid volumes,
using the simultaneous dilution of *H,O, Na™Br, RISF,
and *'Cr-labeled erythrocytes, produced results that were
not only considered normal for the appropriate sample,
but were also reliable bewween repeated assessments.
Seven subjects underwent three repeated assessments.
spaced at 28-d intervals, and the resultant coefficients of
variation between repeated assessments was less than or
equal to 6% for measured and derived fluid volumes
(Table 2). The exception was PV, which produced a
coefficient of variation of 8.4%, which may be attributed
to physiological changes between repeat assessments. as
well as to methodological error. Considerable physiolog-
ical variation is possible in PV, and other fiuid volumes.
due to changes in cnvironnienial conditions and health
status (12}, Sueh variztions may well bave occurred dhur-
ing the 536-d course of the present study. Spears et al. (31

[ 2

reported a variation i plasma volume of just 1,24 duray

a 7-d period, and variations of 3G F.3%. and 3.9% in
TBW. ECFV, and RCV . rexpectively, Tn addition, i she
prosent study. the accuraey of RISE and 7 Cr dilution was

157

Official Journal of the American College of Sporis Medicine 10013
found to be £2.350% and =2.82%, respectively, when
measuring in virro volumes of between 2 and 7 1. Hence,
it was considered that, in the present study, the variation
in volume measurements due to methodological error
was probably less than the calculated coefficients of
vagation, and may well have approached 3% for all
compartmental volumes.

The accuracy of ECFV measurement was further in-
fiuenced by the method of its calculation, specifically the
method of accounting for the loss of *Br into erythro-
cyies. The discrepancy between directly measured eryth-
rocyte-[**Br] and that calculated from plasma and whole
blood was difficult to explain. Had the direct measure
been influenced by the presence of **Br in irapped
plasma, it would probably have exceeded the indirect
[™Br]. In practice, the reverse was true, making the
directly determined ECFV smaller than that derived from
indirect calculations. In the former case, the ratio be-
tween directly measured erythrocyte-[*Br] and plasma-
[%Br] was similar 1o values previously reported during
the calculation of extracelular fluid volume {32). Hence.
it was considered that erythrocyte-[*2Br] should be mea-
sured directly from packed cells, rather than calculated as
a function of whole blood concentration, during the mea-
surement of the extracellular space. This procedure is
recommended when adopting similar methods to deter-
mine ECFV.

CONCLUSION

It has been shown that the simultanzous dilution of
H,0, Na®*Br, RISF, and *'Cr-labeled erythrocytes pro-
vides a reliable method for measuring body-fluid distri-
bution in humans. Each of the respective dilution vol-
umes required several corrections, but, having done so,
retest variance was generally around 6%. The compart-
mental fluid volumes of endurance-trained males were
generally larger than normally observed in sedentary
adult males, revealing a whole-body hyperhydration, but
with nonnal between-compartment fluid distribution.
While hypervolemia has previously been observed in
trained subjects, this study has shown that such hyper-
hydration is also found in all other fluid compariments.
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This project sought 10 evaluate the importance of skin temperature during heat acclimation,

using an isothermal-strain model. Two groups of seven matched males. participated (1 h per day.
10 days) in one of two conditions: (i} temperate physical training (TEMP: 22.440.7 °C, relative

humidity (r.h.) 41.0:£0.9%): or (i} combined physical training and heat acclimation {HEAT:
38.240.7 °C. r.h. 3%.7 4+ 1.3%). Isothermal strain was induced in both groups by rapidly
elevating rectal temperature by 1 °C {cycling), then holding it constant by manipulating external
work. Subjects completed two three-phase heat stress tests {(39.8+£0.7 °C. r.h, 38.64+1.2),
consisting of 20 min rest, then 20 min cycling at each of 30% and 45% of peak power, before
and after each regimen. While there was a difference of 4.2 °C in mean skin temperature between
treatments. both regimens elicited a similar peripherat sudomaotor increase. indicating a core
temperature dependent adaptation. However, based on significant pre- vs. post-acclimation
decreases in average auditory canal temperature (0.4 0.1 °C). average forghead skin blood flow
(269). average perceived exertion {17 %). and a 5% increase in average forehead sweat rate

{0.1 +0.04 mg cm~2 min~'}. the HEAT regimen elicited a more compiete acclimation. White
elevation in core temperature is ceitical to acclimation, it also appears neceséary 10 expose
subjects to an externa! thermal stress. This observation has not been previously demonsuated
under conditions of isothermal strain. and verifies the importance of skin temperature elevation in

the acclimation process.

Keywords acclimation. adaptation, core temperature, heat stress. physical training. sweating.

‘Thermzl adaptation can be induced in response to
natural ¢climatic changes (acclimatization: Hellon e /.
1936), to artificial heat exposure (acclimation: Nadel e
al. 1974, Roberts e af. 1977) and to endurance exercise
producing significant elevarions in body core tem-
perature (T,: Gisolfi & Robinson 1969, Henane &
Valatx 1973). Typically, adaptations resultin decreased
cardiac frequency (f,), T, and mean skin temperature
(T..), and increased sweat rate (s, Nadel ef al. 1974,
Roberts e af. 1977). While it is known thac the body
can adapt to repeated thermal stress of both en-
dogenous (metabolic) and exogenous (environmental)
origins, we do not have a full understanding of
differences- berween acclimation states induced by
these different sources of hear stress, or indeed,
whether these adaptations are physiologically similar.
While this question has been of interest to physio-

logists for some time, the focus of this paper was not
simply a comparison of heat acclimation technigues,
but rather an investigation of the mechanisms resulting
in heat adaptation. Of particular intevest was the role
of skin temperature: elevation in the acclimation
process.

A useful model by which to evaluate the role of skin
temperature afferents in the acclimation process is
found within the comparison of exercise and heart-
induced thermal adaptarion. Differences in resulting
adaptation characteristics may help elucidare the role
of eutaneous thermal afferents. However, in atemp-
ting to evaluate differences between acclimation
states accompanving thermal stress imposed by these
two sources, a variety of methods have been emploved
by which the separare stimuli, and their resultant
physiological strain, may be evaluated. Some groups
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Figure 1 A comparison of zero-
gradient auditory canal temperature
with ocsophageal temperature while 36.0

subjects {m = 6} performed steady-state
cycle ergometry at 36 °C (r.h. 50%;
modified from Cotter ef 2/, 1993).

temperate or hot conditions, and while remaining
seated on the ergometer, cycled intermirtently to hold
T,. constant. During acclimation, T, was measured
using a thermistor {Yellow Springs Inszrument Co.,
Inc,, YSI probe no. 401, Ohio), positioned 12 cm
bevond the anal sphincter. Independent trials showed
thar, while T, lags behind other T, indices, it did not
result in differences in thermal strain being imposed
upon the two experimental groups. Thus, both groups
experienced a constant and equivalens elevation in T,
but different T, and T,, berween conditions.

Pre- and post-acclimation HS5Ts consisted of three
20-min phases (T, 39.840.1°C, r.h. 38.6+£1.2%).
Between-test diffierences enabled an evaluadon of the
role of skin temperature within the acclimation
process. The presence of an acclimartion effect was
determined from a significant reduction in T, during
the second HST. Within each HST, subjects rested for
20 min (seated), they cycled ar each of two different
relative intensities: 30 % of peak power (20 min), and
45% of peak power (20 min). L'lozpeak was determined
before and after acclimation (Quinton Instrizment
Company, QPlex I, USA).

During the HSTs, I, was determined from auditory
canal (aural) temperature (T..) using zero-gradient
aural thermometry {(after Keating & Sloan 1973). This
technique involves independent monitoring of the
temperature of the audirory canal and an outer ear
heating pad. The temperature of the latter was
controlled to match the temperature of the auditory
canal, isolating it from eavironmental artefaces. This
technique has been shown to remove the auditory
cagal temperature gradient, thus allowing T, to
faichfully track tympanic emperriure (Moore &
Newbower 1978). The method has been validated
within our laboratory against ocsophageal (Fig. 1),
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tympanic and recral temperatures (Cotter of af, 1993):
during cycling under similar environmental condi-
tions, T,. is typically 0.21 °C above oesophageal
{r == 0.940), 0.19 °C greater than tympanic {r = 0.974)
and 0.21 °C less than rectal temperature (r = (L.965).

Skin temperatures were measured at 0.2 Hz from
eight sites (Grant Instruments Lid., 1206 Sesies
Squirrel UK), using thermistors (Yellow Springs
Insrruments, EU mini thermistors, USA) artached
with a single layer of waterproof tape: forehead, right
scapula, left upper chest, right upper arm, lefr lower
arm, left hand, right anterior thigh and left calf. ':f;k
was derived using the ISO-9886 eight-site equation
{International Standards Organization 1992). All
thermistors were calibrated against a certified reference
thermometer (Dobbie Instruments, Dobros toral
immersion, Australiz).

Skin blood flow (SkBF) was sampled at 1 Hz using
laser-Doppler velocimetry (Vasamedics Inc, TSI
Laserflo BPM?, USA: 780 nm wavelength). Zero
SkBF was determined using an opaque, white surface,
to which all SkBFs were referenced. Since this
technique measures blood flow only within 2 small
tissue volume (1.0-1.5 mm radius hemisphere), and
since it quantifies relative rather than absolute blood
flows, data are reported as volwage ourputs directly
from the monitor, rather than being converted to
blood flow units, SkBF was measured at six sites,
using a single probe. During each HST, forearm
SkBF was continuously measured during the frst
15 min of each 20-min HST phase. To facilitate this,
subjects adopred a cycling posture with the upper
body in a semi-prone position, with forearms sup-
ported on the handle bars. This posture enabled
precise berween-trial control of the verrical diseance
berween each subject’s forearms and heart, minimizing

>
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Figure 2 Auditory canal temperatuse,
before and after 10-day heat acelimation
regimens, during a three-phase heat
stress test (39.8 °C, r.h. 38.6%).
Temperatures are normalized 10 the
basal temperature recorded before the
first heat stress test. Dara are means
with standard errors of the means, and
correspond 1o subjects cxposed to
either 2 temperate remperatuce exercise

Auditory canal Lemperature o)

adapration (22.4 °C: @, pre-adaptation Rest Exercise (30%) Exercise (45%)
TEMP; O, post-adaprasion TEMP), or 36 L — > T i i T T
a combined heat 2rd exercise adaptation 0 i0 20 30 40 50 60

(38.2°C: @, pre-adapration HEAT;
Q. post-adapration HEAT).

average times to reach the 1 °C target elevation in T,
were 29.5+2.7 (SD) min (TEMP) and 29.2+2.0 min
(HEAT; P> 0.05). Once elevated, the average T,
was 38.0 °C (£0.03) for both groups (P > 0.05). T,
averaged 33.2 °C (£0.07) for the TEMP group and
37.4°C (4:0.24) for the HEAT group over the 10
days (P < 0.03). However, there were no significant
differences berween the T, recorded for days 1 and 10
of acclimation within either group (P > 0.05). These
daga conhrm thart the isothermal technique resulted in
equivalent elevatons in T, in the presence of
significant T, differences. f. showed significant
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Time {min)

decreases in both groups throughout acelimation,
averaging 133.8 beats min™' (£ 1.1) and 143.0
beats min™ (+2.4) for the TEMP and HEAT groups
respectively across the 10 days (P < 0.05). Thus,
while the TEMP subjects worked significantly harder,
they did so while maintaining a significanty lower f,.
This observation highlights the didiculty of equating
strain on the basis of /... Botl'} groups experienced non-
significant increases ia T .. over the 10-day
adaptation period: 5.62+8.57 (SD) mL kg™ min™!
and 4.38+2.44 (SD) mL kg™ min™' respectively (P
> (.05). Body mass did not change significandy
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Forchead Forearm
]:n' T'.;k ];c T;k
Treatment/HST onsct Gain onset onser  Gain  onset
TEMP
1 3730 232 36.37  37.30 192 36.14
(0.31) (0.38) (0.23) (0.32) (0.46) (0.25)
2 3698 319 36.76 3702 271 3667
(0.12) (0.59) (0.37) (0.38) (0.54) (0.38)
HEAT
1 3747 283 3693 3763 195 36.82
(0.30) (G.84) (0.36) (0.30) (0.37) (0.39)
2 3692 3.14 36.64 37 208 3637

(0.12) (0.71) (0.11) (0.16) (0.36) (0.14)

Abbreviations: HST, heat scress est; TEMP, temperate physical wraining group
(22.4140.7°C, .h. 41.04+0.9%); HEAT, combined hear and physical training group
(3824907 °C, c.h. = 39.7 % 1.3%). Data are means with standard errors of the means.

Change score

Variable Treaument Phase 1 Phase 2 Phase 3
T CC TEMP 0.06 (0.11) —0.08(0.08) —0.29(0.10)
HEAT —0.16 (0.12) —0.10(0.07y —0.09(0.05}
Forearm SkBF (volts) TEMP - 0.12 (0.08) 0.12 (0.08) 0.23 (0.19)
HEAT  —002(0.09) —0.02 (0.04) 0.06 (0.10)
L. Q) TEMP 0.27 (0.09  0.30(0.07  0.18 (0.10)*
HEAT  —0.39(0.16) —0.61(0.12) —0.76(0.1T)
S {beats min™") TEMP —6.11(1.02) —=779(1.64) —11.67(1.21)
HEAT —8.85(1.81) —5.82(1.54) —11.19(1.78)
RPE TEMP — 0.04 (0.26)< —0.06 (0.28)~
HEAT e -1.82(0.29) ~120{0.18)
Forehead a1, TEMP —0.19 (0.06)* —0.37(0.07) -0.03(0.09)*
(mg ¢ém™ min™Y)
HEAT  —0.04(0.02) —0.05(0.07) 0.29 (0.11)
Forcarm s, TEMP  —0.03(0.04)*  0.11 (0.07) 0.34 (0.07)
(mg em™® min™Y)
HEAT —0.02 (0.02) 0.16 (0.67) (.41 (0.08)

Abbreviations: T,q, auditory canal temperature; SkBF, skin blood flow; T, mean skin
temperatuze; f,, cardiac frequency; RPE, rating of perceived exertion; &, , sweat rate;
*, significant difference berween conditions (within cach test phase); ~—, daea not

available. Data are means with standatd error of the means in parenthescs,
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Table 2 Corc tempenture (T, ), mean
skin temperature (T.,) at swear onse;
(°C), and sweat gains (mg min™ o™ °CY
for the forehead and forcarm in two
groups of heat zcclimated subjects

Table 3 Heat adaptation reflected by
differences in physiological responses
(change seores: rest2 — testl) to.a three-
phase heat stress test conducied before
and after two acclimation protocols
(temperate exercise (22.4 °C; TEMP), or
combined hear and exercise (38.2 °C;
HEATY)

significant (P > 0.05; Table 3). f_ decreased in all HST
phases for both the TEMP and HEAT conditions.
However, these changes were equivalent between
groups for each of these periods (P > 0.03), vet the
whole-body RPE change score differences were
significant (P < 0.05; Table 3).

Post-adaptation sweat changes appeared more
pronounced at the forearm, with the forehead generally
displaying a diminished sweat response during H5T2.
This latzer change was more obvious for the TEMP
subjects (Table 3) which, in the light of equivalent
mass fosses between treazments (TEMP: HSTI =
0.8910.16 kg, HST2=0761012kg; HUAT:

377
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H5T1 =0.9940.16 kg, HST2 = 0.94+0.32 kg; P >
0.05 for all comparisons), was indicative of 2 possible
peripheral redistribution of sweat secretion. Accord-
ingly, both treatments resulted in equivalent elevations
in forearm sweating during the two exercise phases

(P > 0.05).

DISCUSSION

The purpose of this study was to investigate the role
of skin temperature in the acclimation process. This
was aclieved by maintaining a constant central thermal

& 1996 Scangmavian Physwolagieal Socety
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load (T,.) while exposing subjects to different skin
temperatures across two acclimation regimens. Ther-
mal adaptation was defined on the basis of reduced
physiological strain, as reflected by changes in one or
more variables, following an acclimation protocol. In
the current investigation, the criterion variable upon
which acclimation status was assessed was T,, with a
significantly lower T, at the same relative exercise
intensity indicating an acclimation effect. As a result,
both the HEAT and TEMP acclimadon groups
esperienced this trend, with only the HEAT group
experiencing a significant reduction in T,..

Several factors may zccount for this observation.
First, differences in the pre-experimental acclimation
state may have existed berween the groups. While this
possibility was minimized by conducting trials during
winter, and matching subjects for aerobic power, the
TEMP subjects had 2 significantly lower f, during
HST1. This may imply a superior acclimation state
before commencing the project. Second, even though
10 davs of acclimaton have been shown to be
adequate to produce acclimation effects (Nadel ef 4/,
1974), the duration of the treatment may not have
induced complete acclimation. Third, differences in
the total volume of exercise performed by the two
subject groups could have resulted in differences in
the adapeation suimulus. This possibility is not
considered to have been imporant, since the work
volume was dictated by changes in T, which were
equivalent berween treatments. Given that the key
stimulus for heat adapration is T, elevarion, and that
exercise, in the absence of a2 T elevarion, is not an
adequate stimulus for heat adapration (Avellini ef 2/,
1982, Hessemer ef af. 1986), we believe that the
addirionz! work performed by the TEMP subjects did
not impact upon heat acclimation. Therefore, it is
considered that both groups were exposed to equi-
valent central body thermal loads, and centrally-
mediated stimuli for adaptation. Finally, and possibly
the most appropriate explanation for the between-
group differences in acclimation, it is probable that
differences berween the two treatments resuited in
superior acclimation within the HEAT rreated sub-
jects. This is not an unique observation, however, it
has not been previously demonstrated under condi-
tions of isothermal strain. For example, Shvartz ef al.
(1973), in 2 comparison of three acclimation protocols
in different thermal environments, found that exercise
in 2 hot dry environment produced a superior
acclimation effect than did exercise in 2 temperate
environment.

The major differences berween the present ac-
climation regimens were the T, and therefore the skin
temperature of the subjects, and the roral volume of
intermittent exercise undertaken during acclimation,

€ 19%6 Scandingwvian Physiolugical Socien
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with subjects in the TEMP group performing a
greater work volume to hold a constant isothermal
strain. T, is a function of the balance between
radiative, evaporative, convective and conductive
exchanges, and across a wide range of T, (5-30 °C), it
remains largely independent of T, (Nielsen & Nielsen
1965). During adaptation, the T, of the HEAT
subjects significantly exceeded that of the TEMP
subjects. Given the present regularion of wind speed,
relative humidity and pedal cadence, this difference
may be primarily ascribed to T,. Following accli-
mation, the HEAT subjects experienced a signifeantly
lower T, during 2ll phases of HST2. Similar lowering
of T, following heat acclimation has been reported
previously (Shvartz e 4/, 1973, 1979), yet T, increased
significantly following the TEMP training. For the
HEAT treated subjects, this T,, change resulted in a
more favourable core:periphery thermal gradient,
facilitating heat dissipation. The opposite trend was
apparent for the TEMP subjects, where T, remained
stable and T, increased. This latter oceurrence is
attributed to acclimation-induced changes in SkBF
and 77, Changes in SkBF were generally not
significant following TEMP adaprtation, zlthough 2
reduction in SkBF was observed for the upper back,
and 2 higher SkBF was noted 2t the forehead, chest
and thigh dudng phase two of H5T2. Forearm 7,
increased during HST2 for the TEMP group,
however, this change was not as great as the overall
decrease in forehead #,.. Thus, overall evaporative
cooling may have decreased, contributing to the
increase in T,

A modification of sudomotor funceion accompanied
adapration in both the TEMP and HEAT coaditons.
A general increase in sweating following heat ac-
climation is well established (Henane & Valarx 1973,
Shvartz ef ol 1979). However, in the present
investigation, these modifications were not consistent
across the forehead and forearm sites. During rest and
phase two of HST2, forchead 7, was equivalenf 1o
pre-acclimation values in the HEAT group, which, in
the presence of lower normalized T, indicates 2 more
sensitive sweat response. During phase three of HST2,
the HEAT group produced significantly greater 4,
than pre-acclimation levels, while normalized T,
remained lower, reinforcing this teend. It is probable
that normalized T, was held lower by the combination
of a greater core:periphery thermal gradient and 2
greater /7, which facilitated heat loss, but with some
physiological cost. In contrast, the first two phases of
HST2 showed a lower forehead s, for the TEMP
group, indicating reduced sudomotor activity in the
presence of a decreased normalized T, berween HSTs.

Conversely, forearm 47, increased during the hnal
phase of the post-acclimation HST in both reclimation
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Abstract We investigated the mmpact of short-term,
moderate humidity heat acclimation upon sweat distri-
bution. Eight males completed six daily heat exposures
{cycling: ambient temperature 39.5 (0.2)°C, relative hu-
midity 59.2 (0.8)%], during which auditory canal tem-
perature (7,.) was maintained 1.4°C above pre-exposure
levels for 70 min by manipulating the work rate. On days
I and 6, T,. and local sweat rates (i, eight sites) were
monitored. The pre-exposure, resting 7,. and the T
sweat threshold decreased from day 1 to day 6 [36.83
(0.065)°C vs 36.62 (0.05)°C, and 36.90 (0.05)°C wvs
36.75 (0.05)°C. respectively; both P<0.05]. However,
the sweat-onset time, sweat sensitivity (Ama/AT,) and
estzablished ri. were unaltered (£ > 0.05). There was
also no evidence of a post-acclimation redistribution in
established s, between the eight skin regions, though
both the sweat sensitivity and established &, for the
forehead and hand were significandy greater than at the
remaining sites (P <0.05). It is concluded that the 5-day
heat acclimation regimen provided only a minimal
stimulus for sudomotor adaptation.

Key words Heat exposure - Physical exercise -
Acclimation - Sweating

Introduction

Humans have an exceptional capacity to tolerate dry-
heat stress, facilitated by a well-developed sweating
(sudomotor) mechanism. Sudomotor function may be
" enhanced through regular exercise {tramning), or by re-
peated exposure to an external heat stress, of natural

J1.D. Cotter ([} M.J. Patterson - N.A.S. Taylor
Department of Biomedical Science, University of Wollongong,
Norihfields Avenue, Wollongong, NSW 2522, Australia

(acclimatisation) or artificial (acclimation} origin. Such
enhancement is typified by a reduction in both the core
temperature (7.} threshold for, and the time to, sweating
onset (Nadel et al, 1974; Shvartz et al. 1979; Nielsen et al.
1993), an increased sweat sensitivity to changes in T,
(Henane et al. 1977; Libert et al. 1933). and an elevated
steady-state sweat rate (Fox et al. 1964; Shvartz et al.
1979; Candas et al. 1983).

Prior to heat acclimation, peripheral (limb) sweat
rates (m,) are lower than, or similar to. the s, for the
rest of the body (Weiner 1945; Kuno 1956; Hertzman
et al, 1953; Park and Tamura 1992). However, some
groups report that heat acclimation induces a differential
elevation in local sweating, such that the post-acclima-
tion mb s, is increased more than central body ring,.
(Fox et al. 1964; Shvartz et al. 1979; Regan et al. 1996).
Unfortunately, the methods employed in these studies
were not well suited to investigating differential sweat
responses. We are aware of only one investigation in
which an acclimation-induced sweat redistribution was
suitably examined (Héfler 1968), and this report sup-
ported a post-acclimation sweat redistribution towards
the limbs.

Therefore, while heat acclimation generally improves
sudomotor function, there is little direct evidence un-
derlying the notion that it induces a sweat redistribution.
Moreover, while most sudomotor changes that accom-
pany heat acclimation appear to take at least 7 days to
develop (Armstrong and Maresh 1991}, there is consid-
erable evidence that effects of moderate heat acclimation
may be induced by a short-term regimen, involving ex-
ercise in the heat (Shvartz et al. 1972, 1973a, Gonzalez
et al. 1974; Hessemer et al. 1986). Accordingly, we in-
vestigated short-term (5 day), moderate humidity heat
acclimation, during which T, was elevated 1.4°C for
70 min per day. During standard heat-stress tests (days 1
and 6), local /g was sampled simultaneously at eight
sites, to assess sudomotor adaptation, and a possible
redistribution of sweat secretion towards the limbs.
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Methods

Eight healthy, habitually active, but otherwise unacclimated males
participated after providing informed consent fvalues are means
(SD): age = 25.6 {7.1) years: mass = 74.6 (8.1) kg: and height =

178.6 (6.2} cm. All methods were approved by the Human Re-

search Ethics Committee.

Subjects (wearing shoris and shoes) completed active, heat ac-
climation on & days consecutively. Subjects cycled intermittently
(Quinton Excalibur ergometer, Quinton Instrument Company,
USAY in a climate chamber [dry bulb temperature
{Tan} = 39.5 (0.2)°C: relative humidity = 59.2 (0.8)%: air velooi-
ty < 0.1 m-s™": black giobe temperature within 1.5°C of dry bulb
lemperdlurc} 1o maintain auditory canal temperature (7,,.) 1.4°C
above its pre-exposure vilue. Days 1 [Ty, = 39.6 (0.1)°C] and 6
[Ten = 39.5(0.1)°C] were standardised heat-stress test (HST) days.
used to assess thermoregulatory effector funclion. Accordingly,
HSTs were conducted at the same time of day. and subjects were
asked to attain a state of evhydration {(consume 20 ml - k" of
water }-2 h before reporting to the labortory), and 1o abstain
from strepuous exercigse, alcohol (30 h) and caffeine (2 h).

Following preparation. subjects entered the heated chamber
and were seated on the ¢cycle. adapling a posiure with the forearms
and hands supported on a padded frame mounted on the handle-
bars. This posture was maintained for the duration of each HST.
An inital 10 min of sealed, non-exercising data were collected,
afler which cycling commenced. The work rate was set initially 1o
50% {185.3 (25.6) W] of the work rate obtained at each subject’s
peak aecrobic power. A 70-min period began when T, had risen
1.2°C. and work rate was periodically modified to maintain an
elevation of 1.4°C. Pedal cadence was selected by each subject. and
was held constant within subjects. No fluid replacement was pro-
vided during HSTs.

The non-HST sessions (days 2-3) differed [rom the HST ses-
sions in the following respects: (1) cycling posture was not rigidly
controlled: (2} fluid replenishment was provided {1200 mi - h " 3y
there was no initial period of seated rest; and (4) the initinl work
rite was increased by 2% per day.

Tie was measured using an insulated, moulded -earplug and
aural thermistor (Edale Instruments, UK). While 7_. is influenced
by environmental! conditions. this artefact is minimised by insu-
lating the thermistor and when Ty, is close to T,. These conditions
were satisfied, and, under this state, T, and tympzanic temperature
faith{ully track ossophageal temperature {Cotter et al. 1995). Thus,
dampening eflects sometimes seen with T, are negaled within the
current experimental design. in which subjects acted as their own
controls, ard in which the environmental conditions were equiva-
lent between HSTs. Accordingly, while sweat-onset thresholds and
sensitivities may not be identical to those obtained using oeso-
phageal temperature, under the current design they provided reli-
able within-subject assessments of sudomotor function.

Body mass changes provided an estimate of total sweat activity
{uncorrected for metabolic or respiratory losses; A and D electronic
balance, Model No. fw-150k, USA)}. Local . were measured si-
multaneously using ventilated sweat capsules [3.16 (0.05) cm™
Multi-Site Sweat Monitor, Clinical Engineering Solutions, Aus-
tralia], attached to theé dorsal foot, lateral leg, lateral thigh, dorsal
hand, ventral forearm, anterior arm, rostral scapular region (right
side) and the forehead. To avoid pressure-induced hidrosis, sweat
capsules were constructed with 4.5-mm flanged perimeters, to which
was applied a skin adhesive (Collodion, Mavidon Medical Prod-
uets, USAYJ, sealing the capsules to the'skin, The air ventilating each
capsule was initially passed over a saturated solution of lithium
chloride (0.4-0.6 1 - min~"') of a constant, known temperature. The
relative humidities (capacntance hygrometers) and femperatures
(thermistors) of post-capsular air were recorded at 1 Hz (Metrabyte
DAS 1602, USA) and saved on computer. All hygrometers were
calibrated using saturated solution standards of lithium chloride,
sodium jodide, potassium chloride, sodium chloride and potassium
diphosphate, Thls system and the relevant computations are de-
scribed elsewhere (Turner and Gass 1993; Taylor et al. 1997),

166

Sweat onset {threshold) was defined as the point from which
gy was maintained above baseline for at leust 5 min. Since dif-
ferent skin regions commenced sweating #t various times within
HSTs. thresholds were determined from the raw data for each of
the eight sites, The s, sensitivity (gain) was calculated as the in-
crease in g, dunng the period 3-7 min after exercise onsel. relutive

i, 1o the corresporldmg change in T, (Ml /AT, ). This period was

“selected since it corresponded with a rupid and essenually linear
elevation in Mg which was associated with the onset and early
elevation of T.. The mean i, for the period 12-20 min alter ex-
ercise onsel was deemed lo represent the established i, and was
intended to provide an approximation of the steidy-stite i, This
wits the last period during which s, wis minimally influenced by
alterations in work rate {to mainiain 7, elevittion) or the loss af
data, While some regions had not fully attained the peak s, for al
subjects during this period. A, values had established it consistent
inter-regionul refationship. and were approaching sieady-stute
levels.

Skin temperature was measured adjacent 1o cach sweal capsule
and at the medial chest. using surface thermistors (Yellow Springs
tnstruments. EU mini thermistor, USAL. which were attuached with
a single layer of waterproof tape. Meun skin lemperature (T,p) was
determined using the [SO-9886 eight-site equation (Internationad -
Standards Organisation 1992). All thermistors were catibrated
(% 0.05°C) against a certified reference mercury thermometer
(Daobros total immersion thermometer. Dobbie Instruments, Aus-
tralia). Temperatures were recorded at 0.2 Hz using a portable data
logger (Grant Instruments. 1206 Series Squirrel, UK).

Cardiac lrequency {f.} was monitored from ventricular depo-
larisation. logged at 0.2 Hz (Polur Electro Sports Tester. model
PE3O00. Finland). Thermal sensation and discomfort votes were
recorded using a 13-point scale (1 = unbearsbly cold. to
I3 = unbearably ho1} and a 3-paint scale (I = comforable. to
3 = extremely uncomfortable) respectively. Affect stute and per-
cejved  exertion  were measured  wsing  an  1l-point  scale
(=5 = feeling very had. 1o +3 = Recling very good: after Rejeski
1985). and the I5-point Borg scule (0 = very very light. to
20 = very very hard: after Borg 1962}, respectively.

Inter-regional differences in $weat responses were analysed
using ANOVA for repeated measures. and isolated using Tukey's
HSD procedure (x = 0.05}. The infiuence of acclinuuion status
{day | versus day 6) was examined using the onesample Student’s
-test, for which the Bonferroni correction was applied to cach of
four fumilies of dependent variables: (1} tempeniure data: ()
sweat data: (3) psychophyvsical measures: and (4) external work
performed. Thus. probabitity values. reported Tor differences be-
tween days | und 6. denoie the ~family-wise probability value™
(family-wise error rate = x = 0.03). and not the individual
probability value for the variable concerned.

Resuils

The regional iy, responses for one subject are illustrated
for one trial (day 6), and serve to illustrate several re-
current features of the sudomotor response (Fig. 1).
Sweat-onset thresholds occurred at variable times be-
tween skin regions within an HST, although the com-
mencement of exercise generally provided an adequate
non-thermal stimulus for all regions that had not pre-

“viously begun sweating. This non-thermal drive was

strong, though transient, as reflected in the early burst-
ing and overshoot i1n 7, (e.g. Fig. |, min 10). Thus,
only when T,. began to rise did sweat elevation become
well established. While the sudomotor response dis-
played variable inter-regional sensitivities, the transition
towards steady-state levels occurred approximately si-
multaneously across skin regions.
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Fig. 1 Sample sweating patterns. recorded at eight skin regions, and
auditory canal temperatures for one subject {no. 6} during an exercise
heat stress trial (day 6: ambient temperature 39.5°C. relative humidiy
59.2%). in which auditory canal temperature was elevated and
maintained 1.4°C above the pre-exposure value for a 70-min period.
using intermitient cycling. Four sweat traces are not labelled (foot. leg
forearm and arm)} die (o extensive overlap. The shadvd bands indicate
periods used for calculating sweat sensitivity and established sweat rates

Heat acclimation response (day 6 vs day 1)

The nature of the HST, with no fluid replacement on
days 1 and 6, resulted in greater heat strain during the
HST days than was encountered during the intervening
acclimation days. For example, the total external work
required 1o maintain the same T,. elevation on day 3
was markedly greater than that on day 6 [329.1 (15.4) kJ
vs 2464 (23.5) k}; P < 0.05]. However, the total
amount of external work performed to maintain the
target T, elevation over the 70-min heat-stress period
was not significantly greater on day 6 than on day 1
(P > 0.05; Table 1), indicating that neither the con-
founding influence of a training effect, nor heat accli-
mation due 1o the expenmental protocol, had a
significant impact upon heat balance.

The pre-exposure resting T, was significantly lower
on day 6, relative to that on day 1: 36.83 (0.05)°C versus
, 36.62 (0.05°C (P < 0.05). The overall T, sweat
thresholds (averaged across sites) were significantly
lower on day 6 (P < 0.05), although the overall sweat-
onset time was equivalent (Table I, Fig. 2A). The Ty
did not decrease from day 1 to day 6, either at the start
of the HST exposure [35.0 (0.2)°C and 352 (0.1)°C;
P > 0.05], or when averaged across the trial duration
[37.1 (0.1)°C and 37.1 (0.1)°C; P > 0.05].

The heat acclimation regimen did not significantly
alter the sweat sensitivities, or the established #,, either
within skin regions, or when averaged across regions

Table 1 Physiological and psychophysical indices of thermal strain
before and after a S-day exercise and heat acclimation [ambient
temperature 39.5 (0.2)°C: relative humidity 39.2 (0.8)%]. in which
subjects maintained auditory canal temperature at 1.4°C above the
resting value for 70 min, using intermitient cycling. Data are means
with standard error of the means. Sweat data are the means of eight
sites, Sweat sensitivity is for the 4-min period beginning 3 min after
exercise onset. Cardiac {requency was averaged from 5 1o 95 min.
Data lor psychophysical variables are for 12 min after exercise onset.
n = 8. except for mass loss (n = §) and cardiac frequency (¢ = 7)

Variable Day 1 Day 6
Tota! work performed (kJ} A41.7 30,1y 444.4 (39.2)
Sweat threshold (°C) 36.90 (0.05)  36.75 (0.03)*
Sweat threshold (s) 5235 (35.9) 494.2 (50.8)
Sweat sensitivity 3.5(0.3) 3.2 (0.4)
(mg - cm™ - min™' 2C™Y)
Mass loss (mg - cm™ - min~b) 2.2 (0.5) 2.1 (0.3)
Cardiac frequency (beats - min~!)  136.8 (6.2) 128.4 (5.4)*
Perceived exertion (6-20) 11.9 (0.5) 12.1(0.5)
Thermal sensation {1-13) 2.4 (0.2) 9.3{(0.7)
Thermal discomflort {I-53) 204{0.2) 1.6 (0.2)
Affect (~3 to +3) 0.4 (0.5) 0.0 (0.4)

* Significant difference betwesn day 1 and day 6

(Fig. 2B,C, Table |; P > 0.05). Accordingly, whole-
body sweat loss was unaffected by the 5-day acclimation
regimen (mass change:- Table I; P > 0.05). Similarly,
the psychophysical responses were equivalent between
HSTs (Table 1; P > 0.05), indicating that effort sense,
thermal sensation and discomfort, and their impact on
affect state in the heat, were unaltered by short-term
heat acclimation. f. was significantly reduced on day 6
{Table 1; P < 0.05).

Acclimation-induced sweat redistribution

There was no evidence of a post-acclimation redistri-
bution of sweating between skin regions (Fig. 2B,C).
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Fig. 2 The mean (SE} sweat thresholds (A). sweat sensitivities (B),
and established sweat rates (C). for each of eight skin regions, on days
I (O} and 6 (B) of an active heat-acclimation regimen [ambient
temperature 39.5 {(0.2)°C: relative humidity 59.2 (0.8)%: n = §]. The
dashed line in Fig. 1A denotes the commencement of exercise. The
data labelled “miean”™ were derived by averaging across the eight sites.
Only the mean core temperature sweal-onset threshold was lower on
day 6 than on day 1 (P < 0.05)

Changes in the established rig, from days 1 to 6 (ex-
pressed as a percentage of the value on day 1} revealed
that six of the eight regions experienced an elevation in
their established si,: forehead [127.6 (19.3)%)], scapula
[126.0 (15.5)%, n = 7], arm [122.6 (19.2)%], forearm
[106.3 (7.3)%], hand [110.4 (12.5)%, thigh [94.0 (11.3)%,
n = 7], leg [81.7 (5.3%] and foot {1344 (11.2)%,n = &;
P > 0.05 for all regions].

Sweat distribution patierns during exercise in the heat

Since the inter-regional sweat onset, sensitivity and es-
tablished sweating were not appreciably influenced by
the acclimation regimen (Fig. 2A—C), statistical analyses
of inter-regional differences were performed using data
pooled from days 1 and 6. These analyses permitted an
overall assessment of sweat distribution during exercise
in the heat. Sweat:onset thresholds were equivalent
across the eight skin regions (P > 0.05). However, the
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forehead and hand exhibited higher sweat sensitivities,
with the forehead sensitivity being greater than for all
regions except the hand, which, in turn. was higher than
for all other regions except the forearm (P < 0.035). The
correlation between the sweat sensitivity and established
g, distributions was 0.89 (P <. 0.05). Accordingly. the
established sz, values for the forehead {3.22
(0.32) mg - cm™ - min™'; mean (SE)] and hand [3.07
(0.31) mg - cm ™ - min~"] were greater than those for all
other regions: forearm [2.04 (0.29)]. leg [1.91 (0.19)].
scapula [1.76 (0.16)], arm [1.63 (0.21)}. thigh [1.57 (0.24)]
and foot [1.48 (0.18); P < 0.05).

Discussion

The heat load imposed throughout any given heat ac-
climation sesston was greater both in magnitude and
duration than that which we have previousiy shown able
to elicit heat-adaptation effects (Regan et al 1996).
However, the number of repeated heat exposures was
reduced in the current project. From those indices which
may be used to evaluate acclimation (Table 1. Fig. 2).
only the T,. sweat threshold and f, showed significant
changes following the 5-day protocol. Furthermore.
there was no evidence of a redistribution of sweat se-
cretion ltowards peripheral skin regions. Thus. it is
concluded that, while short-term heat acclimation may
cause adaptation trends in some physiological variables
{Armstrong and Maresh 1991), the current acclimation
regimen ¢licited only central sudomotor changes (re-
duced sweat threshold)., with no evidence of peripheral
sudomotor adaptation {elevated sensilivity or steady-
state firgw ).

Previous groups have reported that short-ierm heat
acclimation induces sudomotor adaptation (Shvartz
et al. 1972, 1973a, b; Gonzalez et al. 1974; Hessemer et
al. 1986}, while others report a tendency for more pro-
lific sweat secretion to accur on the limbs relative to the
torso or head following more extended acclimation
regimens (Fox et al. 1964; Hofler 1968; Shvartz et al.
1979; Regan et al. 1996). Two explanations may account
for the current disparity with the latter observation.

First, the present subjects may have already possessed
some degree of exercise-induced acclimation. by virtue
of their habitual physical activity level. Physical training
induces glandular or neuro-glandular sweat adapiations
(Yamazaki et al. 1994}, as typified by an elevated sweat
sensitivity, whereas heat acclimation tends to iaduce
adaptation of a central or neural origin (e.g. reduced
sweat threshold: Nadel et al. 1974; Libert et al. 1983;
Sugenoya et al. 1986). The present data revealed a re-
duced T,. sweat threshold with no change in sweat
sensitivity {Table 1, Fig. 2). Thus, the exercise habits of
our subjects may have caused sufficient localised training
effects on glands, so that the impact of the shorni-term
heat acclimation was minimised,

Second, while the acclimation regimen produced
some evidence of physiological adaptation, the protacol



1ay have been too brief to permit more complete
adomotor changes and z sweat redistribution. While
zductions in resting T, and sweat threshold were ob-
arved (Table 1), a redistribution of sweat secretion
rould not be anticipated in the absence of more general
udomotor changes. Furthermore, improved peripheral
udomotor function is among the more delayed of the
shysiological adaptations, requiring 8-14 days to obtain
bout 95% of the final acclimation status (Armstrong
nd Maresh 1991). Therefore, our current data indicate
hat a sweat redistribution does not occur following
hort-termn heat acclimation, at least in physically con-
litioned individuals. While both the brevity of the ac-
limation regimen and the cardiorespiratory training
tatus of our subjects may have coatributed to this ob-
ervation, we cannot discount the possibility that a
weat redistribution does not occur during active,
noderate humidity, heat acclimation.
The pooling of inter-regional sweat onsets, sensitivi-
ies and established st from days 1 and 6 provided a
neans for verifying previous observations of sweat dis-
ribution during exercise in the heat (Cotter et al. 1995).
The typical pattern of sweat onset observed during the
HSTs was characterised by a relatively short latency
#ith a strong inler-regionzl uniformity. both before and
after heat acclimation (Fig. 2A). i.e. sweating com-
nienced at approximately the same time af all eight sites.
This pattern of sweat onset is consistent with previous
abservations for heat stress whilst in the upright position
and exercising (Nadel et al. 1971; Cotter et al. 1995). and
was attributed to the combined influence of exogenous
and endogenous heat sources, while also being posture
dependent (Ogawa 1984). However, this sweat-onset
pattern differs markedly from that obtained during both
supine rest and mild heat stress. In the former case, a
caudal-to-rostral patiem of sweat onset has been dem-
onstrated (Randall and Hertzman 1953; Hertzman 1957;
Park and Tamura 1992). ~
During mild heat stress, sleady-state s, has been
reported to be most prominent at the forehead. and
considerably lower on the arms (Herizman et al. 1953),
hands (Weiner 19435) or chest (Park and Tamura 1992).
In the current study, both before and afier heat accli-
mation, the sweat sensitivities and established sweat
rates were remarkably uniform between regions, with
the exception of notably higher values from the forehead
and hand (Fig. 2C). With the exception of Kuno (1956},
the high sudomotor output of the dorsal hand surface
has not been previously reported. Both the high fore-
head and hand n1,, and the s, equivalence at the re-
maining six skin sites are consistent with observations of
sweat-gland density, which show a. relatively: uniform
density across most body regions except for higher
densities on the hand, and especially the forehead
(Montagna and Parakkal 1974; Samueloff 1987). We
have recently reported sweat distributions (11 sites) in
subjects during continuous cycling in the heat (Cotter
et al. 1995). In these experiments, there was a tendency
for the forehead and scapula to sweat more profusely
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than other regions, with the remaining nine regions
producing equivalent sweat responses. Differences be-
tween the #i of the scapula (Cotter et al. 1995) and the

_hand (current observations) probably reflect technical

improvements designed to minimise pressure-induced
hidrosis at all capsule sites, which may have existed
previously. This trend is supported by evidence that the
scapula sweat-gland density is not higher than that on
the hand (Montagna and Parakkal 1974; Samueloff
1987). It is therefore considered that the present data
may more closely reflect the actual inter-regional sweat
distribution pattern seen during moderately strenuous
cycling in humid heat, where the established g, distri-
butions vary in accord with differences in sweat-gland
density. with the forehead and hand showing the great-
est f1g, values.

Conclusion

Following 5 days of combined cycling and moderately
humid heat acclimation, there was a significant reduc-
tion in the T, sweat threshold, but there were no other
indications of sudomotor adaptation, or evidence of a
redistribution of the sweat secreiion patiern. While
short-termn heat acclimation may elicit an adaptation
within some physiological variables, it had only minimal
impact on sudomotor function, It is therefore concluded
that a 5-day heat acclimation regimen, where T, Is
maintained 1.4°C above the pre-exposure level for 70
min, provides an inadequate adaptation stimulus for
sweating within moderately trained subjects.
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Abstract The influence of artificially induced anaemia on
thermal strain was evaluated in trained males. Heat
stress trials (38.6°C, water vapour pressure 2.74 kPa)
performed at the same absolute work rates [20 min of
seated rest. 20 min of cycling at 30% peak aerobic
power (¥ Ospear), and 20 min cycling at 45% ¥ Oopeur]
were completed before (HST1) and 3-5 days after 3
units of whole.blood were withdrawn (HST2). Mild
anaemia did not elevate thermal strain between trials,
with auditory canal temperatures terminating at 38.5°C
[(0.16), HSTI] and 38.6°C {(0.13), HST2; P > 0.05].
Given that blood withdrawal reduced aerobic power by
16%, this observation deviates from the close associa-
tion often observed between core temperature and rel-
ative exercise intensity. Durning HST2, the absoluie and
integrated forearm sweat rate (mg,) exceeded control
levels during exercise (P < 0.05), while a suppression of
forehead s, occurred (£ < 0.05). These observations
are consistent with a possible peripheral redistribution
of sweat secretion. It was concluded that this level of
artificially induced  anaemia did not impact upon heat
strain during a 60-min heat stress test.

Key words Anaemia - Exercise - Heat stress -
Skin blood flow - Sweating

Introduction

Anaemia occurs across the health spectrum. At rest,
acute anaemia, and the resultant reduction in oxygen
transport, is compensated for by elevations in cardiac
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output and blood flow redistribution, resulting in in-
creased oxygen extraction (Woodson et al. 1978)
However, these mechanisms do not compensate satis-
factorily for reduced oxygen carriage during submaxi-
mal or maximal exercise {Celsing et al. 1986; Woodsor
et al. 1978), and peak aerobic power (VOapeax) and en-
durance are diminished by acute anaemia (Kanstrup anc
Ekblom 1984; Osborne et al. 1994).

During incremental exercise in the heat, there is ar
attenuation of the cutaneous vasodilatory response tc
rising body core temperature (7). once the higher work
loads are reached. This reflects a preferential redistri-
bution of bleod to the exercising muscles (Brenglemanr
et al. 1977) and is incompatible with thermal homeo
stasis during endurance exercise. Consequently, hea
dissipation no longer matches heat production, and the
body stores heat. One may predict that anaemic subject:
would experience a proportionately greater demand fo
blood at the active muscles, since a reduction ia red cel
numbers and haemoglobin concentration ({Hb]) reduce:
oxygen transport. Thus, anaemia would act to exacer
bate the heat-induced skin blood flow (Quin) attenuatios
that occurs during exercise. Acute anaemia shoulc
therefore not only reduce VOjz,ex and endurance, bu
may also compromise thermal tolerance. Since the au
thors were unaware of research that has evaluated thi
possibility, we used artificially induced (blood drawn
anaemia to test this hypothesis.

Methods

Six endurance-trained males participated in heat stress trials (HST
before (control: HSTI1) and after being rendered mildly anaemi
(HST2: 25-36 days later). This relative anaemia was induced by th
removal of 3 units (1.35 !} of whole blood over the course of 5 day:
with a 24-h period separating each unit withdrawn. Since we wer
not interested in true clinical anaemia, but acute mild anaemia, 1
which significant changes in red cell numbers, [Hb} and haematocri
could be induced without eliciting overt symptoms of anaemia. th
removal of 3 units of whole blood was deemed adequate, Each HS'
was performed at the same time of day, with the latter conducte
3-5 days after the last phlebotomy, at which time it was assume



subjects were isovolaemic. All procedures were approved by the
Human Rescarch Ethics Committee, and subjects provided in-
formed consent.

Three-phase HSTs were used, each consisting of 20 min of
seated rest, 20 min of cycling at 30% peak power [126.5 (14.1) W
(SD); Monark friction-braked ergometer, Sweden], and 20 min of
cycling at 45% peak power [188.5 (20.3) W] at an ambient tem-
perature of 38.6°C [(0.7)°C (SD), water vapour pressure of a
2,74 kPa, black globe ternperaturc within [.5°C of dry bulb, and
wind velocity of <0.1m s~ Acroblc power was determined

using a cycle ramp protocol (36 W - min™; Qumton Excaliburand
Q- Plex I, Quinton Instrument Company, USA), and facilitated the '+

determination of work rates for HST1. The arterial oxygen satu-
rations (5,0;) obrtained during this protocol were used to ap-
proximate arterial oxygen concentrations for the HSTs
[c,02 = ([FHb}- S,0; - 1.31) + 0.3 ml-I™'; Ohmeda 3700c pulse
oxymeter, USA). In HSTI (control), work rates averaged 30.3
(0.5)% (SD) and 45.1 (0.3)% VO3pax. As we were interested in
evaluating the influence of mild anaemia upon the ability to per-
form a standardised work task, the same absolute work rates were
used for HST2. The removal of 3 units of whole blood reduced
y Ozpek (Table 13 P < 0.05). Therefore, the mean relative exercise’

intensities increased to 33.2 (1.2)% (P < 0.05 HST! versus HST2), -

and 49.6 (1.5)% of ¥Oype (P < 0.03).

The sweat rate (m,) was measured at the forehead and forearm
using 2 capacitance hygrometry sweat capsule system (Sweat
Monitor, Clinical Engineering Solutions, Australia: Turner and
Gass 1993), and from changes in body mass {uncorrected for
metabolic and respiratory mass changes). In the former instance,

air was pumped (0.4 ] - min™?) through a sealed flask containing a -

saturated szlt solution (lithium chloride)} and onto the skin below
each sweat capsule (2.19 cm?). The exhaust air from each capsule
was passed into sealed chambers containing humidity and tem-
perature sensors. The humidity sensors were calibrated at 38°C by
introducing relative humidity standards obtained over saturated
solutions of lithium chloride, sodium iodide, sodium chloride and
potassium phosphate. Sweat rate was derived from changes in the
relative humidity and temperature of the air entering and leaving
each sweat capsule. Thus:

e ={{The * Priyoa * /100 * Tep * k)
= (th * Puyoa * /100 * T, * k))/4,

where: rit,,, = mass flow of water off the skin (g - em™2 - min™"), rh
and rh,, = relative humidity of air entering and leaving the cap-
sule (%), Pu.0, = partial pressure of water vapour of air entering
the capsule, if 100% saturated (mmHg), ;1 = airflow through the
capsule rotameter {I - min~ ) k=3 464 (water vapour gas con-
stant in mmHg-1-g™' - K™Y, 7, and Tep = temperature of air
entering and ]eavmg the capsule (K), and 4 = area of skin under
the capsule (2.19 em?).

The median #, for the first 2 min of each HST was taken
as the baseline (zero) an. for each site. Sweat thresholds were

‘et ak31995)
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determined from raw data (samp]cd at | Hz), as pomzs where fi,,
Rrst increased above the median /iy, without rerurnmg to baseline
within the next 5 min. This was defined as continuous sweating.
During the initial period of such sweating, which displays an ap-
prox:ma:cly linear relationship with 7. change, forehead and
forearm fityw sensitivities (gains: A, /AT:) were computed. Since
sudomotor stimult were held approxxmately constant between trials
(T., duration, absolute exercise mtensny), changac in sudomotor
function were a!so evaluated by integrating s, with respect to
ume.

temperature (T zz:ro—gradlent thermometry- after Keatinge and
Sloan 1975). Separate thermistors monitored T, and that of an
insulated outer ear heating pad. A servo-heating unit maintained
the ear pad at T, isolating it from environmental artefacts, and
removing the temperature gradient within the auditory canal
(Moore and Newbower 1978). Under these conditions, T, tracks
tympanic temperature, and is typically 0.21°C above oesophageal
(r = 0.940), 0.19°C above tympanic {r = 0.974), and 0.21°C less
than rectal temperatures (r = 0.965). Furthermore, the dynamic
response of this zero-gradient T, while minimally damped, closely
tracks changes.in ocsophagea! and tympanic temperatures (Cotter

stm was measurcd usmg laser-Doppler velocimetry (TSI La-
serflo BPM?, Vasamedics, USA: 780 nm wavelength). Since this
technique rcI:cs upon the assumption that site-specific Ouin Iepre-
sents segmental Osin. We previously isolated discrete skin regions in
which lezal ngm best refiected segmental st,,, (Cotter et al. 1993).
From 225 upper-body sites (head, chest, back, arm, forearm and
hand), assessed under thermoneutral conditions, the following sites
were selected: forehead (right temple), chest (fourth and fifth in-
tercostal space, lateral to the sternumy}, back {upper lateral scapular
border), arm (medial biceps, midway between the antecubital fossa
and the axilla), and forearm (ventral surface, midpoint of the ra-
dius). In each case, the correlation with segmental Og, exceeded
0.80. Data were also collected from the stationary thigh (ventral
surface, midpoint of the femur). Zero Qs was determined using
an opaque, white surface to which all Oy, measurements were
referenced. During each HST, Qui, was measured continuously
from the forearm during the first 15 min of each phase of the HST.
During the last 5 min of each phase, Ouy, was measured at each of
the five other sites, for 20 s in each minute. Sites were clearly
marked with circular adhesive rings, permitting the probe to be
returned to each site with precision within each trial. Between irials,
the probe markers were relocated after Cotter et al. (1993). Since
this laser-Doppler technique measures Qg only within a small
volume of tissue (radius 1.0-1.5 mm), and since it quantifies rela-
tive blood flow changes rather than absolute flows, data are re-
ported as voltage outputs, and not in absolute blood flow units.

The anzlog outputs from the Qg, monitor, sweat monilor and
auditory canal thermometer were passed, via an analog-to-digital
converter (PPIO-A18, Computer Boards, USA), to a mains-iso-
lated Iaptop computer (Notebook 386SX, Total Peripherals,

Table 1 Characteristics of the subjects {f o« peak cardiac frequency, ¥ Osuq peak aerobic power, SD standard deviation)

Subject  Age Height Mass Peak power Sepesk ¥Orpes
{years) {cm) (kg) (W) (beats - min™") {1 - min~")
control anaemia control anaemia control anaemiz

S1 28 180 67.8 420 395 150 195 5.48 4.48
52 2 7 76.3 375 330 185 203 4.88 4.38
s3 27 187 79.0 430 390 170 169 6.06 4.66
S4 27 169 72.2 490 430 178 183 6.13 545
53 22 178 71.8 360 330 179 187 4.85 4.18
56 23 185 83.2 436 410 191 199 6.06 496
Mean 2438 178.3 75.1 418.5 380.8 1822 1893 5.58 4.69%
sSD 2.8 (7.3) (5.6) (46.6) {41.8) (3.04) (12.4) (0.59) (0.46)

* differences between control and mild anaemic states significant at the P < (.05 level
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Australia). Data were sampled at | Hz. Cardiac frequency (/) was
monitored continuously from ventricular depolarisation at 0.2 Hz
{Polar Electro Sport Tester, model PE3000, Finland) and down-
loaded to computer.

Skin temperatures were monitored using thermistors attached
o cight. sites with a single layer of waterproof tape (EU mini
thermistors, Yellow Springs Instruments, USA): forehead, right

scapula, left upper chest, right arm, left forearm, left hand, fight -

anterior thigh, and left calf. Data were recorded at (.2 Hz using a

portable data logger (1206 Series-Squirrel, Grant Instruménts;*

UK), and used to derive mean skin temperature (Ty), using the
ISO-9886 eight-site standard (International Organisation for
Standardization 1992). All thermistors (including the auditory ca-
nal thermistor) were calibrated in a stirred water hath (Grant In-
struments) against a certified reference thermometer (Dobros total
immersion, Dobbie Instruments, Australia).

Subjective reports of thermal sensation and physical exertion
were Tecorded at 5-min intervals. Familiarisation with each of the
rating scales preceded HSTI, with subjects receiving standardised
written instructions and a single question for each index. Thermal
sensations, registered throughout the HSTs, were rated using a
scale from | (extremely cold) to 13 {extremely hot). Perceived.ex-
ertion ratings (RPE) were obtained during exercise using the 15-
point Borg Scale (Borg 1962), with ratings obtained for the whole
body, legs and chest.

On arrival, subjects were asked to empty their bladder, and
were then measured for mass (A&D, model no. fw-150k, USA).
The auditory canal thermistor was inserted and allowed to equili-
brate. A venous blood sample was drawn to evaluate their hae-
matological status prior to each exposure (Coulter Counter, S-Plus
IV, Coulter Electronics, USA). On leaving the chamber, subjects
were towelied dry, and a final body mass was recorded,

This study was based on a 2 x 3 factorial design, with subjecis
fully crossed for factor one (venous haematocrit: control and
mildly anaemic), and factor two (HST exercise intensity: rest, cy-
ling at 30% and 45% VOypea). Data were averaged over 5-min
intervals (220 $), and analysed vsing multivariate analysis of var-
iance with Tukey's honestly significant difference post hoc analysis.
Paired r-tests were also conducted on data collapsed across time,
within each of the three 20-min phases of the HST, and on inte-
grated sweat data, The level of significance was set at the P < 0.05
jevel. Data are reported ‘as means with standard errors, unless
otherwise stated.

Results

The three phlebotomies induced significant reductions in
venous haematocrit, [Hb] and red cell count (Table 2;
P < 0.05), but mean (SD) red cell volumes [85.0 (1.7)
versus 85.0 (2.0) /1: control versus anaemial, mean red

cell [Hb] [354.8 (6.5) versus 350.0 (5.6) g - 1™}, and white
cell counts [5.0 (1.0) versus 5.8 (2.8)x10°-1°%;
P > 0.05] were unaffected by the manipulation. Sub-
jects did not attain the haematological status associated
with clinical anaemia. Notwithstanding, these changes
resulted in an average reduction in ¥Ogpex of 15.9%
(Table 1; P < 0.05), and, when averaged across work
loads; ¢,0, was-teduced from 184.7 ml - 1™ (HSTH to
160.8 mi - 1" (HST2; P < 0.05), verifying that the in-
tervention had significantly altered. arterial ‘oxygen
transport. :

Subjects commenced HST2 with a significantly
greater pre-exposure T,. (lime = 0, Fig. la; P < 0.05),
but at no point beyond time zero were the between-
condition Ty differences significant (P > 0.05). When
averaged within HSTs, T,c was 37.5°C [(0.064): HST1)
and 37.5°C [(0.065): HST2; P > 0.05]. One subject {S2)
terminated the anaemic trial at 55 min due to fatigue-
with his f. reaching 90% fi,..x. Subjects completed
HSTs with a final T, of 38.5°C [{0.16); HSTI} and
38.6°C [(0.13); HST2; P > 0.05], at respective termina-
tion times of 60.0 min and 58.5 min [(2.04); SD]. f. did
not differ between HSTs at rest (P > 0.05), but was
significantly elevated in the anaemic state during both
exercise phases, averaging 6 beats - min™' greater than
observed during HST1 (Fig. 1b; P < 0.05). A recali-
bration of the climate chamber thermistor inadvertently
resulted in the T, averaging 0.9°C higher during the
anaemic trials: 39.1°C versus 38.2°C. Consequently, Ty
was higher during H5T2 (2 < 0.05), averaging 36.5°C
[(0.23); HST2] and 37.3°C [(0.02): HST2). Since the
changes in Ty and T, were about equal, then convective
and conductive heat flows would have been approxi-
mately equal between HSTs, while radiative gains may
have been elevated fractionally in HST2. It was con-
sidered that this technical error, while perhaps elevating
thermal strain in HST2, had minimal physiological in-
fluence. .

Forearm QOgi, was monitored continuously through-
out the HSTs (Fig. 2a), except for the last 5 min of each
20-min phase, where data from the forehead, chest,
back, arm and thigh were recorded (Fig. 2b). In the
anaemlic state, the resting forearm Qqqg, exceeded that

Table 2 Summary of haematological changes following the withdrawal of 3 units {1350 m}) of whole blood. (RBC Red blood cell count,

fHb] haemoglobin concentration, Het, mixed-venous haematocrit)

Subject RBC [Hb] Hetz

x 1612 17! g-1" (%)

control ) anaemia control anaemia control anaemia
3 4.79 418 148 127 409 36.5
32 4.78 4.33 146 134 41.7 37.8
33 4,55 3.84 132 P2 38.1 32.1
34 4,35 413 131 124 374 36.1
35 4.78 4.36 142 130 354 36.2
36 4.98 4.07 153 123 42.5 35.3
viean 4.71* 4.33 142.0* 1250 40.0* 35.7
3D (0.22) (0.19) 3.9 9.4) 2.0 (1.9)

* Difference between control and mild anaemic states significant at the £ < 0.05 level
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Fig. 1 Auditory canal temperature (a) and cardiac frequency (b)
during a three-phase exercise and heat stress test at an ambient
temperature of 38.6°C (water vapour pressure 2.74 kPa), with subjects
in both control (@) and artificially induced mild anaemic states (L),
Data are means with standard errors of the means. An asterisk
indicates that differences between the control and anaemic states were
significant across the corresponding test phase

observed for HST1 (P < 0.05). However, during exer-
cise, forearm Qq;n were equivalent during the first ex-
ercise phase (Fig. 2a; P > 0.05), but were lower in
HST?2 for the last 20-min period. In both HSTs, the rise
in forearm Qg;, over time, was attenuated in both HSTs,
with this attenuation being more pronounced in HST2
(P < 0.05). The forehead displayed a consistently
greater Ouin than the other sites, with the same general
Quain distribution between regions being observed across
both time and experimental conditions. All local sites
exhibited a progressive elevation in Qg,, with time in
both conditions (Fig. 2b). This was most apparent at the
forehead, with O, increasing twofold in the control
state, but oaly by a factor of 1.8 during mild anaemia.

Total body . did not vary betwesn trials: mass
losses were 0.91 kg {(0.12); HST1] and 0.92 kg [{0.12);
HST2; P > 0.05]. During HSTI, there were no differ-
ences between the forehead and forearm sweat onset
times or T thresholds (P > 0.05), but the forehead s,
sensitivity exceeded that of the forearm (P < 0.05). In
HST2, forehead sweat onset times, T, thresholds, initial
n, sensitivities and g, matched that observed within
the control condition during rest and the first exercise
stage (P > 0.05; Table 3 and Fig. 3a). However, a
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other five sites: control (@); mildly anaemic (). Data are means with
standard errors of the means. An asrerisk indicates that differences
between the control and anaemic states were significant across the
corresponding test phass

marked suppression of forehead rig,, relative to HST1,
occurred across the second exercise period, after subjects
were rendered mildly anaemic (P < 0.05). Conversely,
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‘able 3 Forearm and forehead sweat onset times, auditory canal
:mperature thresholds, and response sensitivities during a three-
hase exercise and heat stress test at an ambient temperature of

“ higher™

forearm s during HST2 exceeded control m,, during
both "exercise stages (P < 0.05; Fig. 3b). The forearm
s, sensitivity increased by 24% after anaemia was in-
duced (Table 3; P < 0.05), while sweat onset times and
T.c thresholds remained stable between trials (Table 3;
P > 0.035). Consequently, when analysed across the to-
tal HST," the average forearm ri,, was significantly
'-dunng "HST2: 121 (0.20) versus (.97
{0.12) mg - em ™2 -min~' (P < 0.05). Furthermore, the
integrated forearm s, was significantly greater in HST?2
than in HST1 (91.6 versus 70.8 mg - cm™% P < 0.05),
while forehead g, revealed a non-significant reduction
(124.5 versus 1352 mg - cm™%; P > 0.05).

‘Mild anaemia resulted in significantly greater effort
sense (Whole-body RPE) within both the exercise periods
(P < 0.05). This trend was similarly reflected in the
fractioniated RPE, with both the chest and leg RPE be-
ing significantly greater during HST2 (P < 0.05).
However, thermal sensation was only modestly influ-
enced by blood removal, such that during the second
exercise phase, subjects reported a greater thermal sen-
sation when rendered mildly anaemic (£ < 0.03).

Discussion

Acute mild anaemia produced significant reductions in
aerobi¢ power, yet it did not result in greater thermal
strain, relative to the control state, during combined
exercise and heat stress. Subjects did, however, experi-
ence a relatively greater attenuation of the O, response
accompanying an clevation in 7%, and an apparent re-
distribution of sweat output.

Implicit within this study is the assumption that
blood volume had returned to control levels before

38.6°C (water vapour pressure 2.74 kPa), with subjects in both
control and artificially induced, mild anaemic states. (Swbj Subject
identification number, SEM standard error of the mean)

‘ondition  Subj Onset time

Threshold:  Sensitivity: arm Onset time  Threshold: Sensitiwty head
arm (5) arm (°C) (mg-em™ -min~'-°C7Y)  head (5) head {*C) (mg-em ™' -min~'-°C™"
ontrol S1 1476 370 131 1486 370 4.74
52 738 37.1 0.99 296 . 371 2.22
83 1461 36.6 0.87 1459 36.7 2.05
54 1223 36.8 1.97 1245 36.8 312
85 517 37.0 1.85 512 37.0 3.07
S6 545 37.0 2.38 535 37.0 4.37
Mean . 993 36.9 **%1.90 922 36.9 **3.26
SEM (182) (0.1) (0.37) {218) (0.1} (0.45)
\naemia S1 1313 371 426 1376 37.1 477
S2 643 37.2 1.97 640 371 6.24
53 1492 37.0 1.19 1536 371 1.12
S4 1189 36.9 2.73 1334 36.9 4.90
S5 600 37.1 2.67 604 37.1 4.11
S6 352 36.8 2.16 348 36.7 2.84
Mean 932 37.0 *2.50 973 3.0 4.00
SEM (188) 0.0 (0.42) (204) (0.1) (0.73)

* Difference between control and mild anaemic states significant at the £ < 0.05 level
** Difference between forearm and forehead significant at the P < 0.05 level
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HST?2, and that the current results reflected the effects of
acute anaemia and not hypovolaemia. While blood
volume measures were not taken within this investiga-
tion, there is ample evidence to support the assumption
that hypovolaemia was indeed transient. In normal
healthy subjects, acute hypovolaemia is rapidly coun-
tered via atral stretch receptors, baroreceptors and
osmoreceptors (Gauer et al. 1970). Furthermore, fol-
lowing similar experimental perturbations, Celsing et al.
(1986} and Ekblom et al. {1976) have verified a rapid
return to isovolaemia. Ekblom et al, {1976) withdrew
800 ml of whole blood, observing that blood volume
returned to control levels 2 days after phlebotomy. In
the present study, 450 m! of whole blood was removed
at each phlebotomy, with withdrawals at 24-h intervals.
HST2 was then delayed 3-5 days after the third phle-
botomy. While hypovolaemia cannot be totally elimi-
nated, it was considered that the present subjects were in
a state of isovolaemic mild anaemia.

Al no point during the HSTs were there between-
condition T, differences (Fig. 1a), indicating that ther-
mal strain was not elevated in the anaemic state. This
result was not anticipated. Blood removal produced a
16% reduction in ¥Oapex (Table 1), resulting in anae-
mic exercise, conducted at a constani absolute work
rate, being perfommed at significantly greater relative
exercise intensities. On a simple first principles basis, one
would predict that equal work loads would result in
approximately equal heat production, and approxi-
mately equal elevations in T,. between tnials on the same
sample. However, it has been shown that the rise in T, is
closely coupled to the relative exercise intensity (Saltin
and Hermansen 1966). Considering these points, it was
anticipated that T,; would rise faster during HST2.

An uncoupling of the. relationship between T, and
exercise intensity has also been reported by Greenleaf
et al. {1969) and Rowell et al. (1982). These groups ar-
tificially lowered ¥ Ogpeax (11-32% and 27%, respec-
tively), then exercised subjects at the same absolute work
load. The rectal temperature response to exercise was
equivalent to that in the control state. Thus, it appears
that the relationship between T, and relative work load
is not as tightly coupled as the data of Saltin and Her-
mansen {1966) suggest, existing primarily to explain
exercise-related differences in T, between different sub-
ject groups. The exercise-induced changes to heat loss
mechanisms within-subjects, that accompany reductions
in arterial oxygen carriage, such as changes in blood
flow distribution, may act to uncouple this relationship
by altering the mechanisms, and the effectiveness of the
mechanisms through which thermal homeostasis is
achieved.

A major means for moving heat {rom the core to the
periphery is via an elevation in QOs,. During the resting
phase, forearm QOui, was significantly elevated in the
anaemic state (Fig. 2a). This may simply be attributed to
the influence of a higher pre-exposure T, (time 0
Fig. 1a). However, a significantly lower forearm Qun
was observed during the last 20 min of anaemic exercise
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(Fig. 2a). As hypothesised, it appears that the attenua-
tion of the cutaneous vasodilatory response of the
forearm to a rising 7; (Brenglemann et al. 1977; Pat-
terson et al. 1994} becomes more exagpgerated in anaemic
subjects. This trend could reflect a relatively greater
work rate in the anaemic trials, although Patterson et al.
(1994) have shown that Qysq attenuation is independent
of exercise intensity. Instead, it is suggested that the
greater Ouin attenuation observed in the anaemic state
may be due to an elevation in the demand for blood by
the active muscles, resulting in a baroreceptor-mediated
suppression of active cutaneous vasodilation (Kenney
et al. 1994). The stimulus for such a change would most
prabably have been a reduced oxygen carrying capacity
of arterial blood following blood withdrawal.

Consistent with these forearm Qg, observations are
the changes in the Ogin of the thigh (Fig. 2b—d). During
HST2, thigh Osyin was 15% greater at rest, 7.7% greater
during the first exercise period, and 22.5% less during
the final 20 min of exercise than observed in HSTI.
Similar Oy, attenuation patterns were observed for the
forehead, with respective reductions-for the two exercise
stages being 18.4% and 16.6%, but not for the chest,
back and arm. However, such attenuations in Qgj, did
not impair the ability of the subjects to regulate T, and
subjects appeared to tolerate the HST under both con-
ditions equally well, perhaps by a greater reliance upon
evaporative heat loss. Since body mass changes at the
conclusion of the HS5Ts were equivalent, total body rig.
was similar between trials. Consequently, subjects could
only modify evaporative heat losses via a redistribution
of sweat between the body surfaces, resulting in a more
uniform skin wetness. Accordingly, the forehead exhib-
ited a lower m;,, while forearm m,, was elevated In
HST2 (Fig. 3a, b). While these observations are consis-
tent with sweat redistribution, they are not conclusive
since mgy was recorded at only two sites.

The decline in forehead s, that was observed during
the anaemic trials was accompanied by a continued rise
in T... This response was not attributed to either the
attainment of peak Mg, Or to a local suppression of
sweat secretion (hidrometosis), since a greater sweat se-
cretion was achieved in HST1. Since T, and the sweat
thresholds and sensitivities were equivalent between
conditions, the lower forehead i, may not be ascribed
to differences in central sudomotor drive, or glandular
responses to that drive. A lower skin temperature is
known to suppress local sweating (Benzinger 1970).
However, Ty, was actually higher in the anaemic trials.
The lower forehead sweat production could be associ-
ated with a reduction in forehead O, which was
consistently lower during the anaemic trials {(Fig. 2c¢, d).
Alternatively, there may have been a reduced glandular
secretion to the central drive during the final 20 min of
exercise in FIST2. Finally, the possibility exists that there
is an active redistribution of sweat to more distal re-
gions, While our experimental design does not permit a
thorough evaluation of such a hypothesis, the simulta-
neous elevation in forearm s, IS consistent with this
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explanation. This implies a reduced central sudomotor
drive to the forehead, with a concomitant rise in sudo-
motor drive to the forearm. Such a mechanism presup-
poses a separate and independent regulation of
sudomotor function at these sites. However, we are
unaware of any direct evidence for such independent
regulation.

Conclusions

Rendering endurance-trained males mildly anaemic re-
duced aerobic power, but did not result in an elevation
in thermal strain during exercise in the heat. While the
exercise intensities were relatively low, in combination
with the environmental conditions, our subjects found
these conditions to be very stressful. However, it remains
uncertain to what extent anaemia may have influenced
thermal tolerance under a more protracted and more
intense exercise exposure. Subjects experienced a greater
attenuation of their O, response to a rising Tac, re-
‘flecting a greater muscie biood flow, and resulting in the
redistribution of blood flow away from the skin, which,
during more extended exercise, would possibly result in
greater heat storage.
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Human sudomotor responses to heating and cooling
upper-body skin surfaces: cutaneous thermal sensitivity

M.]. PATTERSON, j.D. COTTER and N.A.5. TAYLOR

Diepariment of Biomedical Science, University of Wallongong, Ausiralia

ABSTRACT

The influence of local skin temperature {Tsul on the control of local and whole-body sweating was
evaluated in eight healthy males. A water-perfusion garment (37 °C} and a climatic chamber
{36.45 + 0.78 °C; 1+£5D]; relative humidity 60.3 + 1.6%) were used to raise and clamp skin and core
temperatures. Warm and cool stimuli were applied to four upper-body skin regions (face, arm,
forearm, hand) using perfusion patches (249.0 = 0.2 cm?). Heating elevated, while cooling
suppressed sweat rate () locally, and at other skin surfaces. However, the tendency for To

manipulations to induce localized sweat responses was no more powerful than it was at stimulating
sweating in non-treated regions (P > 0.05). Accordingly, neither thermal stimulus produced signif-
icantly greater focal sudomotor influences than were elicited contralaterally {P » 0.05), No statistical
support was found for the notion of inter+egional differences in upper-body cutaneous thermal
sensitivity for sudomator control, and, regardless of the stimulation site, whole-body sudomotor
responses to loczlized therma! treatments were equivalent (P > 0.05).

Keywords body temperature reguiation, central sudomotor drive, skin temperature, sweating,

thermal sensitivity.

Received 1 September 1997, accepted 5 February 1998

Terrestdal endotherms have evolved behavioural and
autonomic mechanisms to regulate body-core temper-
ature (7). Stimuli eliciting autonomic responses ema-
nate from the body core (Hammel 1968, Hellon 1983,
Jessen e al. 1990) and from cutaneous thermoreceptors
(Crawshaw ef 2l 1990). The relative importance of
these central and peripheral inputs has generally been
identifed. Proppe o 2 (1976) demonstrated that an
independent elevation of T, in baboons produced z 10-
fold greater elevation in right iliac blood flow, than did
an independent elevation in skin temperatwre, In hu-
mans, a similar central:periphieral thermal sensitvity
ratio appears to dictate the control of skin blood flow
(Wenger e al. 1975) and sweat rate (wrgy, Nadel ef ol
1971). However, our understanding of the relative
sensitivities of specific thermosensitive sites within ei-
ther the core or cutaneous regions in humans, is less
well defined. For example, relatively lirde is known
concerning the thermal sensitivities of various skin re-
gions, and many investigators consider the skin as a
single source of afferent input. However, inter-regional
differences in cutaneous thermosensigvity have been

identified in some animal species (Flales 8 Hutchinson
1971, Necker 1977), and, to some extent, in humans
Nadel e o/ 1973, Wemer & Heising 1990). Never-
theless, the relative contributions made by thermosen-
siive skin sites to the control of human sudomotor
function is stll relatively undefined. Accordingly, we
investigated the differential effects of heating and
cooling discrete, upper-body skin regions on the con-
trol of human eccrine sweating.

When ambient conditions change, the skin thee-
moreceptors provide the first thermoregulatory input,
giving dise to thermal sensations (Hammel 1968). As
the distribution of thermal spots is not uniform (Hardy
& Opel 1938), and thermoreceptor fiting rates vary
across 2 range of skin temperatures (Hensel 1981), in-
ter-regional differences in the contributions of skin
receptors to thermoregulation might be expected. Ac-
cordingly, thermal sensation to locally applied stimuli
has been shown to be non-uniform (Stevens e o/ 1970,
Crawshaw ef ol 1975). Furthermore, local skin tem-
perature {7y)) changes may independentdy modify
sudomotor and vasomotor responses (Nadel ef 2/ 1973,
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Taylor et /. 1984, Bothorel ¢ a/. 1991), both locally and
within other skin regions, even when these other re-
gions are at an elevated temperature (McCaffrey ef o/
1979). However, evidence for the impact of Ty on
autonomic responses is not unequivocal (Benzinger
1970, Wyss ¢ af. 1974), and a case exists to investigate
possible inter-regional. differences in cutanecus ther-
mosensitvity,

Two groups have previously investigated inter-re-
gional differences in the role of Ty in the control of
sweating. The eatliest work came from an American
group (Nadel # 4/, 1973, Crawshaw ¢f al. 1975). Nadel
er al. (1973) irradiated various skin surfaces (except the
thigh; » = 2), and evaluated thermal sensitvity ac-
cording to the extent to which these regions elicited
sweat responses at the thigh. Localized heating initiated
sweating, with the face reportedly showing the greatest
thermal sensitivity. Crawshaw o 2L (1975) applied a
water-cooled thermode to five body surfaces, studying
the inhibitory effect of focal cooling on sweating in the
untreated thigh (v = 3). Forehead cooling was re-
ported to produce the greatest inhibition of sweating,
As these groups rapidly applied thermal stimuli, both
sets of observatons are limited to the role of Ty
transients on sweat regulation. Moreover, as the treated
surface areas and the changes in 7y were not equal
between treattment sites, and since neither 7, nor mean
skin temperature (7o) was clamped (controlled), these
data should be viewed with some circumspection.

The second (French) group used sealed limb
chambers and a climate chamber to independently
control steady-state Ty of the arms, legs and the head-
torso (Libert o ol 1984; # = 5). Differences in re-
gional thermosensitivity were gauged from dght arm
sweating. While it remains uncestain to what extent the
miniature chambers affected the microclimate, Ty
changes at the head—torso showed the greatest influ-
ence upon sweating, highlighting the significance of
Ty on thermoregulation. However, the value of the
inter-regional comparisons of thermal sensitivity was

.somewhat restricted, as the areas of treated skin were
unequal, and the 7, T and the temperatures of the
non-treated skin surfaces were not controlied.

In the present investigation, we raised and clamped
both core and skin temperatures, then evaluated cuta-
neous thermal sensitivity by equivalently manipulating
the Ty of four upper-body skin surfaces, each of the
same surface area (R¥250 cmz). We used this unique
circumstance to assess the thermal sensitivities of four
upper-body skin regions, independently of either 7, and
T influences, and to test the hypothesis that the
stimulation of some upper-body sites would evoke
more pronounced sudomotor effects than others, with
an apparent hierarchical thermal sensitivity between
treated skin regions.
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METHODS

Eight physically x active males (age 25.6 £ 7.1 years,
mass 74.6 £ 8.1 kg, height 178.6 * 6.2 cm, mean *
SD) participated in this project, which involved a 6-day

‘heat acclimatization period, followed by 1 day of test-

ing, duting which the thermal sensitivity of four upper-
body skin regions was evaluated. All procedures were
apptoved by the Human Research Ethics Committee
{University of Wollongong), and subjects provided in-
formed consent.

Pre-experimental heat acclimatization was under-
tzken to optimize sudomotor responsiveness, and to
minimise possible between-subject sy, differences as-
sociated with varying heat acclimatization and physical
training status. ‘The acclimatization regimen involved
cycling in an air temperatare (7)) of 39.5 °C (£0.2) and
59.2% (£0.8) relative humidity for 6 consecutive days.
The inital work rate (194.2 X 26.7 W) was set to rap-
idly elevate the auditory canal temperamre (7.} by
1.4 °C (21.8 + 7.2 min). Thereafter, the work rate was
adjusted to haold 7, constant for a further 70 min (after
Regan ¢ al. 1996), producing 2 total heat exposure of
91.8 min (+7.2). During days 2-5, fluid replacement
was enforced at regular intervals, to a total of 1200 mL.
Following sessions one and six, which were used to
evaluate the affects of short-term heat acclimatization
(Cotter ¢f al. 1997), subjects consumed 75% of mass
loss before leaving the laboratory,

One to two days after heat-acclimatization, thermal
seasitivity experiments commenced, with all tdals oc-
curring at the same time of the day. Subjects were
studied resting (supine) on a wide-mesh, wire bed, 2t an
T, of 365 °C (+0.8; relative humidity 60.3% (L1.6)).
The ambient conditions, combined with the use of a
whole-body water-perfusion suit (water temperature
37 °C; Paul Webb Associates, Yellow Springs, USA),
were used to elevate and then to damp 7 and Tit. This
method of controlling skin temperature was chosen as
it enabled the exposure of maximal skin surface area to
the ambient conditions, while minimizing the estab-
lishment of local microclimates at the skin suzface. This
combination of air and water temperatures was used to
ensure that both the T, and Tik were elevated above the
sweat threshold, resulting in sweat secretion at each of
eight recording sites. While we sought to ensure that
sweating was clearly established, thereby allowing local
cooling to have an inhibitory effect, it was also im-
portant that the basal s, was not 50 high that heating
failed to elicit further increments in sy Finally, the air
and perfusion-suit water temperatures were selected to
establish a uniform skin temperature distribution across
the skin surface. We have recently shown this method
to be capable of clamping, and sustaining a stable
thermal load for up to 3 h, as reflected by T, T and
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the mean body temperature swbility (Cotter & o 1995).
In the cureent project, such clamping resulted in an
average I, (oesophageal, auditory camal, recmal) of
36.9 °C (£0.1) and Ty of 36.2 °C (£0.1), which were
maintained over the 3-h experimental pedod.

The water-perfusion . garment consisted of 140

meters of tubing D = 1.58 mm, OD = 3.0 mm)
which covered the body in separate jacket and wousers
sections. The jacket consisted of 60 1-m wbes covering
the torso, and 15 1-m tubes for each arm, while the
trousers had 25 1-m wbes for each leg. Each tube was
set in parallel to ensure uniform flow. This was verified
using video filming during coloured-water perfusion.
Every 4 cm, the tubes were clipped alternately to ad-

jacent tubes, resulting in a diamond-shaped skin cov-’

erage (8 cm X 2 em). To ensure testing was performed
with minimal influence from extraneous factors, sub-
jects were asked to avoid exercise 24 h pror to thermal
sensitivity trials, other than the final heat acclimatiza-
tion trial, Subjects also zbstained from alcohol 24 h
ptior, caffeinated drinks 4 h prior, and food 2 h pror
to trials. To negate possible residual dehydration in-
fluences from the previous 6 days, subjects followed an
enforced drdnking schedule, consuming 1 L. of water
before retiring on the night before testing, and another
litre 2 h prior_to testing,

Independent warm and cool stimuli were applied to
discrete skin regions (face, right arm, rght forearm,
rght hand), using perfusion patches with water con-
trofled at pre-determined temperatuses. These patches
were positioned in contact with the skin, beneath the
main suit, and consisted of tubes (ID = 1.58 mm,
OD = 3.0 mm) running in parallel, 8-12 mm apart.
The face patch varied from this asrangement, and was
made up of two sections: forehead and cheek/chin
sections. The latter was positioned under the chia and
on each cheek. The arm and forearm patches were
positioned on the dorsal skin surfaces. The hand patch
was placed on the dorsal surface of the hand, and the
ventral and dorsal surfaces of the fingers. Patches had a
mean effective stimulation area of 249.0 cm® (£0.2).

Three 38-L water baths (T'ypes VFP and ZD, Grant
Instruments, UK) supplied water for the perfusion
garment and patches. One bath was used to supply the
whole suit, and those patches not being used to ma-
nipulate T, The second and third baths were used to
manipulate Tyy, and incorporated refrigeration units
(Type CK2, Grant Refrigeration Systems, Grant In-
sttuments, UK} to control water temperature. The
temperature of baths two and three varied between
treatment regions, and was determined by the water
temperature required to apply an equivalent skin tem-
perature stimulus to each site: approximately +3 °C.

Following subject preparaton and the attainment of
thermal stability, the thermal sensitivity trals com-
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menced. Bach trial started with 2 10-min baseline pe-
riod, during which the perfusion suit and 21l patches
were suppled with water at 37 °C. Every 20 min
thereafter, a local (single patch} temperature manipa-
lation began. These manipulations consisted of a 7-min
treatment (heating :or,cooling), with 2 13-min costrol
petiod separating regional treatments. At the end of 2
manipulation, the target patch was briefly (60 s} flushed
with warm water (after a cooling trial) or cool water
(after a heating trial), so that the time taken for the T,
to return to control levels was reduced. Durng the
13-min control petiod, 37 °C water perfused the patch,
allowing Ty to return to its pre-treatment temperature.
With this protocol, subjects experienced eight 20-min
test phases during a thermal sensitivity experiment, with
a total trial duration of 176.4 min (+3.4). The first two
T4 manipulatons were heating treatments, and the
subsequent two manipulations were cooling of these
two sites. With thic exception, both the order of regions
treated and the treatment temperatures, were balanced
between subjects.

Sweat rate was measured continuously at eight sites
(1 Hz), using two four-channel sweat systems {capad-
tance hygrometry; Sweat Monitor, Clinical Engincering
Solutions, Australia: Turmer & Gass 1993). Air was
pumped through a sealed flask, containing a saturated
salt soluton (ithium chloride: 0.2 L min"l), through
eight sweat capsules (3.16 £ 0.05 cm?), and then over
humidity and temperature sensors. The sweat mte was
derived from changes in the relative humidity and
temperature of the air (Taylor ¢ 2/ 1997). Sweat cap-
sules were positioned at each of the manipulated skin
regions {forchead, right arm, right forearm, dorsal right
hand), at the corresponding regions on the contmalateral
arm, and on the left, mid-anterior leg. The left leg was
used as a sudomotor reference site, as it was a lower
body location and was not on the same side of the bodr
receiving the thermal stimuli, Local, adjacent, contra-
lateral and ipsilateral sudomotor affects could all be
evaluated with this configuration of perfusion patches
and sweat capsules.

Three indices of 7. were used to obuin a simple
miean core temperature (%) index: oesophageal tem-
perature (7.), auditory canal temperamre (7.} and
rectal temperature (7). An oesophageal themmistor
{Edale Instruments Ltd, UK) was inserted transnasally
(after Mekjavic & Rempel 1990). Auditory canal tem-
perature was measured using an ear-moulded plug and
thermistor (Edale Instruments Lid, UK). Oesophageal
and anditoty canal temperatures were sampled ar
0.2 Hz (Squirrel data logger, 1200 Series, Grant In-
sttuments, UK). Rectal temperature was measured
using a thermistor (YSI probe 401, Yellow Springs
Instrument Company, USA} inserted 12 am beyond the
znal sphincter, and recorded from 2 tele-thermometer
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(YSI model 46, Yellow Springs Instrument Company,
USA), prior to, and at the conclusion of each 7y
mapipulation.

Skin temperatures were measured adjacent to each
sweat capsule (YSI probe 409B, Yellow Springs In-
strument Company, USA), and also from the right
upper chest, sight upper scapular, right mid-anterior
thigh, right medial-anterior calf and right dorsal aspect
of the foot. Eight of these sites were used to obtain
an eightsite 7y (International Organization for
Standardization, 1992). The Ty was calculated by in-
corporating only the non-manipulated skin regions,
thus providing an assessment of the thermal load
applied to the remainder of the skin. That is, when the
right foreasm was treated, the left forearm T was
used in the dedvation of Tix. When the face was
treated, this region was omitted from the T com-
putation. Mean body temperature (7}) was taken as:
08T, + 0.27. Five thermistors were also used to
track the change in temperature of the patch—skin
interface (YSI Type EU, Yellow Springs Instrument
Company, USA), at each site of 7,y manipulztion.
Two thermistors were positioned near the water inlet,
two near the water outlet, and the fifth was positioned
in the middle of the patch. All skin temperatures were
recorded at 0.2 Hz using a data logger (Squirrel data
logger, 1200 Seres, Grant Instrumeats, UK), and
subsequendy downloaded to a computer. Cardiac
frequency (f) was obtained from ventricular depola-

Acta Physiol Scand 1998, 163, 289244

tization, recorded at (.2 Hz (PE4000, Polar Electro
SportTester, Finland), and similarly downloaded.

This study was based upon a repeated-measures
factorial design, with four levels of factor one (skin
region manipulated: face, arm, forearm, hand) and two
tevels of factor two {ocal thermal stimulation: heating
and cooling). Subjects were fully crossed for both fac-
tors, with data analysed using Multivadate Analysis of
Variance (MANOVA) and paired ftests (methodological
assessments), and repeated-measures MANOVA with
contrast analyses (for compatisons of sudomotor re-
sponses across treatments). Following a significan:
overall F, Tukey’s honestly significant difference post-boc
analysis (corrected for the number of repeated mea-
sures contrasts) was used to isolate sources of signifi-
cant differences, resulting from the corresponding
univarate analyses, within 2 thermal treatment. Afba
was set at the (.05 level for 2l analyses.

RESULTS

The plateau (steady state) Ty at cach of the four exper-
imental sites was significantly elevated duriag heating
(3.04 £ 0.07 °C) 2nd reduced during cooling (3.02 &
0.10 °C), relative to the control, pre-manipulation perod
(P < 0.05). When averaged across the entire 7-min
treatment petiod, including the transient T,y changes, the
mean thermal stimuivs was 2.36 °C (20.07, heating) and
—2.12 °C (£0.10, cooling; P < 0.05; Table 1), with the

Tahle 1 Body remperatares in supine males pror m (control}, 2nd duriag local skin temperature manipulations (treatment).

Control Treatment
Manipulation Site T Ta T 7 T T T o
Heating Face 36.70 3620 36.8% 36.75 39.05t 3620 36.90 36.80
©.05) (0.10) 010 (0.10) 0.16) {0.10) {0.10) (0.10)
Amm 3680 36.15 36.85 36,70 3895t 36.26 3690 36.75
0.05) Q.15 (0.05) 0.05) ©.10) 0.15) {0.05) {0.05)
Forearm 36.80 3630 36.90 36.80 3925% 3630 36.90 36.80
(0.20) 015 .45 (0.10) {0.10) ©0.10) ©.05) ©.10)
Hand 36.65 3620 36.85 36.75 39.30¢ 3630 3690 36.75
0.10 {0.10) (0.05) (0.05) 0.10) 0.1 (0.05) (0.05)
Cooling Face 36.70 3620 36.90 36.80 34.40F 3620 36.95 36.75
©.05) {0.10) (0.05) (0.10) 0.13) Q.15) 0.10) ©.10)
Armm 36.75 3630 36.95 36.85 34.857 3625 3695 36.80
(0.05) 0.05) .05 (0.05) {0:13) -{010) 0.05) 093
Forearm 36.85 3625 36.95 36.80 34.601 3625 3695 36.80
.15 (0.10) 0.05) {0.05) 0.15) 0.10) (0.05) (G.10}
Hand 36.65 3625 36.90 36.80 36.65T 36.25 36.95 36.80
{©.10) {0.10) (0.05) (0.05) ©.20) 0.10) (6.05) (0.05)

Control values ace means of the 4-min period prior 10 temperamre manipulation. Treatment values are means of the 7-min temperature
mznipulation pericd. Values are means with standard erors of the mean in parenthesis. Abbreviations: Ty = local skin temperature; T = the
simple mean of cesophageal, auditory canal and rectal temperatures; Ty = mean skin temperatms; 7 = mean body temperature

(08 Tt + 0.2 7). T = differences between control 2nd treatment are significant at the 0.05 level
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Figure 1 Regional skin temperatures during local heating and cooling
of four skin regions. Data ar¢ means with standard errors of the
mean. * indicztes that the treatment (heating or cooling) was signifi-
canty different (P < 0.05) from the control skin temperanure.

difference between treatment sites being non-significant
(P > 0.05). That is, the current proceduces consistendy
and equivalently modified 7, across the four treatment
sites. Durdng Ty manipulations, skin temperature at all
the untreated sites remained relatively wunchanged
(P > 0.05; Fig. 1), confirming that the Ty manipulations
were localized to the treated site, and did not influence
Tya of regions either immediately adjacent or contralat-
eral to the treated segment, during any manipulation
petiod. While measures weze not taken across every body
segment, it is reasonable to assume, on the basis of these
data, that T, remained stable across all non-treated body
regions.

While T; was marginally influenced by local heating
and cooling, it was not significantly altered during T,y
manipuladons (P > 0.05; Table ). This was verified
from compatisons between the first and last minutes of
each treatment period (P > 0.05). Therefore, the the-
rmmoafferent dedve from the non-treated skin regions
was deemed to have been clamped duzing 74 manip-
uladons, for all T4y manipulatons, during both cooling
and heating, Thus, the only skin temperature modifi-
cation induced by this experiment was 2 local effect,
restricted to the site of the T, manipulation.

There was a constant temperature offset between
the three core temperature indices, with 7. and 7.
being higher than 7. However, these 7 indices re-
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mained unchanged during either localized cooling or
heating (P > 0.05; Table 1}, These combined observa-
tions demonstrate that Ty manipulations did not affect
either T, or Ty, but remained isolated to the site where
the manipulation took place. Resultant alterations in
sweat output could therefore be said to be independent
of either T or T changcs Finally, neither T (Table 1)
nor f. were significantly affected by heating or cooling
local skin surfaces, or by the site of local skin manip-
ulation (P > 0.05).

Sweat rates at all eight recording sites exhibited the
usual pulsatdle vadations. Due to the large variability of
the sweat response, both between sites and subjects,
data were analysed as sy changes, where data were
integrated over the 7-min T manipulation, and ex-
pressed as changes in sweat output reladve to the
similarly derived pre-manipulaton srw (control: 4-min
integradon). While s%ys were recorded in
mg cm ™2 min”?, for simplicity, sudomotor output is
expressed in mnass units {mg). When summed up across
the eight measutement sites, and averaged across the
four treated regions, the resultant s, change provided
an overall assessment of the effects of local heating and
cooling on total-body sweating, independent of both
measurement and treatment sites. Heating induced
an overall sweat elevaton of 7.05 mg {+2.27), while
cooling suppressed sweating by —2.40 mg (£1.04), That
is, at a steady-state 7: of 36.9 °C and a steady-state Ta
of 362 °C, when warm zand cool thermal sdmuli of
23 °C were applied to the skin, the warm stimulus had
approximately a three times more powerful affect upon
whole-body sudomotor function,

Figure 2 summarizes the effects of local heating/
cooling on gy at the site of the Ty treatment. Re-
gardless of water temperature wsed in the treatment,
there was no evidence for either localized heating or
cooling effects on s (P > 0.05). That is, while heating
tended to elevate, and cooling suppress, localized
sweating, these differences were no greater than the
sweating responses exhibited at other, non-treated skin
regions at the time of the T,y treatment. For example,
face heating (far left bar within each group, Fig. Za)
elicited approximately equivalent sweat elevations
across each of the eight measurement sites, The ap-
parently preater sweat responses of the left and right
hands were not significant, because of inherent Plsw
variability at these sites (£ > 0.05).

Because sy was recorded from three sites on the
left upper limb (arm, forearm and hand), concurrently
with each of the rght arm treatments, data were
available to assess the effects of treatments on the
contralateral limb sweating responses. Neither stimulus
produced significantly greater local sudomotor influ-
ences than were elicited contralaterally (P > G.05).
Figure 2 reveals that, in general, when any upper limb
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Figure 2 Changes in sweat output for each of eight sites (Qustered
bars), induced during heating and cooling of four skin regions
(ndividual bars). Sweat cupuis were detived by integrating sweat
rates during 2 manipulation and subtracting the control sweat rate.
Data are expressed as mass loss means, with standard errors of the
mean.

segment was treated, quantitatively similar sweat re-
sponses were clicited on the corresponding contralae-
eral limb segment.

The major aim of this investigation was to determine
whether one of the four upper-body skin regions ex-
erted a more powerful influence (greater sensitivity)
over sweat secretion. Using the sweat output change
data described above, differences in thermal sensitivity
between the manipulated skin reglons were examined
using a repeated-measures, multivarate design. The
within-subjects repeated measures were the eight sires
for recording mzw. A significant main effect for treat-
ment site would indicate that a between-site thermal
sensitivity difference existed, and would be identifiable
by the presence of z sigpificant difference in the A
change (collapsed across measurement sites), produced
by treating any of the four local skin regions. The ze-
sultant thermal sensitivity data are summarized in
Fig. 3. The simple rank order (descending) for regional
skin thermal sensitivity during local heating was the
face, hand, arm and forearm, with forearm heating
failing to elicit a2 sudomotor response above basal levels
{# > 0.05). While these simple comparisons showed
that, during Jocal heating, the face was 1.9 times more
sensitive than the hand, 2.9 times more sensitive than
the arm, 2nd 16.2 tmes more sensitive than the forearm
(Fig. 3), none of these between-site differences were
significant (P > 005). This point is emphasized be-
cause previous investgations have reported inter-re-
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talergrated awaal sulpul (mg)

Local skin regicn manipulated

Figure 3 Whole-body sweat ourput {ing), summed across eighc
imeasurement sizes, during Jocalized heating znd coclimg of focr skin
regions. Sweat output was calcolaced by integrating sweat rates during
2 manipahation and subtracting the control sweat rate. Data are means
with srzndard exvors of the mean.

gional differences in thermosensitivity puzely ¢a the
basis of raw data comparisons, and without subsequent
statistical analysis.

Cooling discrete skin surfaces resulted in 2 <milar
thermal sensitivity rank order (descending): face, hand,
forearm and arm (Fig 3). The raw data again revealed
an apparently greater facial thermosensitivicy: 1.3 dmes
more sensitive than the hand, and 4.4 dmes more
sensitve than the forearm (Fig. 3). Again, these ap-
parent relative sensitivity differences were not sonifi-
cant (£ > 0.03).

DISCUSSION

The current expedmental manipulations effectvelr and
consistently modified the thermal impulse atr each
treatment site. These manipulations were restriced to
the treated site, and did pot influence 73, of body
segments either immediately adjacent, or contrzhreral
to that site. It was therefore assumed that the onkr skin
tempemature modificadon induced by the currert ex-
periment was 2 local effect. Furthermore, both T and
Tox were effectively clamped across the full duration of
each tral. From these data, it may be concluded thar the
Tia changes remained isolated to the site where the
manipulations took place. We are unaware of other
research which has been able to effectively 1solate such
thermal stimuli, while clamping other body tempera-
tures. : '

This unique circumstance permirted an assessment
of the thermal sensidvites of four uppes-bodr skin
regions, independendy of either 7, and Tox influences.
On the basis of a simple comparison of the raw dara, it
is possible 10 infer that an apparent between-site,
thermal senstuvity hierarchy existed, with the face
demonstrating the greatest thermosensitivity, and the
forearm being relatvely insensitive (Fig. 3). Such a
conclusion has previously been put forward oz the
basis of similar comparisons (Nadel & al 1971,
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Crawshaw ef 2/ 1975). However, the methodological
limitations of these studies (noted above), combined
with the relatively small sample sizes, and the absence
of statistical analyses may limit such interpretations.
In the current investigation, where both T; and Tix
clamping was verified, and where equivalent warm and
cool stimuli were applied to matched skin areas, sta-
tistical analyses did not support the diffcrences in
thermosensitivity of the forchead, right arm, right
forearm and rght hand. The present design was
uniquely suited to reveal significant thermosensitivity
differences, should they exist. However, the absence of
sigmificant differences, when considered with the re-
peated observation of a greater facial thermosensitivity,

does not mean that this region is not more sensitive, It

may simply mean that we were unable to statistically
demonstrate a sensitivity difference.

Three additional features were present within the
data. First, in accordance with the literarure (Nadel ¢ 2/
1973, Wemer & Heising 1990, Bothorel e 2/ 1991),
local heating induced an overall sweat elevation, while
cooling suppressed sweating (Fig. 2). Second, the ten-
dency of the T,y manipulatons to induce 2 localized
sweat response, was no more powerful than jt was at
producing a similar sweat response within any other,
non-treated skin region (Fig. 2). Third, neither heating
nor cooling the hand, forearm or arm produced a sig-
nificantly more ‘powerful local influence on sweating
than could be induced contralaterally (Fig. 2)-

The absence of a2 Ty effect on local gy was an
unexpected, but not an uncommon observation. Nu-
merous groups have reported that, dusing T, pertur-
bations, local s, will expericnce a greater change than
at non-treated regions (e.g. Maclntyre of 2L 1968,
Ogawa 1970, Nadel ¢ o/ 1971). This local sz response
was attributed to 2 thermal potentation of efferent
flow at the neuroglandular juacton (Ogawa 1970, Na-
del &t 2l 1971). While the present design does not
permit an evaluation of the mechanisms underlying this
hypothesis, the current data are not consistent with
such .observations, with alterations in sweat output
occurring in all regions simultaneously, with each re-
gion being affected by about the same extent, regardless
of the skin region being treated. Similar trends have
been observed by Heising & Werner (1987), Werner &
Heising (1990) and Bothorel ¢ 2L (1991). ‘These groups
variously concluded that T,y minimally affects local
#tgw. However, it is possible, because the sweat capsules
were ventilated with air at ambient temperature, that T,
directly under the capsules located at each of the four
treatment sites, was not equivalent to the Ty that ex-
isted elsewhere below the treatment patches. That is,
the impact of the 7,y change may not have been ade-
quately applied below the sweat capsule located at the
treatment site, and this small area of skin (3.16 sz)
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may not have experienced the full treatment effect, As
1.4 within each sweat capsule was not measured, this
possibility cannot be excluded. '
Given the contralateral and ipsilateral potentiation
of sudomotor function (Fig. 2), the present data imply
that sudomotor changes, accompanying Ty manipula-

" tions, have theit neural origins within the central

nexrvous system. For the Ty change to affect both
contalateral and ipsilateral sweating; some interaction
between thermal afferents must occur, either at the
spinal cord or the hypothalamus. Bothorel ef &/ (1991)
suggested an interaction may occur between afferent
and efferent signals at the spinal level, possibly affecting
s just at the level of interaction. Aliematively, the

. changes in T may be integrated at the hypothalamus,

resulting in 2 modification of central sweat drive, and
simultancously affecting sy, at all skin regions (Both-
orel et al. 1991). Regardless of the mechanisms, the
results of the current project indicate thar changes in
the sudomotor response to Ty alterations are possibly
the result of an altered central sudomotor drive.

It is concluded that, when equal skin areas are ei-

sther heated or cooled, such stimuli produce significant

changes in sudomotor function, which appeared to be
equally reflected both locally and contralaterally. Fur-
thermore, the cutaneous thermoreceptor-induced,
sudomotor responses to such localized treatments are
equivalent, regardless of the site of thermal stimulation.
While consistent with previous observatons of a
greater facial thermosensitivity, neither the current nor
previous data statistically support the notion of inter-
regional differences in cutaneous thermal sensitivity for
sudomotor control.
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Human body-fluid distribution during exercise in hot,
temperate and cool environments
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ABSTRACT

Using a simultangous-dilution technique, we investigated body-fluid volume changes during exercise
in seven males, during 50 min of cyding (50% maximal Work rate) in hat (36.2 °C), temperate
{22.0 °C} and cool conditions {14.4 °C}. Total body water (TBW), exmacellular fluid (ECFV), plasma
{PV] and erythrocyte volumes {RCV) were measured, while blood vokerne (BV), interstitial fluid volume
{\FV), extracellular water {ECWV) and intracellular water volumes (ICW) were derived. During the initial
10 min of cycling, BV decreased in all environments (P = 0.01), premarily because of a PV reduction
[P = 0.01), while IFV, ECFV and CW were not significantly changed. By 30 min, BV recovered in the
temperate and cool conditions, despite mass losses of 563 and 520 mb (respectively), but remained
depleted in the hot condition (P = 0.01). The 50-min volume changes revealed that, throughout
exercise, body-fluid losses appeared to be drawn primarily from the exiracellular space, regardless of
air temperature, In the hot condition, the PV change represented 63% of the TBW loss, with the ICW
contributing 23%. It was concluded that, during cycling, progressive dehydration mainly affected the
extracellular space, with the intravascular and intraceliular spaces being defended in less stressful
conditions,

Keywords blood volume, body fluids, exercise, extraceflular fluid, heat stress, interstitial fluid,

intracetlular fluid, plasma volume.
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During exercise, both the volume and distrbution of
body fluids are challenged by thermoregulatory, hydro-
static and osmotic perturbations, Increased metabolic
heat producton elevates sweating, induces a peripheral
redistbudon of blood (Savard ef 4/, 1988), and leads to
berween-compartment, beody-fluid shifts (Harrison
1985). These factors result in the blood volume (BV)
becoming unstable, and eventually decreasing ducing
cycle exercise in the heat (Maw ef 2/ 1996a.b), even in
adequately hydrated subjects. This BV decrease is par-
tially associated with increased capillaty hydrostatic
pressure, which clevates capillary filtration into the
interstitiom (Lundvall ef @ 1972), and is also atdbue-
able to an elevated intramuscular tonicity (Sejersted ¢f al
1986, Bjbémmberg 1990). Thus, under these conditions,
the plasma volume (PV) tends to decrease, and this
change has even been observed during exercise in cool
environments (Harrison 1985).

During prolonged exercise, fluid losses from the
plasma result in plasma hypertonicity, relative to the red

blood cells. The red cell volume (RCV) decreases fol-
lowing 2 fluid efflox into the plasma space, and is ap-
parent across 2 range of cnvironmental conditions
(Astrand & Saltin 1964, Costll ef 2/ 1974). However,
this change has not been universally supported, with
some studies reporting no change during exercise
{Myhre & Robinson 1969). This inconsistency may be
because of. differences in measurement techpiques
between investigations, or even because of differences
in the mode of exerdse For instance, Maw ef al
(1996a,b) found that changes in mixed-venous ha-
ematocrit and hacmoglobin concentration do not per-
mit the relizble tracking of PV changes duting the first
10 min of exercise. As the most commonly used
method of evaluating PV change is based upon altera-
tions to those indices (Dilt & Costll 1974), it remains
relatively uncertain: how the intravascular volumes re-
spond to combined exercise and thermal stress.

It is similarly undetermined how the redistribudon
of intravascular fluid duriog cycling affects the volume
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and distobution of extravascular fluid. Nose ef 2f
(1988} suggested that plasma left the circulation, being
tzken up to defend extravascular cell volume, and to
fuel sweat secretion. Similarly, Costll e (1976)
showed that the intracellular compartment appeated to
be defended, relative to the extracellular space;] during
the carly stages of exercise-induced dehydraton. Both
studies detenmined fluid volumes using the chlordde
method. While this technique is regularly nsed, it may
be influenced by changes in muscle membrane potential
during exercise, possibly causing a change in chlodde
concentration independently of fluid movement (5je-
gaard & Salun 1982). Therefore, the pattern of whole-
body-fluid movement in exercising humans, remaing
somewhat unclear, especially under thermal stress
conditions, where we are heavily reliant upon dawa
collected promardly from the vascular compartement. As
the PV represents less than 10% of twtal body water
(TBW), a dear picture of whole-body-fluid movement
during combined exercise and thermal stress is some-
what difficule o derive from these data. The current
investigation addressed this resticton, employing si-
multaneous mdionuclide dilution to measure fluid dis-
wibutton within the major compartments, during
exercise, This unique method has resulted in the pro-
vision of new data for body-fluid distribution durng
¢ycling in hot, temperate and cool conditions.,

METHODS

Body-fluid distrbution was measured in seven healthy,
physically active males, during 50-min cycling [subject
characreristics: 26.2 year (24.0), 1785 cm (£6.5),
78.02 kg (*8.61), sum of eight skin folds 71.6 mm
(£16.5), mean aerobic power 65.6 mL kg 'min~?
(+10.7): means with standard deviations]. Exercise w a5
performed on 2 cycle ergometer (Monark, 868) in hot
[36.2 °C (£0.7), relatve humidity (rh) 44% (£3)],
temperate [22.0 °C (£1.0), 52% rh (% 6)], and cool
condittons [14.4 °C (X 1.6), 74% th (£ 9)], while
wearing a swimsuit and running shoes. Air movement
was < 0.5m s ', and black-globe temperature was al-
ways within £ 0.5 °C of air temperature. Subjects were
tested at the same time for each condition, with ex-
posure order balanced berween subjects, and each eral
separated by 28 days. The residual radiation before
each reassessment was < 0.01% of the previous dose
During this 28-day pediod, subjects resumed normal
dietary and exercise patterns. Subjects. provided in-
formed consent for procedures approved by the Hu-
man Rescarch FEthics Committee (University of
Wollongong).

Subjects presented in a rested state, following a 12-h
overnight fast, consumed 2 standardized food and
water intake (38 kJ kg™’ and 5 mL kg™'). No other
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dietary restrictions were applied. Subjects were seated in
a temperate environment (22.0 °C) for 30 min to sta-
bilize metabolism. An antecubital vein was catheterized,
and four radionuclides were injected: 450 uCi of
tritiated water CHzO, Amersham Australia); 20 uCi of

" sodium radiobromide (Na®*Br, Australian Radioiso-

topes); 2 pCi of radioiodinated serum fibrinogen (**°1
Human Fibdnogen, Amersham, Australia); and 8 uCi
of radiochromated autologous erythrocytes (Na°'Cr,
Amersham, Australia). Using the simultaneous dilution
of these radionuclides, TBW, extracellular fuid
(ECFV), PV and RCV, respectively, were measured
(after Maw ef o/ 1996a,b). Subjects remained seated for

© 270 min following these infusions, to allow radionu-
~ dlide equilibration within the relevant cornpartments.

Subjects were transferred between eavironments in
a wheelchair, to minimize postural disturbance Maw
et al. (1995), and immediately commenced cycling.
Work rates were 50% of the peak work rate achieved
during a ramp cycle forcing function, determined
3 days before the first tral. The same absolute work
rate was used in each condidon. Blood samples
(10 mL), collected using the indwelling catheter, were
taken just before the exercise, 2t 10-min intervals during
the exercise, and immediately after the exercise, fol-
lowed by a 10-mL flush of heparinized saline. Body
mass was determined at 10-min intervals, and a urne
void was collected before and after the exercise.

Plasma “H was analysed using liquid seintillation
(LKB Wallac, 1219 Rackbeta), while plasma ¥Br and
121, and erythrocyte ®*Br and *'Cr were determined
using y-scintillation (Abbott Laboratories, Auto-LOG-
IC). Radionuclides were 2lso measured in the urine
samples. Samples were counted in wiplicate, for a
minimum aggregate of 10000 counts for each radio-
nuclide. Total body water was calculated by comparing
the plasma *H concentration with the exact “H dose,
corrected for the presence of plasma protein (Otago
refractometer Model 93032) and 25 2nd for *H ur-
nary, sweat and respiratory losses. Extracellular fuid
volume was determined from plasma **Br concentra-
tion, corrected for the presence of protein, for ¥pr
erythrocyte, urinary and sweat losses, and for the
Gibbs~Donnan electrolyte ratio (1.02). Plasma volume
was derived by comparing the measured plasma >
concentration with that predicted for the corresponding
time using semi-logarithmic extrapolation of the '*]
elution curve. Finally, RCV. was calculated from ery-
throcyte *'Cr concentration, corrected for >'Cr urinary
loss. See Maw e# af. (19962,b) for comprehensive details
of these procedures.

Intracellular water volume JCW) was taken as the
difference between TBW and extracellular water vol-
ume {ECW), while the latter ECW was calculated from
ECFV adjusted for the presence of all plasma solutes.
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Interstitial fluid volume (IFV) was considered as the
difference between ECFV and PV. Blood volume was
then the sum of PV and RCV.

Body-core temperature (70), skin temperatures, and
cardiac frequency (f) were recorded at 5-s intervals
throughout exercise. Cote temperature was recorded
using a zero-gradient auditory (aural) canal thermistor
(7.0, secured with a cotton wad, and covered by an
insulated servo-heated headset (Keatinge & Sloan
1975). This technique involved independent monitoring
of auditory canal temperature and that of an outer-ear
heating pad. The temperature of the latter was con-
trolled to track auditory canal temperature, which, after
equilibration, z¢ts to isolate T, from environmental
and skin temperature influences. This technique re-
moves the auditory canal thermal gradient, permitting
T to faithfully track tympanic temperature (Moore &
Newbower 1978), and has been validated within the

present laboratory against oesophageal, tympanic and

rectal temperatures (Cotter e @/, 1995). During cycling,
under similar environmental condidons, 7, is typically
0.19 °C above oesophageal (r = 0.940), 0.21°C
greater than tympanic (r = 0.974) and 0.21 °C less
than rectal temperature (r = 0.965).

Skin temperatures were recorded at 0.2 Hz from
eight sites (Grant Instruments Ltd, 1206 Series Squirrel,
UK), wvsing surface thermistors (Edale Instruments,
Cambddge, UK), secured with a single covering of
waterproof tape. Mean skin temperature (Tq) was
subsequently calculated from the area-weighted mean
of these temperatures (International Organization for
Standardization 1992). Cardiac frequency was recorded
from ventdcular depolatization (Polar Electro Sport-
Tester, PE3000, Finland), validated using 12-lead elec~
trocardiography.

Whole-body sweat loss was determined from mass
changes (standing; A & D Instruments, FW-1501K,
Germany), corrected for the exchange of oxygen and
carbon dioxide, absorption of sweat into clothing, ud-
nary and respiratory losses; and' blood sampling, but
was not subdivided into its evaporative and non-evap-
orative fracdons. Mass determinations immediately
followed blood sampling, and took < 1 min to per-
form. It was considered that such a postural distuz-
bance had minimal impact upon the seated body-fluid
distsibution. Sweat was wiped from both the scale and
the subject prior to weighing, and the subject’s swimsuit
and shoes were weighed before and after exercise, to
determine sweat absorption. Subjects were not rehy-
drated within trials, as our aim was not to equate TBW
between exposures, but to evaluate the impact of these
exposures on TBW, and then to determine the osigins
of fluid lost from the total systern.

Respiratory water loss (Mg H,0) Was determined
from the temperature, water content {Hyprodynamics,
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15-3080E, USA) and volume (Vacumetsics, Air Flow
Meter 17150, USA) of expired gases, collected using a
pre—wa.uncd respiratory face mask, low-resistance tab-
ing and non-d.lfft.lsmg collection bag (Hans Rudolph,
Series 7910 face maskand non-diffusing collection bag,
U.S.A) after 5, 15 and 45 min of exercise. Thus:

Mg 1,0 = Mg 8,0 X Vi g~ min™

where Mg n,0 = mass of water per litte expired gas
(g L7'; Weast ¢t al. 1989); Vi, = expiratory flow
(L.min~" ATPS).

Auditory canal temperature, Ty, and £ were aver-
aged at 10-min intervals (+ 30 s). To negate the effects
of normal physiological variation on pre-exposure fuid
volumes, over the 56-day course of the study, all fluid
volumes were normalized to each subject’s mean pre-
experimental value, determined before each wial. Data
were then analysed using factorial analysis of vadance,
to determine differences related to environment and
time, with alpha set at the 0.05 level. Subsequent post-bec
analyses were performed using Tukey’s test of Wholly
Significant Difference. Data are reported as means with
standard errors of the mean.

RESULTS

Pre-exposure T, averaged 37.0 °C (£0.2), Tq was
309 °C (£ 0.3), and the mean resting f averaged
75 beats min~! (+ 8). In the temperate and hot trials,
1. initally fell from baseline, before dsing by 1.3 °C
(X 02) and 1.4 °C (= 0.2; Fig. 1; P = 0.01), respec-
tively, after about 10 min. However, T . was indepen-
dent of air temperature, and did not differ berween
conditions over time (P = 0.34). In contrast, 7 was
consistently higher during exercise in the hot condidon,
than in the other two conditions (P = 0.01), and was
also higher in the temperate than in the cool tdals
Fig. 1; P = 0.01), reflecting the combined effects of
air temperature and cutaneous. vascular responses.
Cardiac &cqucncy was “also higher ia the hot condition
than in either of the other conditions (Fi ig. 1
P == (.01), but was equivalent between the temperate
and cool environments (P = 0.11). This f; elevation
was an almost constant displacement, such that across
teials, £ was 1314 beats min ' greater than observed
in either the temperate or the cool states (P = 0.01}.

Aaute body-flatd responses to eycling (0—10 min)

Baseline TBW, ECFV, PV and RCV averaged
50975 mL(+1763), 20316 mL{t632), 3488 mi(X1306)
and 2698 mL(*152), respectively, with the corre-
sponding ICW, IFV and BV being 30853 mL{X£1267),
16828 mL(X519), 2nd 6186 mL{*258). These volumes,
with the exception of ECFV, were slightly higher than
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Figure 1 Auditory canal and mean skin temperatures, and cardiac
frequency during 50 min of eycling at 50% of maximal work rate in
hot (36 °C), temperate (22 °C) and cool (14 °C) envitonments. Data
are means + SEM.

reference standards for healthy adult males (Interna-
tional Committee for Standardization in Haematology
1980), ranging from 8 (TBW) to 17% (PV) greater than
the reference standards. However, such volume ex-
" pansions were considered apptopriate for relatvely
lean, endurance-trained males (Sjdstrand 1962), and
have been previously detailed (Maw e af 19962,b).

At the commencement of cycling, BV decreased in
all envitonments (P = 0.01), with the decrease being
greater in both the hot (470 T 192 ml) and the cool
exposures {287 * 60 ml) than in the temperate con-
diion (114 * 86 mL; P = 0.01; Fig 2). These chan-
ges were largely accounted for by plasma shifts, with
PV contracting in al! condidons (Fig. 2; P = 0.01), but
mote 30 in the hot and cool exposures (356 £ 128 and
243 £ 42 mL, respectively) than in the temperate
conditdon (110 & 46 ml; P = 0.01). Red cell volume
made only a minor contribution to BV losses, with
differences from pre-exposure levels not reaching sig-
nificance undl 20 min (Fig. 2), by which time RCV had
decreased by 114 (X 62), 76 (* 55) and 75 (£37) mL in
the hot, temperate and cool condidons, respectively
(P = 0.01 within conditons, and P = (.87 between
conditions).
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Figure 2 Blood, plasma and erythrocyte volumes duding 50 min of
cycling at 50% of masimal work rate in hot (36 °C), temperate

{22 °Cy and cool {14 °C) conditons, Volumes were normmnalized o
pre-experimental levels, and are presented as means & SEM.

Interstitial fluid, ECFV and ICW were not signifi-
cantly affected dusring the initial 10 min of exercise,
regardless of the eovironment (Fig. 3; P = 0.54,
F = 073 and P = (.35, respectively). Similarly, TBW
was unaltered and sweat losses were minimal, although
mass decreased.in all conditdons: 46 ml. (}18; hog),
49 ml, (+23; temperate) and 79 mL (F46; coo}
P = 0.78). The difference between the TBW and mass
changes: were within. the. measurement error of the
former technique. The apparent contradiction between
the hot 2nd cool sweat losses was not significant.

Body-fiuid responses to extended gyeling (10-50 rrin)

By 30 min in the temperate and cool conditions, BV
had recovered to basal levels, where it remained for the
duration of exercise, but BV stayed depleted in the hot
condition (Fig. 2 P = 0.01). In this exposure, BV
progressively decreased with time, reaching a 635-mL
reduction after 50 min of exercise. Red cell volume was
significantly depleted from 20 min onwards in each
environment (Fig. 2; P = 0.01), losing a total of 103
(£101), 20 (+40) and 106 (£52) mL during 50 min in
the hot, temperate and cool states. These between-
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Figure 3 Intracellular water, extracellelze fluid 2nd interstital fuid
volumes during 50 min of cycling at 50% of maximal work rate in hoc
(36 °C), temperate {22 °C) and coo! (14 “C} environments. Volom=
were normalized to pre~cxperimental levels, and are presented as
means  SEM.

condition differences were not significant (P = 0.87.
Thus, in each condition, PV was the major determinarc
of the BV. Following acute reductions, PV recoversd
by 30 min in the temperate and cool tdals, but slowlr
decreased throughout the heat exposure (Fig. %
£ = 001).

Beyond 10 min, IFV and ECFV gradually decreased
during all tals (both P = 0.01), with changes being
independent of air temperature (Fig. 3). No consistem
changes were detected in ICW throughout exercise
(Fig. 3; P = (.35), although this probably reflected the
relative sensitivity of ICW measurement, 2s much as =
did the stability of the intracellular compartment. For
example, the biggest change in ECFV, a decrease of
654 mL after 50 min exercising in the hot condition,
equated to less than 2 5% of ICW, and may have been
close to the ICW measurement error.

To summarize these trends from a more generl
perspective, body-fluid changes, across the entire ex-
posure, were also derived for each compartment, br
comparing the pre-trial and the 50-min fuid volumes
‘These data are summarized in Fig. 4. While these dar
do not convey information about the dynamics of suck
changes, they do provide an appreciation of the fonger-
term affects of exercise under theomal stress.
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Valﬁme change {mL)

T I T
Cool Temperate Hot

Figure 4 Absolute changes in body-fluid volumes following 50 min
of cydling at 50% of maximal work rate in hot (36 °C), temperate
(22 °C) and cool (14 °C) environments. Volumes include: plasma
volume (PV); red £ volume (RCV); blood volume (BV); intracellular
water (ICW); extravascular intracellular water FCW-RCV); extracel-
lutar fluid volume (ECFV); interstital fluid volume (IFV); 2nd total
body water (TBW). For simplicity, volume ¢hanges are presented only
2s means. ([ PV, =5 RCV, B BV, 5 ICW, [ ICW-RCV, Z ECFV,
B IFV, 2 TBW)

In all instances, mass losses accounted for less than
2% of the initial TBW. These losses were fracionated
into sweat secretion [861 ml. (* 100; hot), 563 mL
(£61; temperate), 520 mL (£70; cool)], respiratory
water loss [60 mL (£ 3; hot), 59 mL (£2; temperate),
55 mL (£3; cool)], and urnary losses [13 ml (+9;
heat), 51 ml. (X18; temperate), 83 mL (£33; cool)]. In
the heat condition, these deviations were always sig-
nificandy different from fluid losses sustained in the
cool condition (P = (.01),

DISCUSSION
Acute body-fluid responses to cycling (0-10 mriny)

During the first 10 min of exercise within each envi-
roument (the acute response), there was z rapid de-
crease in BV. This trend may be explained on the basis
of both an increased intravascular hydroseatic pressure
and an elevated intramuscular osmodc force. Capillary
hydrostatic pressure increases during cycling (Bjomberg
1990), forcing an extravasation of fluid through the
capillary walls. This can occur at the capillary endo-
thelivm via pores or clefts. A simultaneous increase in
intramuscular tonicity, perhaps accompanying an in-
crease in metabolites within the muscle, would fadlitate
fluld movement into the actve muscle tssues (Scjersted
ef al. 1986, Bjdmberg 1990). Hence, an acute BV re-
duction was observed across conditions; with this
change primarily attributable to changes within the PV,
rather than the RCV space.

Although resting heat stress can expand BV, as 2
result of rapid and generalized cutaneous venodilation
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(FHlarrison 1985), cycling in the hot conditon signifi-
cantly reduced BV to a greater extent than observed in
the temperate condition (Fig. 2). Regardless of the
environmental temperature, the fluid leaving the capil-
laries should consist of plasma and its subcellular

constituents, as capillary membranes are impermeable -

to intravascular cells, Thus, the acute decrease in BV
was brought sbout by a plasma efflux (Fig. 2). How-
ever, it is possible that the fluid volume Jeaving the
plasma probably exceeded the measured net PV de-
crease, as a result of the concurrent influx of fluid from
other sources. For example, while plasma is pdmarily
lost at the arterial ends of capillaries, and returned at
their venous boundarles, Lundvall ¢ & (1972) sug-
gested that, durng exercise, fluid is also drawn into the
vascular space from inactive tissues, while simulta-
neously filtering into the more active tissues.

Assuming that cutaneous venodilation had occurred
in the hot trals, and in the absence of colloid osmotic
pressure measurements from either the vascular and
interstitial spaces, then a BV contraction may result
from 2 more powerful and extensive wvasodilation,
which is known to oceur in both muscle and cutaneous
beds during exercise in the hot state (Rowell ef al
1969). Under such circumstances, changes in the hy-
drostatic pressure favours a plasma efflux, and both the
PV and BV were reduced (Fig. 2).

It is not possible, from the present data, to precisely
determine the desdnation of the fluid lost from the
vascular space dusring the initial 10 min of cyding, as
IFV, ECEFV and ICW were apparently unchanged, re-
gardless of the eavironment. However, Sjegaard &
Saldn (1982) have shown that intramuscular water
content increases during short-duradon cycling, with
the majority of the increase occurdng in the extracel-
lular compartment. Thus, it is probable that, in this
study, the plasma filrate was dmawn into the exracel
lular compartment of active muscles, in response to an
increase in that compartment’s osmotic potential.

Body-fluid responses to exciended eycling (10—50 niin)

As cycling progressed in the temperate and cool envi-
ronments, the PV, and hence BV, progressively re-
turned towards pre-exposure levels (Fig. 2), even
though TBW had declined about 1%. This restoration
was probably associated with parallel increments in
interstitial hydrostatic and capillary osmotic pressures,

reversing the acute plasma Joss (Jacobson & Kjellmer

1964). Prior to exercise, and during the acute cycling
phase, the interstitial hydrostatic pressure facilitates
plasma efflux. However, the inital PV depleton would
increase interstitial hydrostatic pressure, and limit con-
tinued PV losses (Aukland & Nicolaysen 1981). At the
same tme, an increasing plasma tonicity creates an
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osmotc gradient favouring fluid influx from both the
interstiium and the red blood cells (Nose ¢f 2/ 1991).
The net result of these factors was a wend towards PV
restoration in both the cool and temperate conditions.

‘The fluid shift from the erythrocytes to the plasma
was only significant beyond 20 min, varying between
2.7 and 4.2% (ar 20 min) across the three exposures
(Fig. 2). Similasly, Disz ef al (1979) and Astrand &
Saltin (1964) found that RCV decreased during cycling
and crosscountry skiing, This reducton may also be
attributed to a decrease in circulating cell numbers, or
the volume of individual cells. Exercise-induced hae-
molysis will reduce red cell counts, bur this is unlikely
within the first 20 min of cycling at 50% peak aerobic
power, especially given the return to pre-exposure RCV
observed within the temperate state (Fig. 2). Further-
more, Laub ef al (1993) suggested that erythrocyte
numbers may actually increase early during exercise,
because of splenic discharge. If some degree of splenic
emptying is assumed, then the current RCV depleton
must have resulted from cellular dehydration. However,
such decreases are not universally corroborated. For
example, Myhre & Robinson (1969) and Wilkerson
et al. (1977) found no change in RCV during prolonged
exercise, despite significant decreases in PV. While it is
difficult to reconcie these conflicting repotts, it is ev-
ident these changes, even when statistically significant,
are quite small in relation to the PV change (Fig. 2).

In the hot state, the pre-exposure BV was not re-
established, but coptinued to decline. It is suggested
this gradual loss was because of less pronounced
changes in capillary osmotic and interstitial hydrostatic
pressures duting the hot exposure. Senay e ol (1980)
provided evidence for altered capillary osmotic pressure
during cycling in the heat, demonstrating that total
circilating albumin decreased as ¢ result of increased
capillary filwadon. Thus, an elevated capillary tonicity
would have been less apparent during the current hot
trials. At the same time, progressive dehydradon would
facilitate 2 more rapid clearance of fluid entering the
interstitum, minimizing the intersdeial hydrostatc
pressure. Such 2 clearance was manifest within pro-
gressive reducdons of the IFV and ECFV in each en-
vironment (Fig. 3).

‘While the discussion above has focused upon the
dynamics of fluid-volume changes, 2 more general ap-
preciation of the longer-term affects of exercise under
thermal stress is obtained from Fig, 4. For instance, itis

. apparent . that, within. the temperate condition, TBW

changes were almost entirely attributable to losses from
the IFV, with neither the intravascular nor the intra-
cellular fluid spaces expedencing physiologically signi-
ficant changes. Therefore, the acute reducdon in PV,
seen across all condidons, was not apparent in the
temperate tdals within this analysis, and it is assumed
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that the PV restoraton occurred at the expense of the
IFV. Across the cool trals, the extravascular intracel-
fular compartinent was the only volume space to be
augrented, albeit by <1% of the pre-exposure volume,
with both the plasma and interstitial spaces decreasing.

During exercise in the hot condition, all fluid com-
partments declined, with TBW loss primarily associated
with a 532-mL fluid loss from the PV (Fig. 4). Using
this inidal versus final volume comparison, the PV
change represented 63% of the TBW loss, with the
ICW contdbuting 23%. It may be assumed this fluid
passed into the interstitum, helping replace that lost
through sweating, buffering the IFV decrease to be
only 14% of the TBW decline. Consequently, the ex-
traceihlar space accounted for 77% of the total fluid
loss. Prior to exercise, ECFV represented only 40% of
the TBW, while ICW provided the remaining 60%.
Thus, intracellular luid was defended under each of the
three test conditons. While such trends have been
previously reported (Costll &f 2/ 1976, Durkot e 4/
1986, Nose ez /. 1988), it must be emphasized that, as a
result of the somewhat short-duration exercise, the
modest elevation in 7, and the relatdvely small dehy-
dradon effects, the extravascular body-fluid changes
represent relatively small fractions of both the TBW
and the extravascular spaces. Therefore, while Fig. 4
provides a useful surnmary of these changes, some are
close to, or within, the resolution of the measurement
techniques, and require verificaton under more
stressful experimental conditions.

To our knowledge, these trials represent the first
simultaneous measurement of the major body-fluid
compartments duting cycling across cool-hot envi-
ronments. Three principle observatons were made.
First, dusing the initfal 10 min of cycling, BV was de-
creased across the three conditions, primarily because
of PV reduction. Second, in support of previous re-
search, it was found that the intravascular volume ap-
pezred to be defended to some extent in all but the hot
environment, where it was progressively depleted. Such
defence would minimize cardiovascular strain. Third,
body-fiuid losses appeared to be drawn primarily from
the extracellular reserves, regardless of air temperature.
Consequently, it was concluded that, during cycling,
progressive dehydration tnainly affected the extracel-
lular space, with the intravascular and intracellular
spaces being defended in the two less stressful condi-
dons.
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Abstract We investigated body-fluid distribution in
resting humans, durng short-term, whole-body skin
temperature modification, in which core temperature
changes (AT.) were minimal. Seven males participated in
hot (36.2°C (s.d. 0.7}, 44% relative humidity (rh; s.d. 3)),
temperate (22.0°C {s.d. 1.0), 52% rh (s.d. 6)), and cool
trials (14.4°C (s5.d. 1.6), 74% rh (s.d. 9)), while seaied at
rest. Total body water (TBW), extracellular fluid (ECF),
erythrocyte (RCV) and plasma wvolumes (PV) were
measured using a simultaneous radionuclide dilution
technique. 1n the cold. PV contracted by 205 ml {£60)
by the end of exposure (p = 0.04), while in the heat, PV
expanded 108 mlf (£123; p = 0.02). Both RCV and
TBW remained stable, regardless of the environment.
Despite fluid moverment across the vascular wall, ECF,
interstitial and intracellular volumes were relatively un-
affected by skin temperature. It was concluded that, at
rest, and with minimal AT_, the intravascular fluid vol-
ume was dependent on prevailing environmental con-
ditions, and ‘its impact on local skin temperature and
VEenomotor tone.

Key words Blood volume - Body fluids -
Extracellular fiuid - Heat - Plasma volume -
Rest - Total body water

G5 Maw

Department of Biomedical Science, University of Wollongong.
Northfields Avenue, Wollongong. NSW 2522

LL. Mackenzie

Haematology Department,
Iltawarra Regional Hospital,
Wollongong. NSW 2500, Australia

N.AS. Tavior (&)

Department of Biomedical Science,
University of Wollongong,

Nortbfields Avenue,

Wollongeng NSW 2522, Australia

e-mail; nigel_tavlor vow.edu.au

Tel.: 61-2-4221-3881; Fux: 61-2-4221-4096

Introduction

When zair temperature approximates body-core temper-
ature (T.), dry heat exchange is negligible, and body
fiuids facilitate gvaporative cooling. The resultant water
loss and vascular responses, particularly during exercise
at an elevated T, affect body fiuids and their distribu-
tion (Nose etal 1983, Maw etal. 1998). Postural
changss {(Maw et al. 1995) and significant T, reductions
also lezd to plasma volume (PV) adjustments (Vogelaere
et al. 1992). Furthermore, when commencing from
thermeneautral rest, it has been established that gener-
alised skin heating and cooling. which also induce large
parallsl T, changes, result in haemoconcentration
(Harrzon et al. 1983). However, since most research has
focussad upon the PV which occupies only 7-10% of the
total Buid volume, little is known of the extravascular
volumes during resting treatments. Furthermore, we are
unaware how sensitive PV changes are to skin temper-
ature manipulations, without concurrent and compara-
ble T, modifications. Accordingly, we herein report fluid
volumes in hot and cool states, in which T, changes were
minimzi, fractionating total body water into its tissue
compartments.

Methods

Seven pavsically-active males (26.2 yr (5.4, 4.0); height 178.5 cm
{s.d. 6.5 mass 78.0 kg {s.4. 8.6); sum of seven skinfolds 63.6 em
{s.d. 16.3)) were studied under three conditions: hot (36.2°C (s.d.
0.7), 44% relative humidity (th; s5.4. 3)), temperate (22.0°C (5.4,
1.0), 52% rh (s.d. 6)), and cool (14.4°C (s.d. 1.6}, 74% rh (s.4. 9}).
Air movement was <0.5 m - 57}, and black-globe temperature was
within 0.3°C of air temperature. Trials were separated by 28 days,
and presemted in an approximately balanced order between sub-
jects. who provided informed consent to procedures approved by
the University’s Human Research Ethics Committee,

In 2xch tnal, body-fluid compartments were quantified using a
simultaceous radionuchide dilution method (Maw et al. 1996).
Radioicdinated human serum fibrinogen (RISF; '**I human f-
brinoge=. Amershum. Australia), radiochromated autelogous ery-
throeytzs (Na*'Cr Amersham. Australia), radiobromide (Na® Be.
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Australian Radioisotopes, Australiz) and tritiated water (*H:0,
Amersham, Australia} were used to quantify PV, red cell volume
(RCV), extracellular fluid volume (ECF) and total body water
(TBW) respectively.

Subjects arrived in a rested, fasting state. Urine and venous
blood samples-were collected for reference and radiochromate la-
belling. A cannula was inserted (antecubital vein), through which to
administer the radmnuchées and to draw blood samplc:s A con-
trolled breakfast (38 kJ - ke™! body mass, plus 5 mi - kg™ of water)
was consumed, and subjects assumed a seated posture, which was
maintained for 180 min prior to exposure. Two microcuries (uCi)
of RISF, 8 1Ci of sodlum radiochromated erythrocytes, 20 uCi of
Na*Br, ard 500 uCi of *H,0 were injected within 30 s (Maw er al.
1996). The cannula was flushed with 15 ml of saling, and 5 ml of
heparinised saline. Ten-milkilitre blood samples were collected after
30, 60 and 180 min (urine at 180 min), to determine pre-exposure
fluid volumes (Maw et al. 1996). The final 30-min period of this
180 min, was spent within a temperate (control} environment.
Wearing a swimsuit and shoes, subjects were then moved from the
control to the treatment environment, using a wheelchair to
maintain posture. From min 180-210, subjecty remained seated
(string-backed chair) in one of the treatment conditions. Durirg
these exposures, 10-ml blood samples were collected at 15 and
30 min, with a urine sample collected after exposure.

Compartmental fluid volurnes were dcr.ermmed using equations
described by Chicn and Gregersen (1962). Plasma *H was analysed
using liquid scintillation (1219 Rackbeta, {,KB Wallac, Fm]and)
while plasma B28r and '], and erythrocyte 5*Br and 'Cr were
determined using y—scmnllanon {Auto-L.OGIC, Abbott Laborate-
ries), with samples counted in tnphcatc Total body water was
calculated by comparing. Lhe_plasma !-Lconcentrauon with the 'H
dose, corrected for plasma protein and I, and for *H urinary,
sweat and respiratory losses. Extraceliular fluid volume was de-
termined from plasma Br concentration. corrected for protein.
erythrocyte, urinary and sweat losses, and for the Gibbs-Donnan
electrolyte ratio (1.02). The mid-time of the fibrinogen 1 In jection
" taken as the commencement of assessment {t,), and the ' con-
centrations obtained 13, 30 and 60 min after infusion were used 1o
derive an elution curve, from which to determine: (a) the theoreuc!
1351 plasma concentration at tg; and (b) the PV that would exist had
the experimental mampulancn not occurred (Harrison and Ed-
wards, 1376). Al ™I concentrations were corrected for the gradual
loss of 1. Experimental PV was derived by comparing the plasma
1] concentration with that predicted for the corresponding time.
Finally, RCV was calculated from erythrocyte ICr concentrarion.
corrected for °'Cr urinary loss. Sce Maw et al. (1996) for proce-
dural details. Intracellular water volume (ICW) was taken as the
difference between TBW and extracellular water volume, with the
latter calculated from ECF adjusted for all plasma sclutes. Inter-
stitial fluid volume (ISF) was the difference between ECF and PV,
and blood volume (BV) the sum of PV and RCV. Body-fuid vol-
umes were normalised to their initial values, to nepate physiological
variations over the 56-d experimental period.

PV =5 =54 #Sv/Tw

where: $; = '* concentration of the ' standard:
Sq = dilution of the '%°I standard:
Sv = volume of the RISF injection; an

Pio = theoretical ' concentration in plasma at tg.

Body-core temperature {zero-gradient auditory canal thermis-
tor (Ta)), skin temperaiures, and cardiac frequency (f) were re-
corded at 5= intervals. Zero-gradient thermometry minimises the
auditory canal thermal gradient and air temperature artefact, per-
mitting tympanic and oesophageal temperature tracking. Skin
temnperatures were recorded from eight sites (1206 Series Squimel,
Grant Instruments Ltd., U.K.), using surface thermistors (EU
thermistors, Edale Instrumems, U.K.), with mean skin temperaiure
(Ts) calculated wsing an area-weighted mean. Thermistors were
calibrated against a certified mercury-in-glass thermometer. Mzan
body temperatitre {Tu) was derived as: 0.8 # Ty +02= Tak {tem-
perate}): 0.63 = Too +0.35Ty (cool); and 0.9+ Ty + 0.1 Ty (hoth

Cardiac frequency was recorded from ventricular depolarisation
(PE3000, Polar Electro SportTester, Finland). Body mass was
measured before and after each exposure {(Fw-150 k, A&D, Ger-
many), and corrected for metabolic, urinary and respiratory losses,
sweat absorption into clothing, and blood sampling.

Data were analysed using one-way analysis of varance, and are

presented as means with standard errors of the means, unless stated
otherwisz,

Results

In the temperate environment, T,. averaged 37.22°C
(£0.3). with Ty being 31.4°C (iO 7), and £, 61 b min™'
(#:10). While Ty followed air temperature, reaching
35.8°C (£0.1) and 28.1°C (£0.4) at the end of the hot
and cool trials respectively (p = 0.001), T,. changed
paradoexically. During the first 20 min, T, feli 0.4°C in
the heat. but increased 0.6°C in the cool, with respective
average T,es of 36.84°C (£0.{1) and 37.80°C (£0.16;
p = 0.001). Terminal Ty, was: 35.56°C (£0.07: temper-
ate}, 36.68°C (£0.09: hot) and 34.43°C (£0.23; cool,
p= 001) Cardiac frequency increased in both the hot
(7b-min”") and cool trals (4 b - min™": p = 0.001).
Thus, this protocol induced a significant, albeit mild.
thermal strain in restidg subjects, but it did so with
minimai T, change, and without driving T, in the di-
rection of the thermal stimulus.

Total body water remained constant across exposures
{p = 0.810), with fiuid losses of 32 (£ 12: hot), 16 (+6:
temperate) and 5% ml (£17: cool; p = 0.133). The
maximum urinary and evaporative fluid loss (118 mi)
accounted for less than 0.3% of TBW, and was within
the error of TBW measurement, Interstitial, extra- and
intraceflular fluid volumes were similarly relatively un-
affected by air and skin temperature changes
{p = 0.641, 0.417 and 0.589; Fig. 1).

During the initial 15 min in the cool, BV decreased by
166 ml (=63: cool; p = 0.051; Fig. 1), and continued so
over the next 15 min (~302 ml (£ 76); p = 0.055). This
was primarily attributable to PV adjustments, con-
tracting by 144 mi (£53) during the first 15 min, and
progressing to —205 ml (£60) by the end of the cool
exposure {p = 0.040). In the heat, BV increased by
142 ml at 15 min, with PV expansions of 165 ml (£ 108;
15 min) and 108 ml (%123; 30 min; p = 0.020; Fig. 1).
However, RCV remained relatively constant, regardless
of air and skin temperatures (p = 0.447).

Discussion

‘The current data demonstrate that, when seated at rest
with minimal T,. change, intravascular volume may be
modified by air temperature, and its affect upon skin
temperature. [t has been established that both profound
skin heating and cooling, associated with large parallel
T. changes, produce haemoconcentration (Harrison
et al. 1933). Nevertheless, BV shifts accompanying these
skin treztments have not been established in the presence
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Fig. 1 Interstitial fluid (ISF), extracellular fluid (ECF), intracellu-
lar water (ICW), erythrocyte (RCV), plasma (PV) and bloed (BV)
volumes in cool. temperate and hot trials

of small, paradoxical T, changes. Furthermore, in con-
trast to previous observations, the current data show
that haemodilution, and not haemoconcentration. ac-
companies such heating. Using warm-water immersion
(33°C), we have recently observed a similar haemodilu-
tion relative to the pre-immersed state, with T, remain-
ing fixed (Regan et al. 1997).

With these short-term skin treatments, cutaneous
venomotor tone is the primary determinant of blood
volume (Harrison 1985). Thus, in the skin cooling state,
venoconstriction would increase capillary hydrostatic
pressure, producing a nett filtration of plasma into the
interstitium. The stability of RCV probably reflected a
constant plasma tonicity, which Vogelaere et al. (1992)
had shown to remain stable during prolonged cold
stress, despite a significant PV reduction. The destina-
tion of this plasma is difficult to determine, as ISF, ECF
and ICW remained relatively unchanged. Cold-induced
diuresis was not apparent, and TBW was unaltered, so it
is assumed this volume remained within the body.
However, since a BV reduction of 302 mi equates with
<2% of ISF and ECF, and <1% of ICW, such a
change was within the volume measurement error (Maw
et al. 1996). Given that non-significant increases in ICW
occurred at both sampling points, while the ECF de-
creased, it may perhaps be inferred that the plasma fil-
trate moved through the interstitium to the
extravascular cellular compartment, in response to al-
tered venomotor tone.
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During skin heating, fluid was again exchanged be-
tween the infravascular and extravascular spaces, al-
though this time originating from both the intracellular
and interstitial spaces, and probably in response to ve-
nodilation. Rapid venodilation would reduce capillary
hydrostatic pressure, and induce an influx of interstitial
fluid. However, such a shift was not reflected in ISF,
ECF or ICW changes. It is unlikely that whole-body
hydration "was affected, due to the relatively short ex-
posure. Indeed, evaporative water losses did not differ
from those observed in the two cooler environments. It
is therefore suggested that the present heat stress caunsed
an iso-osmotic fluid shift into the blood, which ex-
panded the PV, but did not affect either plasma tonicity
or RCV. )

It is concluded that short-term thermal exposures (30
min), in seated resting humans, can induce intravascular
fluid shifis, even when T, changes are £0.6°C. That is,
plasma fluxes show considerable sensitivity to skin
temperature manipulation. Since T,. remained lower
(heat) and higher (cool) than the control T,, it may be
further concluded that such fluid shifts were primarily
mediated by the affect of air temperature upon the skin,
and its local affect on venomotor tone, rather than
through hypothalamic control of cutaneous blood flow.
In fact, the paradoxical changes in T,. themselves may
also be attributed to such cutaneous blood flow changes.
While these fluid movements undoubtably involved both
the intra- and extravascular compartments. they were
sufficiently smali so that they only appeared as signifi-
cant changes within the smaller vascular space.
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INTRODUCTION

Many researchers have studied about the artificial heat acclimatization on Caucasian subjects in
temperature climatic zones (1,2,3). But less study was conducted in natural acclimatization especially in
non-Caucasian populations. The largest number of investigation of comparative nature have involved
Negroids of African and Caucasions of European ancestery (4). Strydom and Wyndham (5} have done a
study on Australian Aborigines and Sahara Arabs, while Ohara K et al. (6) studied on native Japanese and
Caucasian, Duncan and Horvath (7) studied on tropical Asian races such as Malay, Indian, and Chinese.
Although Thai and Japanese people are the same Asians, but Thailand is in the tropical zone whose
temperature in the whole year is about 28-38°C and a relative humidity of 73-82.7%. Whereas Japan has
four seascns with a whole year temperature is about 13.8°C and the relative humidity 71.9 % However,
in southem part of Japan such as Fukuoka city has the temperature about 6.4 -27.6°C and the relative
humidity is 64 -76%. Less study about the thermoregulatory responses in ethnics differences in Asian
populations. The purpose of this study was to investigate the thermoregunlatory responses between Thai

and Japanese people during heat exposure.

MATERIALS AND METHODS

Subjects

Eight young male Thai (TS) and eight young male Japanese (JS) students volunteered to participate in
this experiment. All subjects were totally informed with regard to experimental risk and gave their written
informed consent. They are allowed to do their daily activities freely. No food or water was ingested from
at least 2 h before arrival at the laboratory until the end of the experiment. The physical characteristics of
the subjects were shown in the Table 1.

Table 1. Physical characteristics of Thai and Japanese students.

Parameters Thai students Japanese students
Age (yn) 19.88+40.64 22.13+2.34
Height (cm) 172.25+4 40 165771+5.72
Body weight (Kg) 58.4+4.57 60.19+9.99

BSA (m®) 1.69+0.07 1.90+0.52

BSA /weight(cm?/kg)  1289.37+13.82 31444232

% Body fat 14.2443.44 16.59+6.42

The data are mean+sd
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Procedures

The experiments were set for the Thai students at a thermoregulation Jaboratory in Suranaree University
of Technology, Nakhon Ratchasima, Thailand, while for the Japanese students at the thermoregulation
laboratory at Kyushu Instimte of Ergonomic Design, Fukuoka, Japan. We tried to set all of the parameters
in the same condition in both two places. On the experimental day, the subjects wore the short pants
without shirt and emtered the climatic room having an ambient temperature of 30°C and the relative
humidity of 70%. Then they rested by sitting on a chair for 10 minutes, and immersed their legs ina42 °
C water-bath (the level of the water is up to knee) for 60 minutes, During the experiment, the rectal
temperature (Tre) was monitored continuously by the thermistor probe, which was inserted 12 cm. above
the anal sphincter. The skin temperature was measured with thermistors attached at seven sites (forehead,
forearm, hand, trunk, thigh, leg, and foot) with surgical tape throughout the experiment. The mean skin
temperature (Tsk) was calculated by using Hardy and DuBois’s equation (8). The local sweat rate was
collected at the forearm and the back sites by usixig an attached the sweat capsule, while the sweat was
obtained by using a piece of filter paper having an area of 12.4 cm” at 20, 40 and 60 min, respectively.
The heat-activated sweat gland was measured by iodine technique (9} at 20, 40, and 60 rin, respectively.
The tympanic temperature was also measured every 20 minutes. Thermal sensation and thermal comfort
were measured every 20 minutes during heat exposure (10). The total sweat loss was calculated before
and after the experiments from the amount of the sweat clothes (short pants) and body weight loss.
Respiratory water loss was not considered. Water losses were not replaced until all procedures were
completed. The skinfold thickness was measured using a caliper at the sites of triceps and subscapular.
Body density was calculated from the skinfold thickness based on Nagamine and Suzuki (11), while
Brozek’s method(12) was used for calculating the percentage of body fat.

Statistics

All data are reported as mean+ sd. One way analysis of variance was performed to assess one between-
subject factor for the thermoregulation variables over the time course of the 60 min heat test. The

differences were considered statistically significant when p<0.05

RESULTS AND DISCUSSIONS
The physical characteristics of Thai and Japanese students were not significantly different as shows in
Table 1. The delta rectal temperature of the TS group was significant higher than that of the JS group at

the end of heat exposure. The mean skin temperature of the TS group was significant higher (p<0.01) than
that of the IS group throughout the experiment as shown in Fig. 1.

08 Rectal Temperature Mean Skin Temperature
37.5
0.7 1 "’..u 37
J [-=Thai Y
o 0.5 355 vt i
%041 g a5 [/
4 3451
T 0.3 34 ~+— Japanese,
0.2 1 338 a1
oa] "
325 1
o 3z — . . — -
1 11 21 a1 a1 51 61 1 15 21 31 41 51 61
Time (rviny)

Figure 1. The delta rectal temperature and the mean skin temperature of Thaj and Japanese students groups.
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Table 2. The local sweat rate, the heat-activated sweat gland (HASG), and the sweat gland cutput (SGO)
between the Thai students group (TS group) and the Japanese students group (JS group). The data are

mean-+sd.

Parameters TS Group JS Group
20min 40min 60min 20min 40min Glmin

Local sweat rate (mg.12.4cm'2.20min")

Forearm site ~ 89.6+71.3 188.3+37.6 194.0+459 67.5462.4 150.5473.1 126.5469.9%
Back site 12524514 19434357 21204368 9834756 157.5466.6 165.4481.3
HASG ( glands.cm™)

Forearmsite  43.9+12.3 473479  51.0+13.9 128.6+50.8%% 143.0+45.0%%% 319444 7#%

Back site 40.1+14.0 4254118 3754119  87.5431.8%*  86.6325.6 ¥F* §].3427.3%kk
SGO ( pg.-HASG .min™ )

Forearmsite  8.6:+74 164443  16.045.1 3.5+4.9 A8432¥+F  A443.0%%
Back site 14.0:65 197465 248490 55442 %% 8.144.6 ¥*¥*  9346.0%%*

Significant differences between groups *p<0.03, **p<0.01, ***p<0.001

The total body weight loss of the TS group was increased (425.00483.71 g) significantly (p<0.05) than
that of the JS group ( 308.63+82.19 g). The local sweat rate of the TS group at the forearm site was also
significantly higher than that of the JS group only at 60 min during heat exposure. Whereas this of the TS
group at back site was not significantly different, but has a tendency of increasing more than that of the JS
group, The heat-activated sweat gland of the TS group both forearm and back sites were significantly
lower (p<0.01,p<0.001) than those of the IS group at 20,40, 60 min, respectively. The sweat gland output
(SGO) of T'S group at forearm and back site were significantly higher (p<0.001) than that of the JS group

as shown in Table 2.

Matsumoto and Sugenoya, 1998 (13) found that the local sweat rate and the SGO at the forearm of the
Thai subjects were lower than those of the Japanese subjects during immersion of their legs in a 43 °C
water-bath with the ambient temperature was 26.0°C. These data were in contrast with our present
experiment because first, the environmental condition and the time to exposure the heat stress were not
the same. Our study was set at higher ambient temperature and the longer duration of experiment than
that of the Matsumoto’s experiment. Second, from the observation during the experiment, it seem that the
sweat gland output of the Japanese students has a smaller size than that of the Thai students as we found
that the SGO of Japanese group was significantly lower than that of Thai group. This was supporied by
the studies reported by Landing et al., 1968 (14), Sato and Sato, 1983 {15), and Falk et al,1992 (16).

In conclusions, the totat body sweat loss in TS group was increased significantly than that of the JS
group. Whereas the SGO of IS group has a smaller size than that of TS group. The mean skin temperature
of TS group was higher than that of IS group. Eventhough Thai and Japanese are the same Asians, but the
geographic of these countries are different. These may induces the thermoregulatory responses between

these countries are different.
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