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TPnlpt>raturP plays a n import<mt ro le in the functioning of biologica l (sub )systellls. 

Ilc re, effo rts that have be(' n madP to calcula te temperature d istrib ut ions in hu­
mans will be reviewed. F irs t , at tPntion will be on t he snmll scale. Dirfcrcnt ways 

of modelling the crucial iufluence of blood fl ow will be dPscribPd. T he collecti ve 
effect is reasonably successfull y d(•scribed by a heatsink. Predict ing det a iled inho­

mogeneous temperature distrib utions requiH'S accounting for effects of incli \' iclua l 

vessels. Second , <1spccls involved in calculating an overall temperature dis trib u­
t ion in different environmental condit ions will be explained. !\ lain mecha nis ms 

with which LhP body ma inta ins its core temperat ure arc vasoaction, swcatiug a nd 
shi vcriug. 

f< py words: T i8Stte heat lnmsjcT, bio heat equation . d·iscre tc vessel thcn nal model, 

thc11noreg11lai'ion . 

1. Introduction 

Temperature infittc•nces the fun ctioning of biological (sub)syst ems . Iam­

ntals arc lwmeothennic: normally core t0mperature varies only within narrow 

bounds. For humans. normal core temperature is about 37°C . Even small 

differences in t his t empera ture may have s igni fi e ant consequences for the 

bcli ;.wiour of individual cells and the body as a whole. The ·e t empera ture 

dependencies of biological processC's can be used to cl inical effect . There a rc 

S('\·eral si t ua tions i11 which clinicians want to change the temperature of the 

whole body or part of th e bocl)'· One example is the illCluction of higher 

tempera tures (4 3°C) in a tumour as an adjuvant therapy against cancer 

(hyperthermia thNa py) : another example i:; t he cooling of patients during 

surgery to protect sensit ive tissnes. Taking action miglit also be necessary to 
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maintain restore nornwl !ctuperat un'. e.g. w hen cm·iroHmetttal conditions 

Hre harsh . io pr<' \·cnt morbidity or pNformancc degradation. Ex<unplcs arc 

h~·pothermic low birth-\n'ight babies. and athletes competing in high tempcr­

atures. I t also works the other way: the funct ion ing of biological s~·stems in­

fi!H' ll<'l's t he ir lcntpC'ralun' . Hence. tneasurcmcnt of temperature eau be used 

in clinical cliaguosis (e.g. F ig. I ). Core tcn!Jwrat ure is rout iucly tneasured lo 

tno ttitor progrcss of d iscasc a nd rc'covct)' ~ local tem pcratme elevat ions can 

indicate infcctions or tumours. 

Ft<:t HI· J. r\ common clinical diag nostic d<' \' icP: thP si111ple oral or n •ctal tlwr­

IIIOtti<'t{'r. 

fn o rciN to control thc tc'l11 JWrattm' or just to monitor it. au unders t and ­

ing is necessary of the heat transfer processes withiu th e hunmn hod.v and 

hC'lwc•c•n the• ltuman body a nd l ite' c'nvironment. T h is undcrstanding is ne­

cessary to predict the outcome of t hcrlllal i ntcrwnt ions (e.g. predict powN 

dens it_\' of hc'at ing system necc'ssary for a dosir<'d rise in tumour tempera! ure 

in local hyperthermia) . and or to proYidc information 011 ten!Jwrat urC' where 

it would otherwise lw limited due' to limitations 011 (invasive') thC'rmomC'try. 

This lC'xt ,,·ill look at thC' pr<H'C'ssc's taking plac·c• <md at different type's 

of tnoc le Is that havo been de\'C'lopcd to dc' scri he t hcsc. It \\'i 11 both look al 

t he ph_\'sics of heat transfer (the passi w s)·st Clll ) . and at t he t ltcrmorc'gu­

latory proccssc•s that take• plan' to 11minl<ti n a stc'ndy core tetnperaturc. It 

will hcc·onH' clear that the com·ccti\'(' heat transfer by the blood plays a very 

i111portant role i tt tlw dC'\'C'IopttH' tt t of tc!llpcralurcs both on t lw scale of t he 

wholc-bod)· and on a local scale. 

2. H eat Tra n sfer within the T issue; Continuum M od els 

2 .1. T issu e E qua tio ns; H eat S ink a n d E ffective C o nduc ti v ity 

I kat t ransfcr within the body takes place by means of couducl ion and 

com·ect ion. Conduction is the traw-Jcr of heat from hot to cold Yia t ransfer o f 

ki net ic t' l! C'rg_v of consl ittt l ittg pa r t id es. \\' it ltoul net d isplacement of the par­

t iclc'S t hctl!SCl \'CS. r ll a n isot ropic Jned i ll lll t he COllcillcLi VC' heat flow densi L.v </J k 
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[\\'m- 2
] is governed by Fomier·s law: 9k = -k"VT with k [Wm 1 I< - 1

] the 

t hl'rmal conductivity of the 111edi um. General ion of heat in a tissue volume 

ele111ent nJust lead to net outflow of heat from the clenwnl. or to heating of 

the t issue: 
8T 

1\J =-V·ktis V T + PtisCtis ~ · · · vt 

with 1\1 the volumetric rat<' o f heal generation (metabolic rate and possibly 

absorbed power) [\\'m-:1
]. Ptis the tissue density [kg m - 3] . and r'tis th e tis­

sue specific heat [Jkg- 1 1\: 1]. Should the conductivity be uniform. and the 

proble11t stationary. this <.'quat ion reduces to the Laplace equation. which for 

sotuc silllple ea ·cs can be analyticall.v solved . \Yithin the humau body. pure 

conduction problems arc \'Cry rare because most of the body ic pcrfusccl by 

blood. 

Heat may a lso be transferred clue to flow of a medium: convection. Con­

vective heat transfer is governed by a set of equa tions describing conservation 

of mass, mon1entum, and e11Ngy. IIere, silllultaneously solving them for t he 

detailed blood vessel network will not be attempted. The importance of Lhe 

couvective heat transfer by tlw blood for body temperatures may be deduced 

from the fact that the human heart typically pumps 5 !iter blood per 111inule 

through the body. If this is multiplied by the density and by the specific heat 

it is seen that the cardiac output is equivalent to about 300 \\'K- 1
. This 

means that if the blood changes Oil average just 0.25 Kin temperat ure' on its 

joume~· through the body it redistributes almost the same a mou nt of heat 

a~ is produced by an average human in rest. 

Thne a rc roughly lOO thousand ki lometer of blood vessels within t h<' 

bod.Y along which the blood-tisstH' heat transfer takes place. So . in an average 

(10 cm):1 cube of ti.·sue there is more than a thousand kilomctNs of blood 

vessels present. That is a lo t of smface a rea for the blood to exchange heal 

with the tissue. It should be ob\·ious that it will be difficult to compute 

a dd ai led t elll per at urc distribution iu even a Yery small part of t lw body 

accounting for all the blood \'('SSC'Is individually. Fortunately. the thermal 

cfl'ect of the blood wssels can be d0scri bed collectively with ~on1e success. 

ln 191 Harry H. Penile's Ill clevi:-,c'cl \\'hat has become known as the bio 

heat equation, or alternatively the hcatsiuk equation . in which the effect of 

all \'t'sscls is lumped together. 

(2. J) 
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Ft<:l 1\E :2. T\\'O dimensional rrprc•spntation of' thP heat transfPtTc'd into and o u l 

of a tissw· t>il'nrt>nt for thC' Pc•nra•s hntlsink rnodc•l and till' li111ilC'd k,.,r lltod<'l. 

This contimuun equation has on<' extra tcnn ,,·it h r<:>s]WC't to tlw conduction 

<'quation.ln this tcnn. eh is thespe('ific heat of blood. 1\ 'h the blood ]Wrfu~ion 

in tlw tissue [kgm-:~s- 1 ]. and Tart till' temperatme of the arterial blood 

entering the volulm' . Th<' bio heat <'quat ion describes blood to tissue llC'at 

t ransf<•r as if it all takes place in the capillaries: blood reaches t h<· capillaries 

with the temperature still that of the major s upply artery. In the capillaries 

th('l'tna l equ ilibration to the tissn<' tcmperatme takes place. leading to the 

·heatsink' tenn in Eq. (2.1). Std>s<'<pl<'ntl.\'. in th<' w nons n•tmn sysl<'lll again 

all h<•at t ransf<'r with tl1<' tissne is asstmwd negligible. The bio heat <'quat ion 

has established itself as the most used <"ont innum dC'script ion oft issue heat 

transfl'r. The results can lw qnite nc<"nrate. especiallY in tissu<'s that ar<' 

highly JH'rfused st\C'h as the brain. Tit<' ('am;<' fort Ill' better a<·<·nrac_,. at higher 

per fus ion is that in high!~· pcrfusc•cl tissue a relat ivel\· large fil'()f!Orl ion of 

the heat transf<'r does take pitH'<' in tiH' s mallest wssds. To put it slight!)· 

difrerl'nt ly. increasing blood flow in t lw branching vessel net wmk will kad 

to la t er the rmal equilibration of blood with tissue . fmther into the network. 

closer to t it<• ea pi llarit's. 

As an example of the use' of tiH' Pc•nn<'s t>qnation. tiH' tcnqwrat 11n' dif­

ferenc<' b<'l \\'<'<'11 t he• blood going to t lw brain and tlw rctmning blood will 

IH' <'stimated. In the central brain. c·om·c·ctiw heat transfl'r hy tl1<' blood is 

so dolllilt<lltt that conduC"tion can IH' tH'g i<•C'lcd. From Eq. (:2.1 ). this means 

that in the stationar)· -.it uation the llH' taholic !teat produc·t ion ratt' lllltsl 

equal eh ll"h ( T - Tan). C sing ('h :3.G k.JK 1 kg 1 . I I ·h 9 kg 111 :ls 1 and 

a tll<'lHIJoli<" !teat production in the brain of 10 k\\ "m -:l this utcans that the 

tempera( me oft lw bra in (and oft it<' rct lll'lling blood) is l'OII!!,hl_y 0. :{ ('higher 

than t IH' tC'm pera t ure of the incoming blood. 
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As i1nplicd before. heal lransfN between tissue and blood does take place 

before and after t he capillaries. In fact. for the arterial blood it was demon­

strated that by the l imc blood flows iuto Yessels 60 fllll in diameter and 

s niHlkr the equilibrat ion process is comple- te. On the one hand. this means 

that the drect of blood i::-, not onl.'· dC'pendcnl 0 11 the volume! ric pcrfusion 

distribution ll't.(r). hut a lso on the positions of the large vessels of tlw vas­

c ulat I m'. On the other hand, this leads to two possible adclitioual terms in 

l he continuum heat t ranskr equation. One is m.;socialC'd with the net ma>;s 

flow of blood and \Hls first propos(•d b\· \\'ulfr [2] as a replacement for the 

hcatsink term. 

Iu this C'quat ion the convection tenn, in which U is the local mean apparent 

blood Yelocily [m s 1]. Hccounts completely for the effect of blood flow. In 

reality. significant unidirectional flow on meaningful length scales is rare in 

the body. The other possibk addiliomll term to the heat transfer eq11atiou 

is Hn increasC'd tissue thermal cond ucl ivil.v. It was first introclucC'd 1)\' Cheu 

and TTolmcs in 19 0. [:~]. They proposed to model hC'al t ransfcr from large 

wssC'ls individually, to use the last individuall.v calculated blood temperature 

~~rl for the remaining heat sink tem1 Hml to acid two conwctive terms to tlw 

hcalsink fornndation: 

The new perfusion based tNm. containing kw stat('s that part of the C'frect of 

blood flow is qualitat iwly the sanw as an increase in llwnnal conducti,·ity. 

The tNm aris<'s from tbC' net thcnnal effect of flow in vessels where t lH' macro­

scopic net flow is zero bee ails(' t ]J(' flow in one \'CssC'l is matched by the same 

flow in the opposite din·<·tion in (an)ot IH•r \Tssel (s). After it wa.-. obsC'n'('d 

that blood vessels oftC'n occur in countercurrent pairs. it wa;.; even suggested 

that just an incr<'ased cffectiYity. without heatsink. could describe the dl'cct 

or blood fiO\\' in some tissues. Incomplete countercurrent heat C'xchange does 

iiHI<-ed qualitHtiYC'l.\' lwhm·c a1-.> an extra conduction term. After anatomical 

and t heorct ind studies of peripheral musclC' tissue \\'ei nbaunt and .Jiji, [1[. 
formulated a bio heal equation in which the t IH'rmal effect of blood was 

(ksnih(•cl solely by an dkct iw· conductivity tensor kl·ff· The d<' pendcnce of 

k,.rr on the , ·a:-.c1dat IIH' was derivC'd for homog('IH'ous tissue containing w•sscls 
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wit h radius 7'vrs as 

Here Dij is the Kronecker delt a function, i a nd j arc the direct ions of the heat 

flux and tempera ture gradient, a is a sha pe faclor (describing \·essel-tissuc 

heal trausfer). n is the vessel pair density [m- 2 ] , and /i . lj a rc direct ion 

cosines. Pc is the Peclct number equal 2 pbCb l'vcstlb / k b, in which Ub is the 

blood Yelocity [ms-1
]. This rela tion for kf'fr does not quite show t he com­

plexities involved , and a n alternative equa tion will be derived bdow. 

2.2. Vessel Pairs and Effective Conductivity 

It is wor th taking a look at how a pair of countercurrent vessds con­

tributes to t he net heat flow. Consider a cross section of a tissue block with 

a vessel pair with equa l but opposite fl O\\'S , and a temperature grad ient in t he 

direction of the axis of the tissue cylinder. T he cont ribution of t he counter­

current ve::;se l pa ir to heat transfer in the vessels ' direction will both be pro­

port ional to l he volume flow in l he vessels. and to t he tcm peraturc difl'erence 

between the blood in the wssels. The difficulty lies with the second factor. 

The blood tem pera tu re difference clepeucls on wha l has gone on before, not 

j us( on the local t issue temperat ure gradient. lf t he lcng,t h se: a ll' of t he gra­

dient is sufficient ly la rge. the temperature difference between t he t \\'O vessels 

will be proportional to t lw gradient . Heat tra nsfer proportiona l to gradient 
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FJc;nu; 3. Two countercurr<'nt , ·pssp)s wit h sanw inflow temperature in a block 

wi th heating in central plan('. wit h the four wa lb coplanar to t ht' V!'ssrl:-. thermally 

insula ted . and the two fac<'S a t constant Lem pcrat ttrc'. 
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m<'ans that in this case indeed the wsscls contribute a term ('(jUi\·alent to 

Fourier·s law for conduct ion. Fort lw smallest Yesscls. that equilibrate quickly 

wit lt t h<' tissue. a short length scale of the gradient will s uffice. This 1neans 

that an ctl"<'ctive conductiYit.v dcsniption is often accurate for small vessels. 

Jiowe\'er. because of the small !low and thC' small temperature difference be­

tw<'C'll t IIC' vessels (beca11sP of san1P rapid C'quilibraLion) the contribution of 

the s in a l lest vessels to the conductivity is small. For larger vessels a larger 

effective' conductivity is possible. hut the required large length scale for the 

gradient might not always be present. making the behaviour of the vessels 

qualitat iw~ly diffe rent. and possihl.'" lllttdl morC' heatsink like. 

A simple theoretical analysis of a countercurrent pair in tissue gives 

a quantitative but not complctcl.v rigorous description of this behaviour. 

A t lm'<'-equation formulation reduce's the complex 3-D tempera! me distri­

bution to three axial profiks. 1:)1. One Hxial profile. T(z). describes the tissue 

temperature as averaged O\'t'r the tissue cross section. The other two profi les. 

Tart (z) and Tv<'in(z) . describe the V('SSPlmix ing-cup telllperaturcs (e.g. I6J) of 

t h<' <·otllll<'l"CtllTCIIt vessels 

~nix cup 

1\·t·~ 

J T\)(r)ub(r)27rr clr 
() 

l'v(•!-. 

J llh(r)27rr clr 
(I 

The three governing differential equations can be written as 

Tart + Tvcin] DT +M= PtisCtis n 2 . . (;/ 

+ 
kti~a':!: [r _ Tart + Tw·in] 2 / ) 

2 2 + 1rr,.<., 

kti~a':!: [r _ Tart +Twin] _ ,2 P 
- ---2-- 2 7r 1 \"('~ 

The milt 11<tl heat exchall?,cs a r<' calculated using the couduction coupling 

constants. or shape c:ocfhcient s. a:::,. a nd a~. The constant a:::,. del N lll incs 
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the heat t rausfer be l ween l he vessc>ls. IT~ clC'tcrmines t he net heat transfer 

between vessel pair and tissue. T he values of these coupling constants can 

be calcula ted on th e> bas is of 2-D stationary temperature distributions. They 

only de> pen cl on the geometry ( vessd size all(] spacing. l issue> cross sec t ion), 

not on the ftow in the vesse ls . JI I (z) is t he sum of metabolic heat and vol­

umetric power absorpt ion (e.g. from microwaves), P (z) is absorbed power 

only as the mc>tabo lic rate iu th e blood is zero. 

vVhcn a sinusoida l profile with arbitrary period L]L fo r t he average tissue 

temperature is cousiclerecl. it is ea.sy to show t ha t the solut ion for t he sum 

of 'T,1 ,.1 + T vr·in is also a sinusoidal and in phase with T ( z) . The d ifference 

Tart - T"cin is a lso sinusoidal bu t is ou t of phase by 1r /2. so in phase wit h the 

tissue temperature gradient. From these solutious a rclal iou for the cfl'ccLi vc 

conductivity can be worked out: 

(2.2) 

Here Pc* is a modified Pc>clct number. and L;,c is a dimensionless panu ueter 

describing the length of couutercmrent thermal equilibration with r<>spec t to 

the lengt h of the siuc period. It cnn be seen that kcrr goes asymptotically to 

a maxiniUlll v-;hen L iunea .. 'ies. VVhen L goes to zero, the contribution of the 

v<•sscls to t lw conductivity goes to zero. This is beca use for w rv sinal! L the 

amplitude of the sinuso idal vessel tempcralmes will go to zero. resulting in 

a more hcntsink-likc ef-fect of the vessels. One furth er thing to note nhout Lhe 

relation 2 .2 is that for sma ll L~(· the ext ra condt tct ivi ly is quadratic in the 

blood volu111e flow. In snmmary. large vessels can potentially contribute a lo t 

to the d f'ec tive condncl ivily. but t h is requires a g radient with a long length 

scale to buildup the temperature difference. This is cllso illust rated in F ig. cl 

where it is showu ho,,· l wo coumNcurrcnt vessels increase their share of the 

heat transport where the distance from the discontinuity increases. Tissue 

te111 p er at ure gradients wit li small k ngt h scales. for insl a nee in the ca:-;e of 

interstitial heating \vith needles, will necessarily experience a re la tively low 

effective conductivity. 

The a bove analysis sugges ts that continuum moclcls have uon-tri,·ial in­

herent limit a t ions. Even homogeneously va:-;cularisccl tissue may have spa­

ti ally varying optimum continuum parameter ·. based on different dist a nces 
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FI<: L"ItE ..J . Profiks for lwo counl PITUITelll vessel tem peratures and averap,t' tiss ll<' 

temperature in t issue block w ith lwa t inp, in cpnl ral plan<' . sec F ig. 3. The \·ary­

iug <"<Hilrihu l ion of t he vcsseb to t he heal transport can be appraisf'd from thc 

variation in t issue lcm peratun• gradient. 
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with rcspcct to the bo unda ry conditions . 1\Iay bc as a resu lt o f this COlllplex 

behaviour. there ha. been considerahl<' debate in the past over the appli­

ca bi li ty of the d ifferent parad igms (hea tsink. effective conduc tivity) . T hese 

differences were d ifficult to resolve. because o f inherent difficul t ies in experi­

me nt <1 1 meas urements. [7. J. but a lso because different expcri llle n l a l set-ups 

may lead lo dif-fe rent domina nt IH'hm· iour. ow. however. there seems to be 

a somewha t better understanding oft he limit a tions o f each o f the pa radigm s . 

This is pa rtly tha nks to the development and experiences with ntllnPrical nlo­

de ls t ha t clcscribc thc influe nce o f indi vidua l blood \·essels. 

Even now increasing ly powerful computers. sophisticat<'d models. a nd 

i magi ng techniques. have made it possible to account for the t hcrma l d f"ec t s 

of ind iv id ua l wssels, t here is s ti ll a n import a nt ro le for C"o nlinuulll lllodels. 

C'rcat ing a del a i led vascu la l urc for a n incliv id na l pa tie nt req 11 in's a n eno r­

ll lo us cfi'or t. For some applications the conlinuu iu models \\·ill be good enough 

no t to n1ake th is pffo rt. Even when discrete vessel modelling is a pplied . this 

will often not be possible for a ll o f l he l hcrmall~· sign ificant vessels. in \\'h ich 

cas<' th(• discrete wssel mode l i~ used in combina tio n with a <·onlinuui ll de­

script ion . 

3. Discr e te Vessel Therma l Model 

lt is o bvio us tha t one oft he inhe rent disadva nt ages of a ll conlinuun1 lllO­

dcls is th a t they clon· t acco unt for ll' mpe ra t urc inhomogeneit ies ~ tllTOllll(lill l-', 
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the large vessels, si m ply because these arc noL moclcllccl . One field w hcJC one 

is very much interested iu these inhomogcneiLics is Lhat of Lrcat ment )f t u­

mours wiLit local hyperthermia. [9j. Hyperthermia is the heating of tuuours 

to about 43°C, not so much to directly kill tumour cells. but as au aclj 1vant 

therapy to make radiotherapy more effective. In local (rather than r('giOJal or 

whole-body) hyperthermia in particu lar. very heterogeneous temperature dis­

tributions may be brought about by arteries with normal ulood tempc1ature 

entering t he heated volume. T hese temperature inhomogeneities may have 

serious consequences for the efficacy of the treatment . Therefore. especia lly 

in this fie ld. the effects of individual vessel. on the temperature distrilution 

have been studied and increasingly sophisticaLecl lltllllcrical llloclels haw beeu 

developed. 

3.1. Analytic Solution fo r a Vessel in a T issue Cylinder 

It is instructive Lo first look at Lhe analytical solution for the very sm1plc 

geometry of one vessel embedded in a tissue cylinder. sec Fig. 5. It intro luccs 

t he important concept of thermal equilibration length, and results v.ill be 

used la ter on iti t he discrete vessel thermal model. Consider a straight lood 

vessel in a concentric t issue cyliuder with constant tctJtpcraturc on the outside 

cyli ndrical surface, constant conductivity ktis. and uo heat general ion in the 

tissue. The govem ing difl'erent ial eq uation in t he tissne surrounding the vessel 

FICIJRF: 5. G~?omC'try: a straight vessel in a tissu0 cylindC'r with constant bouncl;uy 

tcmpnalure 
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is written in cylindrica l coordi nates as 

T he solution to t his problem is considerably simplifi ed if it is assumed that 

conduction in t he axia l d irection can be neglected . Fu rthermore. the station­

ary solution must be cylindrica lly symmetric because of t he fixed tempera­

t ure on the t issue boundary. So, what is left is a one-dimensional d ifferential 

equat ion for the radia l tissue temperature profile. T he solution is given by 

( ) 
ln(r/Tvcs) 

T r ) = T (Tvcs + (T (Ttis)- T (rvcs)) ( / ) · 
ln Ttis l'ves 

The t issue temperature at t he vessel wall is unknown, but can be found since 

t he radi a l heat flux cjJ must be continuous over the vessel wall. The heat flux 

in t he t issue a t t he vessel wa ll boundary can be calculated by 

d. _ k· . cJT I _ k . T (Tt is) - T (Tvcs) 
'Pw+ - - l l$ - - - t JS . · 

dr J l1 (7'tis/Tvcs)T'vcs rv,•s 

Ins ide t he vessel, t he hea t A ux a t t he wall can be wri Lten as 

1 
c/Jv, - =---Nu kb (T (rves)- Tart) . 

2rves 
(3 .1 ) 

The Nussell number u is a dimensionless heat transfer coefficient, provid­

ing a m easure for t he heat t rans fer a t a bou ndary of a flowing fluid. Here 

l u = hD/ klJ . where h is the convective heat t ransfer coeffi cient [\vm- 2K 1] 

defined by h = c/Jw- /(1;11ix- cup - T wall) and D is t he vessel diameter. For 

a Humber of cases, expressions for t he usselt number have been cleri vecl . In 

a cylinder , for a lewtonian fluid with Poiseuille flow and thermally devel­

oped flow. Nu = 3.6G if t he waJl temperature is cons tant a long the vessel, 

whereas N u = 4.36 if instead t he heat flux t hrough t he wall is constant. [G] . 

In this case. the presence of t he tissue between vessel and t he outer boundary 

wit h constant tcm peraLure causes l he N usselt number to fa ll between t hese 

two values. However. for thermally undeveloped flow Nu may be higher Lha n 

bot h. 

From the continu ity requirement for t he radia l heat flux through the wall , 

t he wall tempera ture is found to be 

T his)- Tart 
T( 7'vcs) = T a rt + 1 k . . 

1 +-Nu~ In 2.lli.. 
2 ktis 1"vc>~ 
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Subst it11tion in Eq . (3. 1) gives an express ion for t he heat fiux into the vessel. 

This heat flu x causes t he blood temperature to change along the vessel d irec­

t ion. awl t he axia l profil e for the vessel temperat ure can now be determined 

from the different ial equat ion: 

T he solut ion is: 

2 ( 1 1 ~'tis) 
L cq = PbCIJILIJI'v<>s -~.-- + -21· In -.- . 

hiJ l ll htis I vcs 

(3.3) 

T he t hermal equilibra tion lengt h Leq describes t he rate of t hermal equilibra­

t ion of the blood to the snrrouncl ing tissue. Clearly, t he t hermal equ ilibrat ion 

length varies very st rongly with varying rad ius. T here is a n explicit q11ad ratic 

dependence of L rq on vessel radius in Eq. (3.3) . bu t in addition the flow velo­

city lib will usually also be larger in a la rger vesse l. For several si,es of vessels 

approximate equili bat iou leugt Its have bcc11 tab ulated in Table 1. From this 

table it can be cleducccl that most of t he t herma l equilibrat ion must take 

place in t he arteries with dia meters in the range 0.2 2 0 rn m . Note that IJe­

callse of branching lhe total surface area increases for every generat ion of 

smalln vessels. 

TA I~L IC: l. Equilibration ll'ngth n dcu latt'd for blood wssels of different ::, i ~:es. 

C'akulatt'd asst nning the vpssel inflnen(TS a ti::;su<' cylinder ten t inl<'s larg<'r t hart 

the w•ssPL 1101. 

vessel type diameter length llr, L,.Cj 

In n I Clll Cnl s Cnl 

aorta 25 10 lOO 1.;) X 10" 

large art<>riPs :3 20 I;{ 2DO 

main br anch<'S I 10 H :20 

second ary b ra nches 0.6 ·1 8 7.2 

tert iary branches 0 1 1 1.1 :u 0. 17 

termina l branch(•s O.OG 0.1 2 ().() J:l 

a r tcrioles 0 02 0.2 0.:3 0.000:3 
capi lletries 0 008 0.1 0.07 0.0000 I 
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3.2. Numerical Modelling of Detailed Vessel Networks 

Tlw illlpact of blood vcsseb on the tcmpcratmc distribution can})(' cal­

culated anal.vticall.v only for Yt'ry basic configurations. The modelling of the 

t !Jc'rtll<ll i111pact of a complex. c!Ptailcd disc-rete Yasculature has to he done 

n 1 llllNically. 

[n this text the comput e r prog<11n D IVA. 1111 (for Dlsnctc VAsculatun•) 

developed at the Utrecht Uni versity 1\fedical Centre will be discussed in some 

dC'I ail. This progralll is uuique iu some import ant aspects. but shares essen­

tial properties with ot her Jllodds. Kc•y of most models is that to lH' able to 

ha nclle del ai led mscula t urc t lw blood radial le m per at me profile is just cle­

:-.crilH'd by the blood mixing-cup tentperat me. An anah·tical sol ut ion is used 

to dc•:-.nilw Yessel-tissuc hcattrausfcr. l'niquc for DIVA is that the \"C.'S ·cb arc 

clcscrilwcl independently from tlw solid tissue: tissue and vessel do :-.hare the 

S<UlH' coordinate sYstem but arc clescrihccl by sepa rate strucl urc•s. in separate 

files. Whereas the tissue a nat on1y is described on a regular redmigidar grid. 

tlic' blood vessels arc described as geom<'lrical. curved tracks in 3-D with 

associated diamct er and blood flow. So. for example, it is possible to change 

t IH' rC'so iii t ion of one indepcmleut of the other. 

\\'hen D I VA is employed to calcul ate a tissue temperature clistril)lltion 

including effects of discrete vcsseb. DIVA s t a rts with an in it ializat ion rout in e. 

[ 11 this. po~sibly lengthy. initialization the rei at i ve posit ions of all the ve~scls 

with respect to the tissue arc> c•val uat ed. F'or each elementary vessel part . two 

:-.C'ts of voxels (voluinc' e le lliCllts) in the tissue a rc detcrmi iw<l. S<'<' Fig. G. One 

s<•t cons ists of the tissue voxels that an' located immediately SlllTOiltHi ing 

-

" 
~ .. [\ 

..... li-e[' I 
7 

D E;tirnatiun 'cl 

~ ~ V Ill Exchange '>Cl 

Fi<:t BE (i . . \ piPC'<' of tissue lav<'l" with a n'ssPI passing through in p<'rpendicular 

dir<'rtion . Dynrunically det<•rmin<'d c•stimation sPt voxPls ( light gn·y ) and c•xrhang<' 

s<'t \'OX<'ls (dark gre.v ) ha\'!' })('pn drawn. ,\rrows show dist<uirc's from \ 'C'SS(' I crnt r<' 

to c•st imation vox<'ls as us<'d in t lw ralrnlatiun of the h<'al flow ratl',.,. 
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the vessel. T hese voxcls a rc t he so-called est imation set voxcls. t hey a rc tts<:>d 

in determining the heat flux between vessel clement and t issue. T he secoud 

set of voxcls. named exchange set voxels. a re t issue voxels tha t arc within 

the vessel clcmcut a nd that border es tima tion set voxcls. In these voxcls 

t he compu ted heat exchange between vessel a ucl t issue is accounted for in 

the tissue. The vessel shown in Fig . G ha ppens to be larger thau voxe l-siz;e. 

A vessel can a lterna tively be small compared to t he voxcls. In tha t case, to 

guarautec a uon-empty exchange set. the voxcls a long the vessel ccutrc-liuc 

will be included in t he exchange set, irrespective of whether t he voxel cent re 

is located within the vessel or not. For each such exchange set voxcl. t he four 

surrounding voxcls \vill be included in the estima tion set. 

For the calcul a tion of the t ime evolution of the temperature in t he tis­

sue DIVA uses a finite-diffe rence scheme. The heat exchange bet ween vessel:, 

and tissue is calculated using the est ima tion set . For each of the est i111at ion 

set \'Oxcls. t he heat flux a t the vessel wa ll is determined using the analyt­

ical solution developed in Sec. 3.1. Each heat flux estimate is based on the 

tissue node temperature and the exact clisiancc from vessel cent re-line to 

specific t issue voxel centre. T he local heal A uxcs arc calculatccl using the 

right part of Eq. (3.2), assuming the local heat flu x is t he same as if t he 

tempera ture distribution immediately around the vessel were cylindl'r s.\' 111-

metric. Every cst imatiOil set voxel thus y ields a n estimate for t he flu x. a nd if 

the temperature distribut ion is indeed close to c.vlindcr symmet rical the heat 

flux estimates will be qui te close. T he heat fluxcs arc subsequently cweraged 

ancl multiplied by the vessel e lement wall a rea to result in the rate of heat 

excha nge. \\'hen multiplied by the lime-step l he heat exchanged in one' i tcr­

a tion is found. In t he l issue l his excha nged heat is equally clistribulc'd over 

t he exchange set voxels associated with the vessel clement. As such, the c·x­

changc set voxels will not have a temperat ure t ha t corresponds to cUI ac tua l 

t empl'ra lure. Ra t her. these voxcls that underlie , ·cssel elements h<we a i em­

perat ure that makes the heat exchange correct. Detailed test ing has shown 

tha t the method gi,·cs accurate rc'stdt s. C'YCn if the temperat ure di :-, trilmtion 

around l he H'sscls is qui t c d ifferent from cylind rically symmel ric. 1121 . 
The heat excha nge must al. ·o be accounted for in t he vessel. F irst. DI\.A 

calculates the tem perat ure rise from t he heat exchange and the heal capac ity 

of the volume of blood within the vessel clement: 
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Here ( cPu·) is the averaged heal flux, and 6.s is the length along the vessel 

element . After adding the respective temperature changes to the tempera­

tures of all the vessel elements that make up the vessel, the uext step is to 

account for t he flow of the blood. This is done by shift ing the axial tempera­

tnre profile the appropriate amount for the time-step, and then interpolating 

the profile to get t he new temperatures at the locations of the vessel ele­

ment centres. For short equilibrat ion lengths. heat fluxes will change rapidly 

along the leugth of the vessels. To minimize discretisation errors, in actual 

fact D IVA interpolates radial heat fluxes between consecutive vessel elements 

based on the path length travclecl. 

The vasculature in a real tissue block forms a brauching network. DIVA 

models this as collections of connected vessel segments that form either ar­

terial or venous vessel ' trees ·. see Fig. 7. In an arterial tree the flow is in 

the direction of the branching: in a venous tree the flow is in the opposite 

clircctiou. The volume flows in the vessel segments can be individually set in 

FICL"RE 7. Detailed computer-generated arterial and venous vessel trees employed 

in numerical studies using the DIVJ\ thermal model. \l3J. 
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the H'ssel tree description fi le . DIVA a llows t ha t the s u m o f t he flows in the 

d a ughter bra nches is not equa l to the flow in the parent bra nch. It is indeed 

des irablC' that consC'rvat ion of flow is not guarantC'ed . as fiow losL to vessels 

that arc loo small lo be tlloclc llC'd discrclcly can be accounted fo r th is way. 

At some poinL , arterial b lood in the JtlOclcl will flow out off the cl iscrcLc 

vessel sLruclurC' . E it11C'r at l hC' C'nd of a termi nal vessel. or <'LS bleed-of+ a l 

a branch-point. In clinica l practice it is difficu lt to ob t ain a detailed d escrip­

tion of a patie nt's vasculature. so Lhis poi nt may be sooue r rather t itan later. 

In reality t he blood will flow in sm a ller vessels Lhat m ay s till have a (very) 

s ign ica nt t hermal effec t. It may be l he case l ha t Lhc b lood as i l reaches Lhe 

end of the terminal branches is s till fa r from thermally equi librated with the 

s tllTO\liJding t issue. I 11 t ha t case. the most obv ious way forward is to use t he 

P ennes heat s ink Eq. (2.1). Natura lly. the individua l o u t flow temperatures of 

the term ina l brauc!Jes arc s ubs titu ted for T a rt in the !Jea tsink ter m . JL is less 

obvious where the hcat sink with this t em pera t nre should be a pplied. There 

could be , -cry man~- d ifferent termina l bra nches. with quite d ifferent outflow 

temperatures. Or. For a rat he r rudim entary vessel network. t here could be 

just a few b ra nches with outflow p oin ts t ha t have a very poor corresp ondence 

to the ac tua l perfusion d istrib u tion. D IVA has several ways of dealing with 

the out flow . If t he d iscrete vessel network is very de tailed , the d ensity of ter­

min a l bra nches may be a reasona b le ma tch of t he perfusion dis t r ihut io n in 

the tissue . For t hat cru>e, Lhe DIVA model offers the possibil ity of assign ing 

volumes to every branch . These volumes. wh ich might be spheres b n t can a lso 

he different. a rc assu med to be th e t issue volumes t ha t arc s upplied by blood 

from t he vessel bra nch in question. From t he m ass flow in the termina l vessel 

a mi the volume of lhc tissue where t he local heatsink is a pplied , the local 

perfus io n in t he a f[ected voxels realised by t he bra nch can be calcu la ted. The 

hea ts ink term can now b e applied in t he tissue. Tt must be no ted that sonJ C' 

voxels may receive blood from more than one source. whereas other voxels 

m ay not receive a ny blood a t a ll . Serio us a rtefacts cau occur because oft his . 

especia lly for discrete vascu la t m es consis t ing just o f a few m a in branches . 

Jn tha t case it is more appro pria te to calcula te t he average tcmpcn tl m e o f 

the blood over a ll termina ting a rteries and use this one temperature for the 

whole tissue volume. together \vith the local pcrfu sion . lo ca lcu late the local 

heat s ink term. 

So fa r. there ha,<; been not much mentio n o f t he dyna m ics of t he i111port ant 

para met ers that govern t he heat t ra ns fer. Tissue physical properties such as 
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thermal conductivity are clcpenclcnl on temperature. Often the1:>e variations 

arc neglected , but care i>hould be takeu when temperature changes a lot. It 
should be obvious that change in tissue parameter1:> will be highly significant 

if heat is used for tissue abla tion. Blood flow will also vary under varying 

circumstances. Blood flow, however. is not j u1:>t dctenniucd by local tempe­

rature. but is dependeut on temperatures a t other body sitefl too. This will 

be discussed in greater detail in Sec. 5.2. 

Varying the tissue and blood Oovv parameters does not conceptually make 

a difference to t he thermal model. It aims to follow the t ime evolution of the 

temperatme distribut ion. so if the temperature dependencies arc known. the 

information is avai lable to change properties as appropiate each timestcp. In 

practice . it can make t he modelling quite a bit lllore cumbersolllc. 

4. Application: the Temperature Rise Caused by a Mobile 
Phone 

To demonstrate the many aspects tha,t play a ro l0 in predicting tissue 

temperatm cs including the cf!'ects of d iscrete vessels, as au example the cal­

culat ion of the rise in temperature caused by a mobile phone will be described. 

The motivation for this s tudy. ll.JI wer<.' safety concem s over tbe effect on 

the brain of l he electromagnet ic radiation transmitted by a mobile phone's 

antenna. Safety regulations for the GSl\1900 frequency band , 80 915.1\Illz. 
were based on the thermal effects. but the relation het ween absorbed power 

and tempcrat 11re had not been preciselv studied before. Experimental studies 

have sc,·erc limit at ions; this nttmerical i>l udy set out to com pule hot h power 

a nd tempernt me for a typ ic·al adult head. 

First. a detailed description of the anatomy had to be obtained . For 

both the cll'ctromagnetic computations and temperature computat ions a de­

tai led :~-D clist ribut ion of physical properties was necessary. For the tem­

peratme computations in acldi lion a detailed description of t h0 ,·ascttlat m e 

was needed. of which the relative positions with re1:>pect to the tissue should 

be known. To obtain the vasculat me. phase-contrast l\ lagnet ic Resonance 

Angiography (l\ II\ A) scans were made of the head of a volunteer. A charac­

teristic of this l\JRA technique is that it, as part of t he procedure. acquires 

T1-weightecl l\IR images which give information about th0 solid tissue. Th0se 

3-D l\lR intC'nsity i111ages \\'ere used to create a 3-D t issue type d istribu­

tion using computer-aided segmC'ntation. Because t he different tissue types 
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Ft<:l ' IH. R. L0ft: a sagittal slin• (through an <·.vc) of the original !\ I ll data: right: 

a coronal slice throug h t h<• s<'glll(' l lt<'d :l-1) lwad. 

did not haYe exclusive ranv,cs of I\ fR image> valucs. t he segmentatiou had 

to he• done part ially by hand. especiall_\' in the thin superficial la.wrs. Dis­

tinguished tissue t_,·pe:; \\'Cl"<'. a.o .. skin. fat. bone. brain grey matter. white 

mattN, C'SF, and muscle . The rc·qui n•d d ist ri hut ion of ph_,·sical prop<'rl ies 

was no\\" available through a look-up table relating local tissue t.vJW wit h 

required proper(\·. The discrete vasctdature \\"as intenwtivcly built, tracing 

the visible vessels in the :3-D :\ IRA images. The result of t he tracking was 

six wirefranH' skektons reprPsenting ,·asctdar trees. T hese \\'Ne sti ll rat her 

n llde. wit h smallest d iantet<•rs approximately 0.7mm. The appropriate (low 

directions wNe dctenn incd fro nt a 11 a 11ntot nical at las. Next. corresponding to 

the' d ifferent perfusions of t he tissue t_vpes in the head. s t11 al ler wssels \\'e•rc 

added to these tracked H'ssels quasi at random. The rationale \\'as that t h is 

\\'Ottld best mimic thc behaviour of t he \'ascularized tissue: c\·en if t he• exact 

local ions of t he• smallest vessels an• not e·otTec·t. For t he a im of this st ud,,·. the 

statistics of the temperature distribution were far more inten'st inv, than the 

exact local ions of the tempera! ure. But also in developing a hypNt lwnnia 

treatment plan for a specific patient. th is 'acldi t ioual generic ntsculat tm' · ap­

proadt is interest ing as it ofl"crs the hest possible tempernlnre predict ions al 

the cost of extra comp utation ti me. 

T he elect romagnctic powcr density distribution 111 t he head caused by 
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F'!Ct ' RE !). Left: a viC'w of the manua lly tracked vessels. !light: the vasculature 

includ ing computer generated smaller VC'SSC' Is. 
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the t ransmitting d ipole antenna was calculalcd ttsing the finite-diffcreuce 

time domain (FDTD) met hod. Thermal simulations with the DIVA model 

detcrminecl the stationary tempera ture d istributions in t he head with and 

withollt operating antenna. Ai r in the D IVA model (ambient and in the uasal 

passage) can not flow. The convective and rad ia tive heat transfer from the 

skin was modelled by fixing the tempera ture of the air voxels and adjusting 

t he thermal conduct ivit .v to the voxd size such that in dFect a ltNtl transfer 

coefficient between skin surface and a ir of 8 \\ ' K 1 m 2 vvas modelled. 

T he ty pic·al maximum average output of a mo bil e phone is 0.25 W . For 

this power. t he highest SAR (Spec ific Absorpt io n Ra te) in a lO g cube of tis­

sue was 0.91 \\. kg 1 . I3ecause oft he difrereut e lectromagnetic propt>rties o f 

the tissues the E.l\1 power absorption does not monotoni ally decrease with 

depth . but is higher in the bra in than in skull. The temperature distribu­

tions with and wit ho ut power were first calculated for a whole head using 

Lite Peunes bcats ink equation. Then high resolutiou ((1 nun ):~ voxels) tem­

perat ure s imula tions for t he region of interest were done w ith DIVA and the 

discrete vasculature, with boundary conditions determined by the hcatsink 

s imulations . Because of therma l conduction the temperature r ise clist ri bu­

tion is much smoot her t han the El\.1 ab ·orptiou d i ·tributiou . The maximum 

rise caused by the El\ ! absorption is highest iu the skin at O.JG°C. and t he 

maximum rise in the brain is 0 .11 °C. 
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W AAM COlD 

l·' t<:l Ill-. 11 . ThP hum a n hod~· call he thou)!,ht of as l'Ollsisl ing, or Hll isothermal 

corf' ami a JWriphcry \\'it h variahl<' l<'lll!H'rntun•. 
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strengt h of the sun, etc. Heal production d<•pe tHis ou activit~· level. body 

weig ht and <·omposilio n, lo<"al t iss tiC temp('t'a lures. shive r response. food in­

take. drugs. indi,·idual differences. illness. sl<'<'P <kprivation. etc . Heat transkr 

\\'ithin the body depends o tt s izes a nd locations of blood vessels in a ll oft he 

bod~·. blood volt I me flows. the tissue thermal proper! ies. <'i<". 

Th<' appl icabilitv of a mat lH•mat ica l nio< kl for the ea kulat ion of whok­

hod~· tempera! 11 re dis t ri hit I ions d e rwnds 0 11 l he precision wi l h ,,·hidl all of 

I he aho\'(' Hr<' <ksnil H'd . 

First a f'l' \\' ,,·ords on t h<' biolog~· of t h<•nnon•gu lat ion. Th<' te•mp<•rat lll'<' 

of the human hod.v is controlled in th <' h.vpotltalamus. The h.\·potha lanJI Is n ·­

e·<·ives t emperaltlre infonnation from t<' lllJH'raiiire re<"ept o rs in the skin and 

ll lUCOIIS nien1hnuws. a nd front internal s tructures. \\'hich ine· l11de the hvpot ha­

lamus itse•lf'. Th<• h,vpothalamic thermostat \\'orks tog<'l he r \\'ith o thN hy­

po tlwla tnic. autonomic and hig he r nervo11s t h<•nnoregulator.v <·e•nters to k<'<'P 

the core t <' lltpe ralure <·onstant. SonH' of these thermoregulatory respo11ses 

are i n\·o lun t ar.v. passed o n h.v the a utouom ic tH'n·ous s~·st em, some an• ne li­

rohonnona l and others arc sem i-voluntary o r vohmtal)' bc haviora l respot iS<'S. 

Ho\\' exacll.v I lw cold and warm thresholds for act ion an• d <•t<•nnit)('d is un­

known . There is a claiJ,, · , ·aria! ion. and a lso influ<'ne·es such ns ntenstrua l cycle. 

food intake. in !'eel ion. and drugs can ,·ar~· the• thrc:-.holds. The d iffNenC(' be­

l\\'cen the \\'HI'IIt a nd cold thresholds is ca lkd the intcrthrcshold range. and 

t h is range is t~·picall~· 0. 1 C. The• thermoregulatory responses kick in out s ide 
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the interthresltold range. Responses eau iuflumce either the cuuoul!t of heat 

prod need by t he body, or l he rate of heal t ransfer to the environment. 

Low-cos t t hermoregulator.\' responses a re appl ied before more ,-ostly (iu 

terms of ene rgy. water. minerals) response's. Jt is relatively inexpensive to 

decrease or increase blood fl ow to the skin in order to reduce or en large 

heat transfer from the body to the envi ronment. Hence. vasoaction is used 

earlier than shivering and sweat ing. By vasoconstrictiou or vasodilat a tion 

the blood flow to the sup<:>rficia l capillaries C'<Ut !)(' nnied IH't wecn just over 

0% to close' to 30% of cardiac output. In a hot enviromuenl. S\\·eating is 

extremely important. Even if the ambient temperature is higher than the 

body tempera! m e. the body might still t ra ns fcr heat to l he surroundings by 

sweating if the humidity is not too high . For au adult , lite' nmx imum ra te of 

sweatiug m ay lie between JO and 15 liters in 6 hours. A lternat ively. in a cold 

environment the amount of heal produced by the bad,\' may be increased 

by s hivering. This uncontrolled muscle act ion can double or even more t han 

quadruple the total metabolic rate. Non-s it i wrin!?, t hermogC'nesis does also 

exist in l111ma ns. but looscs ils sign ificance' when growing up . 

5.2. Math ematical Modelling 

Several models have been developed to d<'s('ribC' whok-body heat transfer. 

from just two nodes describing the core and the peripht>r~· (<•.g. [15[ ) to multi­

scgrncnl. n1ttlt i-layNed moc!C'ls. l\ Iany o f t lte a.spects and their complex it ie·s 

that play a role in accurate• tnodelling of body tempC'ral ure will be <'xam incd 

here b.v 111cans of a discussion of the model d<'\'('lop<'d by Dusan Fiala. [16, 17[. 

5.2.1. A natom y of t h e Passive System 'J\vo node IIJOcl<•ls may be useful 

in a sot new hat narrow range of simple' boundary condit ions. and where only 

core tem pC'ntt me and skin l emperat un• an' needed. Typical application of 

these' models is l he cntlual ion of tlwrmal comfort. iJ [. To model a widn 

range of conditio ns a more' detailed dcscri pt ion of t ])(' anal omy must b(' 

used . T he anatomy in t lte' model pttblisl)('d h.v Fiala in 1909 was built from 

teu elements. rdining the C'arlier six seglllcnt model by Stol\\'ijk. [19[. The 

C'lcments dC'scri be head. face . neck. t borax. abdomen. shot tldcrs. anus. hands. 

legs, feet, sec Fig . 12. T he' ba('k oft he hC'ad is modelled as part of a sphere, all 

the ot 11C'r C' lemenls arc cyli nd ri('al. Each uf the e!C'mC'nts consists of concentric 

layers of diffe rent tissue. The different tissue types in the a natotny arc brain. 
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lung, boue . muscle. fat. skiu an cl viscera. Each layer may be d ivided in several 

nodes in tl1c rad ia l direction. wit h a higher deusity of nodes in the outer 

layers. lost elements arc also cl ivi cl eel in ·ever a! .-cclors . typically posterior , 

anterior a nd in fc rior. to be a ble to model iuhomogeueom; boundary conditions 

(e.g . smaller rad iat ion view factors for in ferior legs) . T here a rc no subdivisions 

in the a.:xia l di rection. E ach clement is described bv its physical d imensions. 

the layer thicknesses. and for each layer the t issue properties k t is · P Lis and 

Ct is , t h t ' basal pn fusion H ·b · aud the ba._-;aJ meta bolic rat e Cfm. 

F1c t H I·; 12. Schema t ic rcprPsentation of the model a natomy. The model is b ui lt 
fro111 cy lindNs a nd a s phe rP for the hPad (left ): the l'iements a re divided in con­

centric layers. t he layers , a part fro m t he core, arc divided in sectors (right). 

T he model a na tomy has t ]1(' lengt h. weight a nd body composit ion of an 

average man. 13y scaling the dimensions and Yar~' ing the fat layer also di ffer­

ent bodv types may be moclcllccl . Inmauy ways t ile ana lo111y is cm de. A noss 

sect ion through any of the real body parts would look quite a bit di ffe rent . 

Th is goes especia lly for t he l wo hands which arc moclellecl as one cylinder 

wi t h lcugt h G2 cm and radiu · 2.26 cm . However. t he crude anatomy need not 

ben problem for t lic a ims of this moclcl. If the diff'crcnt \·olumes of tissue in 

the clement s. and l he sm facc a reas for the elements a rc correct . both heat 

product ion and heal loss may be accmatel.v predicted. The exact locations 

of the boucs in t he clement w01d matter a great deal. On t he otber hand . 

an acc ura t c rcp rcsenla l ion of t he superfic ia l layers is w ry i ll1 port ant . In the 

model. t he skin ha:-> two layers. T he inner skin models the cutaneous plexus, 

whe re pPrf11sion ta kes placP a nd metabolic heat is genera ted. The perfus ion in 
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the inner skin can change a lot under the influence of the tiJennoregttlaliotl. 

In the outer !:ikin no perfusion or metabolic rate if:> modelled. 

Within the tissue, heat transfer is modelled using the Peuucs bioheat 

equation di ·cussed before, in t he appropria te coord ina te !:iyst ems: 

8T ( 8
2
T w fJT) . 

Ptisr'tis -
8 

= ktis ~2 +- """!'} - CIJ II b(T- Tart )+ i\1 
t ur 1" ul" 

with w = 1 for cylindrical coordinates and w = 2 for spherical coordinates. 

There is no axial conduction component as a ll t he e lements haYc only one 

node in the axial direct ion , and conduct ion between neighbouring eiC'nlC'nts is 

not nwdellcd . In reali ty. under normal condi tions. temperature gradients in 

the axial direction will be smalL ·o this t>implification ha0 not much impact. 

T he arterial temperature Tart is the temp raturc of the blood after connter­

curreut heat exchange. The lllct hod to sol vc t he temper at lli"('S is bY usin g, 

a finite-difl'erence scheme to discretize the biohcat equat ion. 

Heat exchauge between the blood in afferent a rteri et> a nd in dl"ercnt veins 

on l hc way from heart to tissne and \·ice versa is modelled using countercur­

rent heat exchange coefficieut · (Fig. 13) : 

<l>ccx = hx (Tart - T vci n) · ( fi. 1) 

Here. <Pccx is the total heat exchange beteen the vessels [W]. hx is t he conuter­

current beat exchange coefficient [W !\" 1] . Ttrt is the a rt eria l blood t cm per a-

~v tissue 

T{x,y,z) 

FtC:l"ItE 13. Conceptual d iffNcnc<' bC'l\\'CC'n the local C'ffcctivC' conductivity. 

Eq. {2.2){cf. hig hlightPd Pllipsoids in left Hgure). a nd th(• C"Ollllt ercii!TP!lt ht>al {'X­

change codlicient for an eiPme nt. Eq. (5. 1) (hig hlig htC'd e llipsoid right). 
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tun' after <·mutlncmTPIIt heat <·xdmngc and T,('in is the Ycuous tentpcralure 

hdorc co1t11t ercurreut heat exchange. It must be noted that all of t hP <'1('­

ments ha\'<' tiH'ir 0\\·n c·ounten·urr<'nt heat exchange coefficient. large for t lw 

han<b and feet and zero for hPad. thorax a nd ahdon iCil. Values for the co­

efficients were estimated by a trial-and-error procedme in whi('h simulated 

local skin t em pNat u res were n i<H ie to 111at ('h experimental valu<'s. The heat 

<'xchaiiP,<' n utscs H tcmpNat ure cl la uge according to 

<Pen: 

llll/'h 

h.,.(Tan - T\'t'in) 

m,,r·h 
(0 .2) 

with 7},P the te1nperaturc of the blood pool. i.e. the tempNat urc oft he blood 

as it is in the hC'art. DitwtiY from Eq. (5.2). for the tcmperatme of the blood 

in the arteries reaching the tissu<' we han• 

( 
(' ) r , ( h.r ) 

T,,rt (' + h... I hp + C' + hJ. TV<'in 

with C' the 'capacity rate· of the blood. defined as: 

The \'Cnous telll[)('ratmc 1~·< ·in ])('fon· ('Oillll<'ITlllTCnt heat exdi<-UII!,<' is <'<pial 

to t l1c !H'rfusio11 awraged l<'nqwrat 11n• of l h<' tissue in t h(• clement. This b(•fils 

the PcutH'S hioltcat equation . as it it nplies thNe is no lwat exchang<' h<'lv\'('<'n 

V<'i iiS a nd t iss11t' 

1~('111 
I \\ 'hTd\f 
.f \l .hdV . 

The central bloodpool tempNatme 1i,p is e\·cry time step cakulat<·d as the 

tnixing-<'llp mTrage tcnlpPraturt' O\'Cl' all tlw elements of tile H'llOlls blood 

flo\\'s aftN <·ouittl'I'CIUTCilt h(•at exchange. This nwans there is no lwat stora?,c 

in t lw blood pool. The \'{'llous rd \\I'll t('lllpcrat ure~ arc given by 

r ( (' ) ( h.r ) 
Tvrin ,<·<·x = (' + h.r Tv .. in + (' + lz ,,. Tbp · 
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Solving for the blood p ool temperature: 

L: (nfit ..... ) J; ., IT'bdV 
I 

(5 .3) 

vvith C; the capacity rates fo r tlw respective elements. From Eq. (5 .3) the 

blood pool temperat m r can be calculated from the tissue t emperatures. 

T he metabolic heat production ill the tissue is the stun oft he basal value 

C!m and additional tNms tlml may he caused by the local t hermoregula­

tion, shivering (part of the global t lwnnoregtdatiun). and exercise . The ba.sal 

metabolism of the total standard anatomy t urns out to be 87 \\', which is 

commensurate \Yith measuremellts. The Iucl a bolisui wi ll chnnge if the body 

is no longer in the thermal neutral situation. For all tissues in the model. 

the basal metabolic rate varies accord ing to the QIO eH'cct describing the 

dependence of biological react ions on local tissue tempera ture 

(7'- 'J (J}/ IO" C' 
CJm .ba~ = (/u!,bas .O X 2 . 

If work is being done b.v t he modellccl su bject. extra heat is generated. fn the 

model, activity level in met (lmet = 58.2\\'m- 2 ) is supplied as input to cal­

cula te the actual metabolic hea l product ion . Acti\'ily level is a measure of the 

total power generated by the subject. For n reclining rt'sl ing person the acti\'­

ity is 0.8 met . Confusingly. next to thc> unit ·met'. usc>d mainl.Y by engilleers, 

t here is a lso the unit · lETS '. used by physiologists. with J \IETS = 3.5 m! 

oxygen consum pt ion per kg bod-'· ma,..,s p er minute. There is no fixed con­

vers ion constant between t he two uui ts: for au average man ] rnet is roughly 

l.25~IETS. \\'hell work is done on the outside world. this is done with an 

efficiency that \'Hries but is ne\'er much more than 25o/c . The remainder of 

the power used goes int o healing the muscles. In the Fia la model. the cfJ-i­

cicucy with which work is clone is calcnlated from th e ac tivity Je,·cl based 011 
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regression analysis. The resulting heat production is divided over t he muscle 

tissue accorcliug to t he appropriate distribution coefficients for the type of 

work. I" ia.la gives two sets of work d istribution factors: for standing and for 

seated work. Of course dedicated d istribut ion [actors for specific activities 

m ight be used if these are known. 

5.2.2. H eat Exchange with the Environment Heat exchange with the 

cnv ironnwnt takes place at the skin , and in t he lungs / respiratory t ract. The 

heat exchange by convect ion between skin smfacc at Tsr and ambient a ir Tair 

is described by a combined convect ion coefficient that considers bot h natural 

am! forced convection 

rPr = hc,mix X (Tsr - Tair) · (5.4) 

The hc,mix arc dependent on body location. and on the temperature difference 

between the surface and air. and t he effective airspeed Vair,eff . 

hc.Inix = CLnat )Tsr- T ai r + {lfrcUai r,eff + CLmix · 

The coefficients CLnaL , CLfrc and CLmix are different for each element and were 

obtained from regression analysis of experiments in which local convective 

heal losses were measured for a heated full-scale manikin. Note that the 

convective heat transfer does not linearly depend on the temperatures. but 

that using the lincarizat ion in Eq. (5.4) will make it possible to solve for t he 

temperatures us ing linear algebra. For the standard I ody, the mean convec­

t im1 coefficient is just over 3 vVm - 2 K 1 for a Lemperatmc cliffcrcucc of 7°C 

l)('tween sm facc and air for a ll body elements. \ \'i th a body smfacc area of 

1.86 m2 this rather small cliffcrcncc corresponds to a convective heat loss of 

about 40 vV for t he nude body. For a temperature difference of l0°C the con­

vect ion coefficient incrca.ses to about 4.2 \Vm 21<- 1. leading to a convective 

loss of nearly 0 \V. almo ·t the total metabolic heat production in rest. 

Heat exchange through radiation in the infra- red part of the electromag­

netic spectrum, cJ>rad . sec Fig. l..J. depends on the tempcrat ure difference be­

t we0n skin smface an cl surrounding walL. This is bccau, e air is almost com­

pletely transparent for infrared radiation. The equation describing radiati,·c 

heat transfer between lwo infinite parallel su rfaces, one at r~r and the other 

at Twall is 
T 1 -T1 

A.. = rr sf wall 
<i' r - v _)__ + _1_- 1 

t:"sf f=wall 
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FIC I 'RF: Jcl. Emitted in fra-red radia t ion can be captured a nd used to \' is ualize 

surface tempera ture. 

where a = 5.6710-li \Vm-:2 K- 2 i~ the J3oltzmauu con~ tant , aucl Esf am l fwall 

a rc the emiss ion coefficient of t he object and the opposing wall . The tcuJpcr­

aturc~ arc the ab~olu t c tempera tures iu Kclviu . Calculatiou of the radiati,·c 

hea l t ransfor fo r differont ski n sec tors of t llC' body req uires account ing for 

t he geometry. In the Fiala model thi~ is clone by d iffcront viow factors and 

int roduction of T~r.m the mean temperature of t!Je snrroundiug surfaces. T lw 

value of r~l'lll is defined as the temperature of a fictit ious uniform envelop e' 

"seen'' by th e body sector. which cau~cs the smue racliati vc boat excha nge as 

the act ua l surround ings. This was linoarisod as: 

c/Jr = h r X (T,r- T~r . lll ) . 

( 2 2 ) h r (Tfsffsr.m ~Js f -sr .1 n T~r + T ,r, 11 , (T<;r + T~r.m) · 

with lflsf-sr, m the view fac tor for the sector. The view fac tors vary from 0.1 

to unity. They were dc tcrmiued on t!Je ba.'iis of how much incl i, ·idual skin 

!:-iCc tors a rc conccalocl from the surrounding walls b.\' o th er body parts. Sets 

of ,·iew fact ors have been calcula tccl for d ifferent body post ures. The rn t io 

of tho cffocti \'C' radiant a roa to t hC' rC'a l area is 0.80 for s tandi ng and 0.7 J 

for t he !:-iCatccl standard body. The C'missiYity of the skin is 0.99 . tha t of the 

surroundings typicall.v 0.93 indoors. 

I t i · po~ ·iblc that there i!:-i ·ignificaut h at t ran!:-ifcr from irradia tion b,v 

t he sun or olhcr high temperature ~ources . Thi~ can be uw dclled in t he :;kin 

sectors by terms 
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wi th Ct,r t he surface absorption coefficient , s [wm- 2] t he radia nt int ensity. 

a nd t'sf sr t he , ·icw factor bctwecu the skin sector and t he surrounding en­

velope. 

Ewn without then uoregnlat ory svveat resp onse. there can be heaL loss 

from t he skin clue to e,·apora tion. caused by the vapour pressure in the skin 

being higher than in lhc ambient air . T he heat loss caused by t his sp onta­

neolls evapora tion is determ ined by t he skin mois ture permeability aud the 

evap orat ive coefficient a t the skin surface. T he former, a lt erna ti vely writ ten 

as H rcsislar!CC' 1/ R c.sk · l1as bceu measured as 0.003 Wm 2P a - 1 . The evap­

orati\'e coefficient at the skin surface u;.ci can be related to the convective 

heal transfer froll! lhe surface by the Lcwit> number , which gives the rat io of 

cha rac teris tic lcnghls of diffusion of ma:-;s and heaL Leair = 0.0165 KPa-L 

T he spontaneous evaporatiw heat fiux from the nude skin is equal to the 

dr iving vHponr prC'f-,SllrC' difference cliviclecl by the sum of t hC' rC'sisLauces 

Posk.sat - P v,air 
cp, = 1 . 

R._,,sk + ~ 
e .c l 

(5 .5) 

Here, Posk,sat is t he vapour pressure wit hin the outer skin layer. Because 

t lwre is a lways moisture' present in the superficia l skin layer, this is equal to 

t he saturation vapour prest>ure for water at the superficial skin temperature. 

P v.air is the ambient vapour pressm e. it is calcula ted on t he b:-=ts is of the input 

a n1bi Pnt tem pera! urc and relat ive humidity. 

Clothes play a key role in maintaining thermal comfort. Clothes provide 

a resista nce agai nst convective and radiat ive heat losses, as well as against 

e\'aporation. Clothing insula tion . le~ . is measured in C lo un its. with 1 c lo = 

0.155 n12 K\V- 1. A typical sum mer clothing eusemblc has a clo value of 0.6, 

whereas winter clot hing is a bout 1 clo. A full pola r ouLfi t may gel up lo 

I do. T he trouble when using a multi-segment t hermal model is that these 

t hermal insula tion ,·alues g ive informat ion on t he overall effect , but don·t say 

auvthing about insulation values for specific parts of t he body. So. instead 

of using t he 0/l('I'Oll t hermal iusulation valuel-i in modelling. these values arc 

fi rst con\'ertcd into the relevant local "alues. F ia la clicl th is by u t ilizing t he 

numerical whole-body model itself to mi mick the exper iments . determ ining 

t he overall parameters for a list of garments . T he local effect of clot hing is 

descri bed with the use of three local insu lation values 1;1• J;1. and i~1 . T he 
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effect oft he a ir between t he skin and t he clot hes is incluclecl in t hese values. 

The local effective heat tra nsfer coefficient u;
1 
[wm- 2K -L] of mult iple layers 

of clo thing woru on a skin sector is computed as 

The para meter (I;1)j clescibes the extra thermal insulation of layer j, a nd J;1 

is the ra t io of t he ou ter surface of t he clot hes, from which convect ive a nd 

radia tive t ransfer to t he a mbient will occm , to t he surface of Lhe skin. I t can 

be seen t hat in principle hea t transfer can also bc incrcascd d ue to t he ext ra 

layer: l his can ha ppen if the extra layer provides little insulat ion bu t increases 

the smface a rea sign ificant ly, cf. cooling fins for electrical components . 

Simila rly. t he evaporative coefficient u:.cl including clothing llOW becomes 

U* _ Leair 
e,cl - '\' ( f,~J ) .,.....,....:...! -

~ .,... + f'h j cl j cl C.llliX 

where i;1 is t he loca l moist ure permeabil ity index of the cloth ing layer . The 

hea t loss by evaporat ion can subsequently again be calculat ed according to 

Eq. (5 .5) . 

Hcat loss a lso occur. t hroug h breathing. Therc is bot h a dry heat loss 

because a ir wi ll be warmed by t he body. a nd t here is heat loss because' of 

evaporat ion in t he lungs and a irways. Typically respiratory heat loss accounts 

for mor<' tha n JOo/r and up to 30% of tlw tota l hcat loss. S incc thc respira tory 

heat losscs a rc this significant and vary with cnvironmcntal concli tions and 

met a bolic ra te. il is important to m odel them correctly. The late nt heal 

exchange dne to evaporation of water from the lungs dep ends on t he who le 

body metal>olis m a nd t he difference betwePn llllmiclitv of a ir breatl iC'd in and 

breathed out. which again depends on the a mbient air temperat ure and the 

vap our prcssure of the a mbi cnt a ir. It is moclellccl as . 1201 

Ersp = 4.373 X J Gm cl V (0.028- 6.5 X w- 5Tair- 4.91 X 10- 6 Pv,air) . 

The a ir temperature Tai r in this relation mus t be given as t he numerical value 

of t he tempe ra t ure in degrees cent igra de. the vapour pressure in P ascal. The 

relation is valid for a wide range of a mbient condi t ions. T he dry heat loss 

d ue to the tempera ture difference between inspired a ir and expired air can 
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be calculated from the air flow and the tc111 per at ure and vapour pressure of 

the ambient air: 

Cr:,p = 1.9<18 X 10 :3 X j qm d V (32.6- 0.066 X Tair - 1.96 X 10-cl P v.air) . 

To accoun t for the respiratory heat loss Ersp + Cr~p in the body, this loss is 

distributed over tlw body clcmeuts that model the lungs a nd the pulmonary 

t ract. I\fost of the loss is in the nasal caYity, so most of the beat loss in the 

model is accounted for in the muscle layer::; of the face clement. Only 30% of 

the respiratory heal loss is dcbi ted to the lungs. 

5.2.3. Thermoregulation Now that most features of the model's passive 

system have been described. attention can be directed to the active sy::;tem, 

which controls the passive sy::;tcm. T he four thermoregulatory re::;ponses that 

need to be modelled arc vasoconst riction, vasodilatation. sweating, a nd ::;hiv­

cring. 

The thermoregulatory rc::;pon::;e::; in the model a re generated by differences 

lwt wecn ac tual aud thcrmoncutral temperatures for the sensors in the body. 

T he relevant temperatures arc that of the hypothalamu::; . i.e. the temperature 

of the core node of the head, and the mean skin temperature. The t hcrmoncu­

traJ temperatures arc those temperatures that arc obtained for Lhe body if 

Lhc passive lllodel wi th basal values for blood How. a nd metaboli c rates is 

modelled in a thcrmoncutral environment. The thermoncutral stale i::; calcn­

lated for a nude. reclini ng subject in an ambient temperature of 30°C. re lative 

humidi ty 40%. and relative air velocity 0.05m/s. Iu this situation the pas­

sive system predicts a hypothala111 us temperature of 37.0°C. and a mean skin 

temperat ure of 34..J°C. l1espectivc contributions for t he heat Josse::; in this 

thcrmoncutral state arc 21. \\" for conv0cl ion, 36.9 W for radiat ion. 19.3 \\. 

for evaporation th rough the skin, and 8 .9 \V for rc::;piratory los::;es (adding up 

to 87 W ). Bc1sal skin flo"· is 0.4 1 min - 1
. 

T he t hermoregulatory relations were found b~, usi ng r0gression analysis 

on measmed data from a large mtmbcr of experiments. J t must be not cd that 

the thermoregulatory rclatious described below were devised with the use of 

a particular passive model. The control relations work quite well. and will 

give a good impression of lhc qualitative behaviour of the t hermoregulatory 

responses. However. these specific relations arc ouly accurate in conj unction 

\\'itlt t he passive system wit h which they were developed. Significant cha nge::; 

in the passive system , whereas they arc refinements in im pl<:>menta.tion or 
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different data for parameters such as skin blood flow. will require repetition 

of the process of developing the thermoregulatory relations that constit tt!f' 

the act ive s.vstem. 

To fiud a control relation for shivcring as a function of d eviations from the 

t hcmtoncut ra.l state. aboul teu sets of experiments from the litC'rn.t m e \\'ere 

eYaluated. The heat prod ucccl by sh ivering was obta.i ned by tu casu ring the 

total heat output and s ubtractiug the other contributions (basal m etabolic 

rate and work-relatcd). In a speci fic st'l o f experiments subjects were exposed 

to a s uddeu change in enviroumental temperature from 2-1°C to 5° C. \\'ltc tt 

the tm'asmcd shi veri ng was related to the te111pcraturc error signal frolll the 

skin .6.T.,k.m =: T~k.m- T~k.m.o, it was found that also the dynamics of t he skin 

tempera! me pla.ved a role. Regression analysis on the full set of experi mcnts 

im·olving cold exposure also showed a dependence of shiYcriug on t ll(' core 

(C'Ili]H'rctt lll'('. 

The rc'sttlting control equation for the shiver parameter. Sh [W], in the 

Fiala model has the form 

Sit --= 10 [tauh (O .c!8.6.T~k.n• + :3.62)- 1].6.T,k.•n- 27.9.6.7ilY 

In this rei at ion, t cm perat ure differences mw,;t be entered as t lw mtmerical 

value of the difference in degrees centigrade. It has been found that there is 

a maximttnt to the heat that nut be generated by shiYcring. roughly :300 to 

:380 \\' for an adult. Accordingly. shi v<'ring in the model is capped at :350 \\' . 

The pi<H't' in the bod,v where the lt('ill is generated is iu the muscle tissue of 

sevNal cic'ntents. So-called shivering distr ibut ion coefficients apportion the 

total IH'at proclucliou over the elements of the bod)'· By far t lw biggest por­

tions of the shivering power an' generated in the thorax (cl ititribution coeffi­

cient G3.5CX) ami abdomen (2 1</c). AftN thC' heat production for an elc'ntc'nl 

has been dC'lermined. this i:-. shared out O\'Cl' the muscle nodes according to 

volume. The extra metabolic actiYity is accompanied by a COITt'sponding rise' 

in blood flm\· to the muscle. 

Vasoaction is modcllC'd by two control parameters that m ani pulat e skin 

blood flow of an clement i. SBF1 [lll:ls 1], in the following way 

(5.G) 
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Here. rl; = Pi>CiJSBF; [\\'I\ 1
]. whereas tlo.; is the corresponding ba .. 'lal val ue . 

Cs[-] . is the vasocons triction coJJtrol parameter. and DJ is the vasoclilala tion 

control parameter [wK- 1
] . adl,i aud acs.i arc clistri but ion coefficients. The 

Cs and DJ control paramete rs arc wholc-bodv parameters, so the same for 

all elements. Local temperatnres only influence the skin blood flow through 

the last factor that doubles the flow for every l0°C temperature rise. T his 

is similar but different from the other tissues where increase in blood flow is 

explicitly driven by t he extra metabolism clue to the Q 1o eft"ect. 
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F1<;1 K lc I S. Skin blood flow in lll<' lPg as a function of difrPrPilCP l)('twccn neutral 

lt>nqH•ratun•s and actual nt<'<lll skin and hypot halallli c tcntpPraturcs. Total skin 

blood flow ovPr all cl<'lliPnt s is hound by a maxitnunt. not considPrcd here. 

The vasoconstr iction parameter was a .o. cleriYecl from inlcm al tem per­

at tires of su bjecls in the cold . From the regression ana lysis. the following 

control equa l ion for t he vasoconstriction parameter Cs was found 

CS= 35 [tanh (0.3-!.6T~k .m + 1.07) - 1 ] .6T~k.m + 3.9.6T~k.m d~~~,m (5 .7) 

Thus. also the vasoconstriction is dependent OD dynamic skiu telllpcralurc 

behaviour. but il is not clircct ly dependent on the hypothalamus tempera­

ture. T he rela tion is only \·alicl for low tcmperatmes: if the vasoconstrict ion 

parameter fall , below zero, the value zero is used in Eq. (5 .6). Likewise. the 
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dynamic term in Eq. ( 5. 7) b only pertinent for dropping skiu temperatures 

and is omitted for rising temperatures. 

Tile regression analysis for the vasodilatation parameter DJ involved ex­

periments in hot environment and or exercise. The analys is res11lted in 

Dl = 21 [tauh (0.796T~k.m - 0.70) + 1]6T,k.m 

+ 32 [tanh (3 .296Thy - 1.46) + .l]6n:.r· 

Again. only if the relation results in a positive val ue for Dl is t he outcome 

used iu Eq. (5.6). otherwise zero is used. Also. there is a maximum to the 

total skin blood flow. This maximum is dependent on how much of the cardiac 

output is required by the tUusc:les. 

T he heat lo s from sweating was obtained from experiments by taking 

the owrall measured latent loss and subtracting respiratory losses and the 

predicted amount of spontaneous moisture diffusion through the skin Esw = 

Ecxp-(Ersp + EdiH·) [W']. In the regression analysis, the sweat control variable 

Sw [g min 1] was derived from the heat loss through 

Sw = Esw x 6 x ;o4 
r . . 

sk,t !-ik,I,O 

Al-!20 L asw,i X 2 lOoc 

The number in the numerator is for the unit conversion from kg s to the more 

conveuienl g min. The AH2o = 2256 kJ kg~ 1 is the heat of vaporization of 

water . The last factor in the clcnorniualor lakes into account how eventually 

the local sweat rates are calc ulated from the sweat parameter . That is , local 

nwcat rates arc dependent on the local skin temperature 

Tsk,t-Tsk.l,O 
Sw1 = Osw. 1 X Sw X 2 10 c . 

In a hot envi ronment a rise in skin temperature will trigger sweating. "·hercas 

a n increase in core temperature is the main driving influence dming exercise 

in cool conditions. The regrennion analysis rc~ulted in 

Sw = [0. tanh (0.596Tsk.n1 - 0.19) + 1.2]6T.,k.m 

+ [5 .7tanh (1.986 7},y- 1.03) + 6.3] 6 7},)" 

This relation takes into account that a lower than normal hypothalam ic tem­

perature counteracts the effecL ou sweating of higher than normal skin tem­

peratures, and vice ver a. The maximum rate of sweat ing for a n adult is 
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approxitnately 30 g m in 1 . all([ thi~ i~ the value a l which ~wealing i~ capped 

in the model. The result ing evaporat ion heat loss including sweali ug can be 

found by adding the ext ra vapour fl ow to the spontaneous diffusion in the 

skin : 

-1- . _ U* (P. . _ P. . ) _ A H20 S . + P os k,i,sat - P s k.i 
Wc.1 - c.> .cl sk.1 v,a1r - A WL R 

sk .i e,sk 
(5 .8) 

Becausc the vapour pressure at the skin surface P sk ,i can be evalua ted by 

re-arranging Eq. (5.8). the evaporative heat loss can be calculated. A further 

complication is that sweat i · accumulated if the skin surface vapour pressure 

is higher than the saturat ion vapour pressure. The model does account fo r 

storage of sweat in that case. 

6. Discussion of the Whole-body Thermal Models 

For the many graphs of the regression analysis and examples of the be­

hav iour of the resulting model under different condit ions the reader i ~ referred 

to the original paper~ , 116, 171. By and large the model does well in predict ing 

the average thermal behaviour of groups subjected to a variety of t hermal 

conditions. This is to be expected as over the te. t group. both the anatomy 

a nd also t he less tangible stable and tran~ient individual characteristics will 

tend to the average. It is of course a prerequisite that the base und erlying 

model system gives a reasonable descri pLion of the real system. and t hc t hc­

moregulatory relations are based on a large amount of data. However, even 

the average experimental resul ts for groups arc somet imes s ign ificantly dif­

ferent from model pred ictions. This can in part be attributed to tltc usually 

small gro up size for this typc of experiments. but also to systema tic clif­

ferences between wha t may seem similar experiments. Typically. to reduce 

confouuding factors. an experiment 011 a group will be standardized with re­

spect to initial conditions. but this can lead to some systematic differences 

between cxpcrime11ts. Cultural, cl i rnat ic. a nd population diffcrcnces between 

studies may a lso pla.v a role. 

Not every single feature of the numerical model b)· Fiala has been inc luded 

in thc aboYc c!e~cription. i oncthcless. the account shot tld have g iven the 

interested reader a feeling for the complexities involved. Tt should not come as 

a surprise that the model will not as a simple matter predict highly accurate 

absolute temperature distributions for an arbitrary individual under every 

succession of conditions. To get good individual predictions from the model. 
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sun'. Fiala tnodc•l adapt<'d fill· t h<' individual "uhjc•ct. l:lil. 

I he model should be tailored to t he individual. Fig. 16. Adapting the modC'I 

anatomy of the standard human to reflect the true height. weight aucl fat 

percentage of the individual may be easily done. Other indi,·iclual properties. 

such as the ba.-;almetabolic rate. may be less readil.'· measured . as well as they 
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might be less constant in tim <' . Tt \\'ill be difficult to \'Cry precisely predict the 

lC' nlpcrat ur<' distribution for an individual in irregular condit ions. If there is 

a clinical intNC'st in prcdiC'ling t hcsc tcn1pcratures. data shou ld be collected 

for t hesc sp ecific concli t ions and the model correspondingly updated. This 

1nay C\'l'll l tlall.Y lead to an l' \'l'n more dynamic m odC'l. Por the indi\'idual 

pal icnt. the accuracy of predict ions can be further incrC'asC'd by updating 

charac te ris tics o f t he model rcal- tim<' on the basis of meas tlrcments during 

the procedure. 
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