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%e Wpli tdn  Mfonso Borelli was one of the f i rs t  scientists vho caoceptually associated oqgen 
mnsu~ption with tbe m la r  activity. Med, in the chapter entitled 'De usu respirationis' of his b x k  'De 
vatu $.nimlirne (llSO), he describes his oun irdividual erperience rade sow years batore on the b a .  The 
following t i t l e  of paragraphs show tbat such a ~chanisn was already clear i n  his a: Through breathing, air 
particles nix  with blooda, .The d u r e  of air introduced in b l d  through the breathing proOuce preserves 
a i m 1  life', 'This is tbe reason why breathirq is m e  difficult and rapid during pressing mtion and ~uscular 
activity', 'Ihdt is why musc~lar activity in rarefied air cases difficulty in breathing8. 

muever, the f i rs t  scientists vho developed labratory e u p e r h t s  i n  the field of ~ r w p b y s i o l o q  e r e  
Lavoisier, Laplace and S q i n  betwen 1775 and 1785. They detected on Guim pigs at f i rs t  and then on &?n that 
- d e i  coatortable teaperatme conditions - tbe owen consuption was at  its lovest before eating; slightly 
increased vbe! the environment tempature decreased; sharply increased after food intake and ever o r e  vhen 
wrking. 

In aid-XIX century the chedcal-physical studies by Repault and Reiset were developed. They souqht to -' 

Cemnstrate that orydztion vas the win source of animal beat by using the oxygen consumption as tbe s iq le  
masure of teat production. 

mpinq to re lab life precesses to the wll-born physics law, Reubner, Eelmholtz aid others verified the 
principle of energy conservation both for biosystem and inanimted systems, defined the hsa l  ~etabolic 
temperature and discovered that the b t  blccd bimystems were basically bmoiothermic. 

l y e r  vas the f i rs t  physician to develop the idea of equating an anilpal with a sort of thermal machine 
where the breathing hcat is partially :urned into nuscular activity. 

X. Kirn sought to experi~atally demnstrate this hypothesis for nan by locking an individual in a t'.ersal 
cha&r ard p!ac& tm rubber pipes in his wuth - Lk f o r m  for air intake and the latter for mission gases 
- hich were then ~asured  i n  t e r n  of oxygen ccnsuked and carbon dioxide produced. me breathinq chemical and 
therml e!E&s Ere tlim evaluated b t h  under bzsal and working conditions - that is by lifting his obn wight 
on the ci:c~mference of a mobile xhee:. 

indeed the teaperature'increase in t!! ch&r vas measurecl until when - beconing constant - tie radiation 
mission of the walls bas qdivalent to the heat prxbxed by the body vithin i t .  RItenards, tie individ-a1 b3s 
repiaced t y  a bmer  (Eilojsn jet) regu!ated in such a vay to keep air in the chamber at t*,e saE c3nsbbnt 
te?pratxe. Frca the vok of L?e qas burnt it was then pssible to infer the heat prduced by the conkcstisn 
and, by vay of dnaieqy, t ie quantity of heat p:duc:d by the b w n  body in that given time. 

o Shir intercstinq e x ~ r i c n c e  led t a  the result that every 30 gram of o q p n  consllmed correspnded to 153 
calaries. Considerirrj L !  t iw  e l e m t ,  i t  is appr3~rirte to think over the remrkable accuracy of the results 
obtained, since this value of the oxygen mechanical equivalent is s t i l l  used to make rapid calc~lations in L3e 
field ct' Irdcstria! #e"cinc. 

a 

TEZYCi'Ff5lULOGY FRINCBLES 

Xs $ 5  uell-known, =F is a bomiotheaic aninl. mis means that his ideal life conditions are possible 
only v~thln a $cry liuted teq-rature range, w:aout the use of clothing. 

Soth an "mternal tqeature* and a 8suzface exterm!' teqxrature of the body wn be identified since, in 
the as. ot the hen-mvuomt heat er:brxje, bomiothemy is paranteed by the existence of a t a p : a t m  
qidient from ~nsi!~ to outside. 
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Inte,n?al tagmature can m.lLy vary from 3 6 . 3 ' ~  and 3 i . 9 ' ~ .  If it reaches 39-39.5% the individual. is on 
the veqe of a bt, collapse; a 43.5% v a l u  entails the rid cf a coaplete p ~ a l y s i s  of the berm-replat& 
~pecbanisms; vherm values hiqher W t  42OC cause irre.+ersible tirain f b q e  aluiqsiiie vitb @nz@c bl& and 
l e a l  ccasequgnces. 

 st on afrhls .six& that the pre-optid hypot3alw3 is the min seat of tbermic regulatjon cootroi 
pmw. m i s  area is assisted by Extra-h~ka!anic sensors located i n  the bone m m ,  sensitive to the 
local t apra tx re  variatiors. ln order mt to alter the intend1 k a t  exchanqe, the bat produced by the 
oxydation ard fission p r r a  at muscuiar level i s  reraved by rte M y  & o q h  the ski.n. 

In the case of msculw activity the heat enerqy pruduced 'ey the fission prwesses b r ~ l ? ~  up in tbe 
nruscukr x s s  &ad ~3drl~ifs Ue related increase in tk 1xdl tqxrabxe &i&, by &n?a!iy !eve;lliPg off in the 
~i~:rmpil lar ies ,  bz% ehc ki-4 f lov.  iieqce ti.? bluli, afkr  en+&& t h n  nacle at  the hternai My 
b q e r a t x e ,  reaches thr skk: Z I P U : ~ ~  a t  the m&c!le tmg:rs~t'ne, +A.%c&y lingers& the h a t  surplus ~Jmq'. 
e l l -born  physical and @yslI,%~ial aeckr,is;is, 

IiFter all heat energy p ; & , d  by the $?ysicril an: s * l W l i c  xt iv icy  is nmved f ron  t'le p:oduct:.cn 
Era by of tlie b!& ilw and dispised in t ke  e;ctemi eoriruim?tt s t  tiu skin level. 

Bcnce th chaqes ic the skin b i d  cd:% play a k+y ro:r ii! beat dj.s~tsic;>, % Incrciase - the skin i;!~:: 
tlov entzils a fcrt.$er train en tke cadio-sirx1atcl-y 1x6 iVie tcztt capc:a ua radch ~aluzc; 5 5  ti;&$ 
hi;lhor tk basal ows fs r  hlxim i&8<;;, <.?ex Moiqi'~ ic is ~i_rridl!y made up !cr  by :t@ i.xrease i n  
p ! a j ~ ! i ~  V.~!UW to the &L7iw.i1! ' ~ f  2\c int.?rstitidl liq~iC, 

I;lc c h q e s  s:eoni:q from the mrnspnieni vas~~jr ,c : id i  :?~3ges prarsix!!) cor;fiac tnensa!ves :1 c;x.q.g. 
the features of tbi! "ski? radiatorR. I:tdead, since (be b:& tlov ca:, n:r?e :rc*~ P.16 to 2 5 iitres/r~;r. ti.? 
te~persture, conductivity a.d ski2 heat djsprsim abiiity Ire siltsbr~:idliy a1r.i-id. 

The proccss ci  h a t  disp:si?n :r, tbe e r t c r ~ :  er,vi:orant ?as 3 @re:? @ptavsicaif ciaract~: ad dap&s on 
L5e t ~ q e r a t z e ,  hinidity ed r?didnt Twer of tPa in tqmnts  :I! re:(itioii ?J te%perdtc.?e hilllidit? a.?ii s p e d  o i  
t'e envircrm~t air.  

The m-envirormnt b a t  exchange cccx b y  con.~ecticin, -adiic!io?, coxiw?isn and evaixiration. 
Convection i s  the pmes i  :rt.?,?sterriq heat f:~r s"le ski? t:! the %?viromi!t bi direct  :tdiatir;r a.i.sxia:sd 

:a tak s k t u  of themi exitation of the air fils nolec;ll?s in cor.%ct vjl.3 the my. 
Radiatio:~ is the p r m s s  trsnsferrirq beat :'rot 3 e  a ~ i n  t$ t?e env~rcrmr.:. by dire?t ir;z:i?t:sl link.:i :: 

the release of e l ~ t r o s r a ~ t i c  radiation emission in the infrared hnO t y  the My. 
Conduction i s  the p-sj transferring heat fron a highs tenperature area to a lower tenpra tu ie  me. 
Evaporation is tbe process transferrinq heat from the skin to L5e envircnwnt, linked t o  ~k change in tna 

status of a vaporizing liquid. 
At the level of the skin t w  different processes oxu:: the fcmr which is rjeretaliy below Io'c, k r w a  as 

sFerspiratio insensibilism, caused by the natilral diffusion GI stear f.nreuqh tne s h n ;  t he  :axe: over 1'r3c, 
horn as 'vaporization': which is subject to the them-reqlating mntro! wiising prs~iratiirn. A tcr'ther 
aporiration oc~ws a t  tbe level of the rlicosa of the breathirj sqrxnt. Therefore res;iration is mde t>~o t i $  
a heat cession to the e.lvirormnt which a n  be relevant, h i n q  physical effoes, due to b e  incre3~e i n  the 
ventilation frequency. Tb~s physical activity and the ralatd heat production trirjger a series cf  physiclcqicd! 
mchanisas designed t o  keep homiotkrmy such as: variation in the owen conmption, lma ventilatisn, heart 
beatirq frequency, peripheral circulation and finally the activatien of sveat-qiandes. 

THE WOLOTION OF THE QCXOSCOPIC VISION 
The Weinbaun and J i j i  biotheml e p t i o n .  

In themphysioloqy the key instrument for dissipatirq b e  internal heat surplus is ghen by t!x incre~se 
of the peripheral blood flow vhich, by cbanqinq the canductivity of muscular tissues, consequmt!y alters 'u?e 
emission-dispersion characteristics of the 'skin radiante. 

@en though the process for dissipating heat qpearr to be vell-defined and understadable in its entiretj., 
indeed the 'I.mla aicroxopic vision of the heat exchange mechanism and the definition of ale tissce 
tenprature bas so  fa^ been devoted no satisfactory analytical description. Prom I985 to 1989, or, the JGLW! 01 

Bionechanical Wineering, a group of researchers froa the Neu York University s e e d  tt provide a rearkzble 
mntrihution to the evolutbn of the micmtherwphysiolcqy by defining a new biothem3Hi equation. 

Heinkdun, J i j i ,  Zhu and andns thus proposed and then generalized an equation where the dcrosco~ic averap 
tissue temperature was for the f i rs t  time connec'd with blocd flov Md the local microvascular gsowtry. 
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A -1 vas nde of the basic oecbanis~ vhich allovs the heat transfer fror the tissw to the blood. lhir 
transfer is not - as believed so far - the result of the beat exchange of a r t e r iomus  counter-flov of tbose 
capillaries having a diaoeter higher that 100 .m, vhich are considered to be more &artant from the thermal 
v i e p i n t .  

~ vas nde on the baris of a theoretical forecast propxed by Qen and Bolmes in 1980 ubo - as to the 
microcapillary blood flow - made a clear-cut distinction betveen the heat e rchqe  and the n s s  (oxygen) 
a c b q e .  This  lea^^ that, in tbe f i rs t  case, blood vessels under 50 .r are already themlly balanced vith the 
local tissue and do not participate in tbe heat m v a l  vhich i s  exchanqed and rmved only at  the level of 
those arterioles and venules havbq a d i a t e r  higher than 50 .I. 

The first equation proposed uas valid only for blood vessels of the same diwte r ,  but i s  interesting to 
mte that the last generalization of the equation to include different d h t e r  blood vessels and the expression 
of the effective conductivity tensbr have tbe merit of keepinq tbe same analytical Eon also i n  the lost general 
case. 

In this last instam, w have the advantage that the m b t i c a l  device of tbe analytical extension of 
the W r a t u r e  function enables us to describe - vith a good degree of approrimtion - the temperature ranqe of 
the close tissue, tbereby a l l w i q  for the first t i r  to a s w s  the theoretical results by means of the 
experimental data of the tissue temperature. 

THE EVOL[RION OF TEE KKWSCOPIC VISION 
The assesswnt of the enerqy cost in real colpetition. 

Scientific lmwledqe r a i n s  partial i n  every field, even tboqh i t  records a steady increase thanks to the 
efforts of the tbeoretical and experimental researchers. 

Thus, .if tbe advanced (ucroscopic) tecblcqies and the brilliant theoretical intuition enabled us to 
perfect knowledqe in th? field of ucrotberxopbysiology, the s a ~  instruments are contributing to extend 
knowledqe in the field of mcrotherwphysiology. 

Dw to sport evolution, tbe need to extend knowledqe calls for an indepth analysis of the equations 
regulating nan-environment heat exchanqes under 'free' (real) conditions - with all the dif:iculties ue can 
imaqine. Even tbouqh these equations are all w l l - h v n  - with a certain deqree of approximatim - (apart fros 
the mdel of the evapration process) tbey were w n f i d  by extrapolating tbem fror ldboratory controiled 
conditions. 

In this respect a joint research by CONI - EXFA - PILPJ was started at the beqinning of 1989 designed ts 
assess the athlete's energy cost in real competition. 

Considering the high complexity of the issue, the need a s  recognized to tackle it throuqh an in:qrated 
mlti-discipline approach, by resorting to knowledqe in the field of physiological biomechanics and the specific 
equipment provided by CONI, to the sophisticated aethcds and instruments by WEA acd firally to athletes and to 
the technical and specialized knowledge in the field of physical biolectmics by FIW. 

The 'simple* idea is that of viewing athletes as complex thermal mchines. Therefore the joint application 
of both principles of Thermodynamics must allow us to statistically assess the average work carried out by 
athletes during conpetitions. Obviously, fron a theoretical point of view, the problem could be rapidly solved 
if it was possible to mke the athletes' direct calorinetry durinq their perfomnce. Since this is technically 
impossible, it is common practice in sport to assess the athlete's wrk by means of the 'simpler' indirect 
calorimetry. 

This leans that through an appropriate oxygen mechanical equivalent w can trace back - throuqh the fuel 
kinetics - the work carried out i n  laboratory which, for many sports, is lade day by day more similar to the 
real competitive load. 

In the case of fighting sports pertaining to PILPJ (westling and judo) the few e r p r h t a l  data are 
indeed limited and i t  is virtually hpssible  to extrapolate reliable data from b e  labaratory results which 
can allow an adequate training, based on scientific principles. 

The idea i s  therefore that of retracing direct calorimetry by reans of the well-knovn energy equation of 
the pan-environment heat exchange. The at91ete1s bcdy superficial average temperature can te thus directly 
reckoned. 

In doing so, on tbe basis of the athlete's heat-enerqy emission recorded by 'renote sensing' techniques, 
more reliable quantitative data can be obta~ned on the competition prfomnce witbout affecting his real 
prfomnce. 
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Tbe wcessaq prelininary step relied on the +&retical forecast vhich enabled us to outline tbe first 
physical-lrathePlatica1 theory khorouqhly descriSinj vrestlhg coaptitions. 

The !atel and cbancteriniiion of @- generic waotioil of 'be 'couple of athletose sys ta  - develcpd w?ds 
to the spxif ic  t&miqurs of sbtistical %ect!dnics .. allowed to demonstrate that it belongs to the elm of 
bidimensio~l 3rounian mtion. th, appiying 2insteLi metiis - a d w . k l y  mlifird t3zok~h 'be sewSecOrd principle 
of themdynskics - it is rwr&d that the average khetic emryy is directly prop~tisllal to om tiftb of ti% 
athlete's werdll wen coilsq$im. the OM Id, the iw of vuiatima1 analysis - applied t o  tbe asPt 
of interactim kt= athletes in static conditions an6 e % W k  tw conpetition on the hens of t k  principle 
of 6alileogs relativity - &led us to identify the pbysical princjpla on l i c b  this interaction (throkiaq 
techniques) relies and b infer Kd define the llcws energy amaption trajectories. 

Ron a historical p i n t  of viev, the theory of the varktion calculation ME brn thank5 to to study of 
the brachistocrone or 'low tramit tine' trajectory. This probla vas studied by Galileo, Jacobi, Bernoulli 
and Lagrange vbo are generally midered  to be the foumkrs of tbe variational. theory. 

I t  was applied to tbe problen of identifying tbe law transit the trajectory that a body can cover 
beWen tvo pin t s  vhen only the qravitatioml force acts on it. 

In our case, since by first approxhtion, w deea correct tbe assuption ~ccordinq to vhich the initial 
thrust exerted by the attacking athlete on the attacked one acts for a negligible lapse of tiin?, we are once 
again f a d  with a foml ly  s id la r  case. 

The fiald of forces external to t!! 'couple of athletes' systen is conservative and not depending on time 
(gravitational field). Tberefore the p~.incipla of liniml action will b ld  trw and the My tarom vill cove: 
the lover transit time trajectory. !br*cver, if w use the Jacobi fcro' of the ninimal action prirciple - thereby 
operating an appropriate functional erchaqe aid recallinq that, in our case, ti@ is a constant of mtion - we 
can demonstrate either tbat the M y  covers a minimum lenqht curve in the space of configurations or that its 
trajectory coincides with tbe geodesic of a specific symetry. 

These iPportant results ac.h,ived make i t  pssible to experimentally study real conpetition by lvrans of 
themvision tv w r a s  vhich record +.tie athlete's heat emission in the infrared band on a mqnetic tape. 

We u 7  thus obtair! quantitative data related to the athletes' them-energy dispersion vhich accounts for 
75-80t of the overall consumption of the e t a h l i c  energy prcduced. 

Considering the bio-chemical origin of the athlete's metahlic energy - for the aerobic 'steady state' 
conditions - it vas possible for the f i rs t  time to associate - vim a good degree of a~proximation - the oqqen 
input and the beat output by means of a simple relation; vhereas tie relation connectinp the anaerobic-lactacid 
energy input vith the heat output is more complex and s t i l l  Imirnovn. In this respect, the first functional links 
are kinq attenpted during experiments. 

The data on beat emission - recorded by the TV camera throoqb 4 photqrans a ainute - are x ~ n  analyzed by 
a highly specialized systen for Imqe Processing, the ECI system, (E4lA Digital Imagerf), capable of providing - throuqh sophisticated data processing - factors such as: 

- the statistical survey on the 'grey tones' (maxisum, minimum, average and stardard deviation); 
- the construction of appropriate histogram; 
- the clm~ulative integral of the image in terms of energy: 
- the kinetic trend of the phenomenon. 
In order to obtain mre reliable data, images are subjected to the 'electronic' cleaning system, thereby 

elinimtinq al l  the interferences of the environment background which distorts &id dovnqrades the results 
obtained. 

A further step vas providing the saw images through the pseudo-colour technique, t . . ~  allovinq to obtain 
heat naps of the athletes' bodies on a hiqh definition screen. These maps enable us :o identity the mst use? 
mscles, that i s  to say 'the most warmed up* ones. 

The initial stage of the study allowed the gauginq of the heat energy e~ i t t ed  as a function o l  the oq;ar: 
intake detected by teleuetrics by eans of an athlete placed on an enqine conveyor h l f  w n i q  at ccnsenc 
speed for a given period of tire. h i s  vas done through the application of the thedyr,amic prirciple of ene-qy 
conservation, that is under conditions of no or virtually negligible 'physical' vork and of aerobic 'steady 
state'. 

Alledgedly, the technologies used allowed for the first time to follov the evolution kinetics of b t h  
phenowna ( m e n  input and radiation output), thereby enabliiy us to  try and find the functional relation 
linking them. 

The present stage of research is hinqed on the assesszent of the screening effect caused by the clotbinq 
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used in SOW form of vre~tlinq; Yhereas the ~ ~ e g u e n t  stages envisage 'che differential a swssmt  of tbe 
*phgsical workf' bth in the he'concentricn and ih t .  *eccentricR stages; tDc execution of t ech~iqw '  
in Lbratcsy and finally g p m i m  coxpetition trials and analyses of real wqt i t ions .  

The quality of +& intomtion gathered and the favourable outcaw of some dj.ra3 ad irdimt 
verlbic.-i'lions a re  scum? of bp fox t8e w m t  of o r i g h l  infoation I;s be found LI the future and for 
pro:'i?zbLe use cf Uis ww loi.W !nth in the beield of physical-tehical training an3 shock prevention. 
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