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Abstract

This paper ci iscusses under an energetic perspective the recent and older evidence support in-u the classical notiott

that  the 'oxygen 6ebt ' ,  as  or ig ina l ly  < le f inec i  by  Margar ia  e t  a l .  (1933)  [Am.  J .  Phys io l .  106.689 714] .  cons is ts  o1 ' two

major components: the alact ic oxygen clebt. with a half-t ime of the order of 30 sec. and the lact ic oxygen debt. with

a much longer half-t ime, similar to that of lact ic acid removal from blood etf ier exercise ( :  15 min). In part icular, two

ensuing concepts are treated, namely ( i)  the energetic eqr,r ivalent of blood lactate accumulation in blood. whence the

notions of lact ic power ancl lact ic capacity. and ( i i )  the energy sources al lowing contretct ion of the oxygen defici t  at

the onset of square-wave exercise. The notion of alact ic oxygen clef ici t  is rediscussed on the basis ol- recent evidence

in humans. The analogies between lactate accumulation during supramaximal exercise and during exercise transients

are discussed under an energetic perspective. O 1999 Elsevier Science B.V. Al l  r ights reserved.

Keyx.grls: Exercise, energctics: Lactic acid. removal; Lactic acid. energy eqr.r ivalent: Mammals. hunlaus; Muscle. skeletal.  lact ic acid:

Oxvsen. debt

l .  Introduction

The aim of this paper is to review briefly about

40 years of a main chapter of the history of the

energetics of muscular exercise. namely that of the
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anaerobic energy sources. It seems fair to say

from the outset that we wil l not try to present a

comprehensive review of the matters at stake. We

will rather focus on facts and theories generated

by the 'school of Margaria' from the early sixties

onwards, not only because this paper is dedicated

to Paolo Cerretell i . who was and sti l l  is one of the

leaders among Rodolfo Margaria's heirs. but also

and especially because we are convinced that the

concepts created by the School of Margaria, and

summarized below, can provide a solid back-

ground and a good starting point for many as yet

unanswered questions.

rights reserved.
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In 1933, a paper ent i t led 'The possible mecha-
nism of contracting and paying the oxyger-r debt
and the role of  lact ic acid in muscular contrac-
t ion' .  was publ ished in the American Journal  of
Physiology (Margar ia et  a l . .  1933).  This paper"
indeed a seminal one. introduced the concept of
'a lact ic oxygen debt ' .  and tor th is very reason
ini t iated a revolut ion in the physiology of  musclr-
lar exercise. The 'phospha-9ens' had been recently
iderrtif ied (Eg-eleton and Eggleton. 1927, Fiske
and Subbarow,  1921:  Lohmann.  1928) .  and a
number of  ensr-r ing observat ions on isolated mus-
cle contract ion was cast ing a shadow over Hi l l
and Meyerhof"s theory of the energetics of muscle
contraction (Hil l. 1932:. fbr a review see Needham,
l97l) .  According to th is theory,  for  which Hi l l
and Meyerhof were awarded the Nobel Prize for
Medicine or Physiology in 1923, oxidat ion of
glycogen to lactic acid is the main energy source
for muscr-r lar  contract ion,  whereas oxygen is con-
sumed fbr oxidis ing a f ract ion of  the accumulated
lactic acid. so yielding the energy for the resynthe-
sis to glycogen of the remaining fraction (Hil l,
1924).  Margar ia et  a l .  (1933).  by means of  a
mathematical analysis of the oxygen consuûrption
curve after heavy exercise in man" demonstrated
that a substantial fraction of the oxygen debt
payment is independent of lactic acid removal
f rom blood. As a consequence, they subdiv ided
the overall oxygen debt in two major components:
the alact ic oxygen debt.  wi th a shorter t ime con-
s t a n t  t  ( h a l f - t i m e .  t r  : :  t  I n  2 : 3 0  s e c ) .  a n d  t h e
lact ic oxygen debt.  wi th a much longer t ,  , .  s imi lar
to that of lactic acid removal from blood alter
exerc ise  ( :  l5  min) .

These findings generated a bri l l iant refutation
of Hil l and Meyerhofs theory. representing a
major step fbrward on the way to our present
understanding of the energetics of muscle contrac-
t ion.  Margar ia et  a l .  (1933) had studied the kinet-
ics of the oxygen debt payment. The time had
come of chal lenging Margar ia 's concept of  oxygen
debt by studying the way it was incurred at the
onset of exercise. Apart from the isolated pioneer-
ing work of  Henry (  1951) on exercise t ransients.
this task was essentially undertaken in the early
sixt ies by a group of  scient ists in Mi lano. among
whom Cerretell i  played a major role, under the
intellectual leadership of Rodolfo Margaria.
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This led to the creat ion of  two basic concepts in
the energet ics of  muscular exercise:  ( i )  the en-
erget ic equivalent of  b lood lactate accumulat ion
in blood. whence the not ions of  lact ic power and
lact ic capaci ty.  and ( i i )  the obl igatory f ract ion of
oxygen deficit at the onset of exercise. These
concepts are discussed. under a histor ical  perspec-
tive. in the present paper. The paper is therefbre
div ided in two sect ions.  the f i rst  devoted to an
analysis of  the anaerobic lact ic energy sources. the
second to the enersetics of the oxvsen deficit and
debt.

2. The anaerobic energy sources

2.1. Tltc cnerg.r ctluitulent of lut't ic ut' i t l

. f  oruutt iot t

Margar ia et  a l .  (1963a) determined the energy
cost of  running ai t  var ious speeds and incl ines of
the terrain" al lowing an est imate of  the corre-
sponding metabol ic power requirements.  So the
Milano -sroup set out to determine the rate of
lactate accumulat ion in blood at  speeds and in-
clines requiring a n'retabolic power larger than
that corresponding to the subjects '  maximal oxy-
gen consr-rmpt ion (Margar ia et  a l . ,  1963b).  Each
constant supramaximal speed tr ia l  was subdiv ided
into several  bouts of  increasing durat ion,  unt i l
vol i t ional  exhaust ion.  After each bout.  the subject
was asked to rest and the lactic acid concentration
in blood measured throughout the recovery pe-
r iod.  Assuming that ( i )  the peak concentrat ion of
lact ic acid.  at ta ined between the 5th and the Bth
min of  recovery,  is  equal  throughout the body
f lu ids,  and ( i i )  the water f ract ions of  the blood
and of  the whole body are 0.8 and 0.6 respec-
t ively.  i t  was possible to est imate the amount of
lact ic acid produced per kg of  body mass. This
made i t  possible to demonstrate.  as bel ieved at
those t imes. that  the rate at  which lact ic acid is
produced ( in g kg I  min I )  (actual ly accumu-
lated, and on average, as we wil l see below)
increases l inearly with the corresponding
metabo l ic  power  ( in  kca l  kg  I  m in  ' )  (F ig .  l ) .
The intercept on the r-axis of  th is l ine was con-
sidered indicative of the metabolic power below
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which no net production of lactic acid occurs:

indeed this intercept corresponded to the power at

which the plateau def in ing the subject 's maximal

oxygen consllmption was attained. The slope of

the l ine was taken as a measure of  the amount of

energy released in vivo by the production of I -u of

lact ic acid:  i t  amounted to 222 cal  g '  (84 kJ

mol r1.  This or ig inal  resul t  was essent ia l ly  conf i -

rmed by further data from the same school on

humans (Margar ia  e t  a l . .  19J1,  l9 l2 ) .  runn ing

dogs (Cerretell i  et al.. 1964), and isolated-perfused

dog gastrocnemii  (Cerretel l i  et  a l . ,  1969).

In spi te of  the consistency of  the resul ts"  the

nLlmerous assumptions under ly ing the above con-

clusions st i r red a heated debate,  in part  because

some of them were either implicit or definitely

unsound. in part because of preconceived. if r lot

altogether wrong. ideas on the energetic signifi-

cance of  lact ic acid product ion.  This state of

afJairs was most unfbrtunate. because it precluded

a widespread pract ical  use of  the 'energy eqtr iva-

lent  of  lactate fbrn ' rat ion in v ivo' .  thus in the end

hin<lering the pro-eress of our knowledge in the

f ie ld.  Indeed we maintain that .  as of ten pointed

out ever s ince. the above calculated energy equiv-

alent.  a lbei t  wi th some caut ions and less empha-

sis, is an extremely usef ul practical tool fbr

est imat ing the wl io le body energy expendi ture

cluring supramttximal effbrts (fbr a review see di

Prampero, l98l) .  The last  statement is developed

in the next paragraphs" where we wi l l  f i rst  enu-

merate and cliscuss the several assurt-tptions under-

ly ing th is concept,  and then report  recent and

older evidence in i ts support .
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Fig.  l .  Incrcase of  lactate in thc bocly in -u kg I  rn in I  l r ight  ordinate) .  and nct  stcady-state O. consur.npt ion per uni t  of  body

wcight  ( le l i  orc l inate) .  t ts  a l t rnct ior-r  of ' the intensi t l 'o1 'excrc ise erpresscd in cal  k-s I  min r .  Non-athletes.  f 'Lr l l  l inc:  ath lete.  broken

l ine.  Thc f 'u l l  l ine lbr  lactate crosses the abscissa at  220 cal  kg I  min r .  about the same value at  which the corresponcl ing O.

consumpt ion l ine reaches i ts  maximum. Below th is level .  no lactate is  prodLrced and t l tc  work is  carr icd out  aerobical ly ' .  The lactate

l ine for  ath letcs is  c l isplaced to the r i -uht .  inc l icat ing a highcr capaci ty '  lbr  aerobic rvork and a higher maximal  oxygen cor lsumptrol l .

The s lopc 9f  thc two lactate l ines is  the same ancl  inc l icates an energy'  'procluct ion '  of  about 222 cal  g '  o l '  lactate fbrmed. Asstrming

t l r is  value is  correct .  lactate can be exprcssed in calor ies instead ot 'grams. on a scale a lso reportecl  or l  the r ight  Ordinate.  Fron]

Margar ia  c t  a l .  (1963b) .
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2.2. Tlre energeti(' .;ignit'it'un('c ol luctic ucid
pr0du('ti0tl

The lact ic acid concent l 'at ion in the body l lu ids
reflects the balance between lactate prodr.rction
and removal .  The lat ter  takes place in several
organs and t issues. s l lch as the l iver.  the k idnev.
the brain.  the heart .  as wel l  as skeletal  rnuscle.
and can lead to ei ther lactate oxidat ion to CO.
and water (Brooks et  a l . .  1999).  or  to _ulycoger-r
resynthesis. During severe r'xercise. _rlycogen
resynthesis is severely depressed. i f  not  a l together
abol ished" so that lactate removal  is due exclu-
sively.  or  very near ly so.  to i ts or ic lat ion.  the f i rst
step of  which is the reversible t ransfbrntat ion of
lactate to pyruvate.  I t  is  obvious that lactate
oxidat ion.  exact ly as pyruvate removal  into the
Krebs cycle.  requires oxygel t  consumption with
the same stoichiometric coeflcient (rnoles of sr-rb-
strate per n ' ro les of  oxygen).  As a conseqLlence.
when lactate product ion equals lactate removal .
so that the lactate coucel t t lat ion in bodv f lLr ids

stays cc-rnstant"  the rate ol-  oxygen col lsul lpt i t rn is
an overall r-neAsLn'e of the whole body ener-qy
expendi turc.  re_qarcl less of-  the rna_uni tude of  lac-
tate production ancl rertror, 'al and of the absolr,rte
lactate concentrat ion.  This is what occurs dr-rr ing
l ight  aerobic exercise.  On the contrar) , .  dur ing
intense crcrcise.  when the lactate concentrat ic-rn in
the body f ' l r " r ids keeps incrcasin_u. the whole body
energy turnover is larger than the oxygen con-
sut-uptic-l-r by an iuloLlnt that is proportional tcr
the net rate of  lactate i tccuntulat ic-rn.

These general  considerat ions are detai lecl  rn
Fig.  2.  in w'hich a nuntber of  schernat ic working
hypotheses for lactate prodr-rctiolt ancl rentol,i l l  arc
presented at  t l ie level  of  muscle f ibres (di  Prant-
pero  e t  a l . .  1998) :  ( i )  an  "even ly  a rerob ic '  cond i t ion .
in which each frbre r . r t i l ises the pyn-rvate that  i t
produces. so that no change in lactate concentra-
t ior-r  occurs as contpared to rest :  ( i i )  a 'hypoaero-

bic '  condi t ion.  in which act ive f ibres produce
nlore pyrr-rvate than carr-r be oxidised in the Krebs
cycle.  so thart  lactate concentrat ion keeps increas-
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in_c steacl i l .v :  ( i i i )  i r  .hyperaerobic 'cor lc l i t ior l .  i r l  Thc resul ts presel l tecl  in Fig '  I  at 'e t tot  inher-

which t5e active fibres take r.rp ancl oxiclise lactate crrtlv cc-rtttraclictorv u'ith the cLlrl 'cl lt t l t 'rt iot.t

fr.r.r-r the ertracellr.rlar space in acrclit ion to or u'hereby bloocl lactate collcclltrtrt iolr is plotted as

ir-rsteacl  o l - that  producccl  bv thenrselves.  so that a funct ion ol-  the erercise inter ls i t -v '  Incleecl '  thel '

lactate c.rrcerrrat io '  keeps clecreasin-u steaclr l l ' :  c lescr ibe c l i f terent t .ce1s of  the ' lactate '  r ' lor ld '  The

( i r , )  an .urer,er ly aerobic '  conci i t ion \ lùcrein thc lat ter  is  a stat ic picture.  report i l lg l i tc t i t tc col lcet l -

lactate pr.c lucecl  i ,  excess by hypoaerobic f lbres is t lat ion at  a -uiveu poir l t  i r l  t i r l re '  regardless 01' the

take, 'p ancl  or ic i iseci  b,v by hyperaerobic f ibres prececl ing cvert ts:  the fbrn-rer (Fig '  l ) is  a c lyr lar t r ic

l1earby.  so that.  af ïer  ar  in i t ia l  r ise nccessar,v to pictr-rre leport i r lg the rate o1- i t icrease of  lactate

pr imc the system. lactate cc)ncentrat ior-r  remains cOnceut|at ion c lur i r lg t l - re erercisc per iocl  i r l  which

stable at a higher. lei,,el than the restin-u. It shoulcl the o. cousut-l-tptiorl l-ras attairlecl a collsti l l l t '  arlcl

a ls .  be  po i . ted  ou t  tha t  t l - r i s  s ta te  o f  a f f . i r s  i s  i ' tha t  vc rv  i r i s t . . cc  r ) rax i r 'a l '  va lue '

ciepcnclcr-rt o|r" ancl tacil i tated by" the eristettce of

a l r rctate t rarsporter (Jr-rel .  rggi) .  The to ' r  hy- 2.3.  Ttrc di .str i l t t t t i . r t  ' f  lu. t , t t '

potheses cletai led rn Fig.  2.  once translated to the

rvhole bocli, lcvel. rrre c.nceptu.l n'alogucs of The ar.r-r.Lr-rt of lactate 
'prtlcl ltcccl' per kg of

l i_ul-r t  aer 'b ic exercise.  sLrp* l l ' raxi ' r ru l  crercise.  re-  bocl1"t t tass (Margar i i t  et  a l"  1963b) r 'vas calc l r latccl

coverv tbllowing supramaxirnal exer-cise. arrcl in- assufr]ir]-u that the peak bloocl lacti ite cc-rttcetltf i t-

tense aerobic exercise (power above 50'x,  o l '  that  t ion at icr  erercise" at ta i r lcc l  betweet l  the -5t l i  ar ld

corrcsponclin-u to the maximal ox)--rrcn Sth n-rin ol ' recoverv" \\ 'as i l l l leasLlre o1- the eqtri-

c.rr . rs.rmpt io ' ) .  

tL '  LrrL rrr* / \ r r r rL ' r  -  ' :  
l ibr ium lactate concelr t rat ion throt tght l r - r t  the bodl ' '

This general picture is conceptuall l, '  iclcntical to w'ater. This u'as tt lso assltt-t lecl tt l  be eclr'ral ir l the

that r_rr-rder ly ing the so cal lecl  
' lactate shutt le '  c l i t lèrcnt  t issr-rcs.  rcgardless of  their  i t l t r i t -  vefsLls

(Brooks. lg135).  rvhich wi l l  not  be c l iscr-rssecl  fur-  er t ra-cel lu lar  $ 'atct ' f ract ions'  Tl ie lat tef '  however '

thcr i ,  th is paper.  Howevcr. . r1 i r - ' ' - recl iate c.rol-  is  tot  thc case. s i t rce l l tc tate at l ic-r t - ts at  eqr-r i l ibr iurn

lar.v o1- tl-re ab.re l i 'c of reasor-ri 'g is that the are plctèrentiall l ' '  l t tcatcd ir-r the extra-celltt lar

crerget ic s ig ' i f icar-rce o1- lactatc c lcfencls on the phase (Rot-rs.  197-5).  st l  that  the alnol t t - t t  of  lactate

rate at whicli i ts cr-'rcertrati.r-r chan-ues in the pet kg of boc11, mASS clttrtrot be easll ir calcr-rlatecl

bocly f l r - r ic is.  a 'c1 ,ot  to i ts absolute . . - , , - r . . , - r t r , r t ion.  wi thout knou' ' lng the lactatc ctr t tcet i t rat ions in

As a consequence. the wic le ly r , rsecl  representat ior-r  intra- r tncl  cxtra-cel l r - r lar  \ \ater '  together rv i th the

of the bloocl lactate concelrtration as er l-ur-rctit-rr-r of correspolicl ir lg l l 'actit lr ls' In additit ln' Margaria et

the cxercise intensi ty c:r 'not  ar-rc l  shoulc l  not  be al .  (1963b) c l ic l  not  cc-rnsidel ' th l t t  r t  cet ' t i t i t t  i l l l loLlnt

ir-rter.pretecl to mea' that. u,henever bloocl lactate of- lactatc is ir lcr, ' i tabll" remol'ccl cllrrir l-s the first

c.rcertrat ion exceeds a given thresholc l  (c.g.  4 1i 'c  minutcs ot ' recover) ' .  bef t l re the at ta i r l t 'uel l t  Ot '

nrM).  the e 'ergy requirer-rert  of  the excrcise is the peak blot tc l  lactate col lcel l t r i ' t t i . t l '  Therelore '

met i ,  part  by araerobic lact ic elrergy soLlrces.  th is is necessar i l r  less that l  i t  wOuld be'  were

I r l c l e e c l . t l r i s l v l c i e l y r r s e c l r e p r e s e t l t i r t i o r l o n l i , i n l - l a c t a t e c l i f T L r s i o r r a l l c l n l i x i t l g i r i s t a r l t i - l l l e O [ t S . I t f b l -
p l ies that .  c l ' r ing a certair-r  per iocl  of  thc excrcise.  lorvs that  Mi l rgar ia et  a l '  (1963b) per lorn"red i I

r-rsually in its early phase. befbre the attainr-nent ol- rather crucle estit ' t late ot' lactic acid proclr'tctic-rt-t

a steacly state in oxygeu consl ' r lpt i .n.  i t  certain l l 'om peak bloocl  lactatc col lccl l t f t l t ic l ' '  This state-

f 'rorrt of erergy has been clerivecl from alucfo- ment- howel'er. by rlo mealls ir l lpl ies reiectiorl of

bic larctic e.ergy sources. whence the increase of the cotrcept of t lte ertergetic significallce o1' blood

blood lactatc col lcentfat io l l  (ear ly lactate" as lactate accLtmulat iot ' t '

def i r - recl  by cerretel l i  et  a l . .  lg lg.  see belor,v) .  I t  I f  u 'c assLrnle that :  ( i )  the peak blood lactate

also tb l lows that a cont inuous anaerobic lactrc concentrat ion is the resr-r l t  o1'  at l  eqLr i l ibr i t l l l l  col l -

contr ibut io,  to the erergy recluirement can be cl i t ion.  which is i r lc lependent of  the act t ra l  lactate

dernor istrated only i f  the lact i r te concentrat ion conccntrat ict t - t  in extra- at lc l  intra-cel lu lar  f lu ids:

keeps i r . rcreasing dur i rg the erercise.  ancl  ( i i )  the r i t tcs of  lactate c l isappeal i l l lce i r l  t l ie
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varioLls body flr-rid cor-r-rpartments have tl-re stlt l lc
t inre constants.  then the kinet ics of  lactate disap-
pearancc l l 'om blood should be appropr iately de-
scr ibcd by a mot- toexponent ia l .  This is indeecl  thc
case (Margar ia  e t  a l . .  1933:  As t rand.  1960:  Mar -
gar ia et  a l . .  1963b: Herrnansett  and Stensvolc l .
lL)72: di  Prampero et  a l . .  l978a.b).  the hal l ' - t in-re
o f  th is  monoexponent i i t l  be ing :  ( i )  o f  about  l5
r-nin fbr  r r  rest ing recovery:  ( i i )  faster i f  l ight
aerobic exercise is perfbrmed during recovery
(Giso l f i  e t  a l . "  1966) :  anc ' l  ( i i i )  independent  o f - the
absolr . r te peak blood lactate concentrat ior t .  at  least
in the range between 4 and l6 ntM (di  Prantperc-r
e t  a l . .  l97Ba.b) .  As  a  conseqLrence.  p rov ided tha t
the condi t ions of ' recovery are standardised: ( i )  t l ie
peak bloocJ lactate concctr t rat ior t  dur i r tg recovery
is.  and cannot br"r t  be.  d i rect ly proport ional  to the
overal l  amoLlnt  of  lactate accumulet ted i r t  I  kg of
body r l r ISS dur ing the precedi t tg suprarnar imal
exercise:  and thus ( i i )  the rate of  lactate accumutl t t -
t ion in blood. as calculated f iom the rat io of  the
peak bloocl  lactate concentrat ion to the dr-rrat ior t
o l -  the prececl ing exercise.  is .  and cannot but be.
direct ly proport ional  to the rate of  lactate accl t -
r lu lat ion in 1 kg of  body ntass.  And this is sc-r .
even i f  i t  is  very di f Ïcul t .  i f  not  a l together impos-
sible.  to calculate or f f leasLlre the last .

In other terms. there is no need of  determinin-e
t l ' re rate of  lactate accumulat ion per kg of  body
nlass to -uet infbrntation on the energy released by
anaerobic lact ic metabol isr-n.  I t  would be enor.rgh
to calculate the reciprocal  of  the s lope of  the l ine.
that  re lates the measured rate o1'  lact ic acid i r t -
crease i r - r  b lood (A[Lâ].  At  ' )  to the known
metabolic power reqr-rired to perlbrnt the corre-
sponding exercises (AE At ' ) .  This parameter.
wh ich  is  f iom here  on  de f ined B: (AE At  ' )

(Â [Lâ ]n  A t  ' )  I  :  AE A[Lâ ]b  ' .  i s  indeed the  co-
el Ïc ient  y ie ld ing the amount of  energy per uni t  of
body mass released by the accumulat ion of  I  mM
of lactate in blood. From t l - re data of  Mar-ear ia et
a l .  (1963b) .  B  tu rns  ou t  to  be  3 . -3  r t t l  O.  kg  I

mM r.  which nrei lns that  ar-ry I  mM increase in
blood lactate concentrat ior"r  is  equivaler-r t  to the
energy released by the consLurpt ion of  3.3 ml O.
per kg of  body mass. This is an empir ical  energy
equivalent.  c letermined without the need of  any
assumotion as to the ef fect ive distr ibut ion of  lac-

tate.  I t  can be safèly appl ied as such. provided the
exper imental  condi t ions are those descr ibed and
discr-rsseci above.

2.4. The arrcrgatit',s of .utprurtu.ritrtul e.rert'i.va

Dr-rring sLlpramatximal exercise" the oxygen con-
sumption may at ta in i ts matxin-ral  value within say
20 30 sec. Afïer th is inr t ia l  t ime. we cal t  reason-
ably assr-rme that l ' lo el te l 'get ic contr ibut ion f rom
anaerobic alact ic energy sources (Lohrnann reac-
t ion) subsists.  So the energy release per uni t  of
t ime af ïer  the int t ia l  per iod is the sLlm of  two
terms. the first refèrring to aerobic" the second to

anaerobic lact ic.  e l tergy product ions.  AS fol lows:

c l E  d t  :  ( d v o r ' d t ) , , , , , .  +  / ( d [ L â ] , ,  d t )  ( l )

whcre dE,,'dt is the overall r-r"retabolic power.
(dVO. dt) , , , , , ,  is  the maximal aerobic power.  B is
the energy eqLr ivaler-r t  of  lactate accumulat ion in

blood. ancl  (d[Lâ], , ,dt)  the rate of  lactate accumu-
la t ion  in  b lood.  I f  dE,d t  i s  in  ml  O.  t t t i t - t  '  kg  I

and (c l [Lâ ] , .  d t )  in  tnM nr i r t  r .  then  B is  in  ml  02
mit ' r  I  mM '  (3.3 according to Margar ia et  a l . .
1963b).  l f  rve express dE,dt  re lat ive to (dVO., '

d t ) , , , , , r .  Eq .  (1 )  becomes:

c l E d t  ,  / ( d [ L i l r , d t )
( . lvq.  . i t t*  

:  I  _-  
t . rvo,. . r t l " , ,^

( 2 )

Eq. t2)  a l lows a comparison of  subjects di f fer ing
in rnaximal aerobic power. and therefbre working
at di f lèrent sLrpramaximal exercise intensi t ies wi th
di f ferent exercise modes. From the data of  Mar-
gar ia et  a l .  (1971) dur ing t readn-r i l l  running and of
Per-rdergast et  a l  .  (1971) dur i r tg swinint i r ig.  i t  was
possible to calculate [3 f iom Eq. (2) for  the two
exercise modes at  stake. The resul ts are shown in
Fig.  3.  where dE'dt  is  p lot ted as a funct ion of
d[Lâ]b 'dt .  both expressed relat ive to the maximal
oxygen cot- tsumpt ion. fbr  running and swimming.
The two regression l ines have simi lar  s lopes. indi-
cat ing that the energy equivalent of  b lood lactate
accumulat ion for  the two exercise modes is the
s A n r e  ( 3 . 0  l n d  1 . 7  m l  O ,  k g  I  m M  r .  f o r  r u n n i n g

and swimn-ring respectively. to be con'rpared to the
f i -eure of  3.3 ml O, kg I  mM rdiscussed above).
More recent ly.  Capel l i  and di  Prampero (1995)

measured d[Lâ]b 'dt  dur ing supramaximal t rack



P.E. d i  I ' r r t t r rpt ' rp.  G. I 'crr t ' t t i  Rc.spi t ' t t t i t t r t  Ph.r" t io lo,u, . t '  l l8  (1999) 101 l l5 I 0 9

cycl ing.  in a condi t ion in which the overal l

n-retabol ic power was knowrl .  This al lowed appl i -

cat ion of  Eq. (2) lor  the computat ion ol  P.  wl i ich

resul ted eqLlal  to that  calculated for running and

swin'rming.
The str ik ing s imi lar i ty of  these values. indepen-

clent of subjects. type of exercise. ir-rtensity of

exercise.  and muscles involved. reinlorces the v iew

that B is indeed the energy equivalent of  b lood

lactate accumulat ion.  and supports i ts -qeneral
val id i ty.  Clear ly enough. B is not the ener-uet ic

equivalent of  lactate fbrmat ion in the working

muscles and does not y ie ld any direct  infbrmat ion

on the stoichiometr ic relat ion between lactate fbr-

r"r-ratior-r and ATP resvnthesis. It is nevertheless a

F ig.  3.  The overal l  rate of  errergy cxpendi tLtre (dE dt)  is

plot ted as a f -ur-rct ic tn of  thc rate of  lact ic  acic l  accurnulat ior l  in

blood (d[Lâ] ' ,  dt )  in r t tnning ( f r - r l l  c lots.  data l l 'o t r - r  Margar i i t  c t

a l . .  l97l )  and swintmring (open dots.  data f r t lnr  d i  Pr i tn lpero et

al . .  1978b).  The compar isot t  of  d i l lerent  subjects is  macle

possib le by '  expressing both parameters as rat ios to the sub-

jects '  maximal  oxy"gen consumpt ion.  Thc regrcssion l i t lcs are:

r ' :  l . 0 l  +  2 . 9 6 . v  ( r ' : 0 . 9 9 ) .  a t r d . t ' : 0 . E 5  +  l . 7 l r  ( r ' : 0 . 9 ' 1 ) .  l b r

runrr in-e and su' imming.  respcct ively.  The s lopc c l f  thesc l i t tes

corresponds to the energy eqtr ivalcnt  o l 'b lood lactate accl l l l l t l -

l a t i on .  Mod i f i cd  a f i e r  c l i  P rampero  (1981) .

verv useful  quant i ty al lowin-q Lls to determine the

energy release it ' t thc body whenever the blood

lactate concentrat ion increases by a givcl l  a l l loLl l l t .

2.5. Tha trrtr.uittrul lur'î i t '  power

Since d[Lâ], ,  dt  increases l inear ly wi th increas-

ing the exercise inter-rsity. it n-ray be expected that

it attains a lttttxitttLllr wheu tl-re ellergy release

fl-on'r aniterobic lactic metabolisrl l t 'etlLtires ex-
ploi tar t ion of  the -ulycolyt ic potent ia l  at  i ts  greatest

extelr t .  That th is is incleed the ci tse was demon-

strated. agair-r in the sixties. by r-r-ren-rbers of the

School  of  Margar ia ( inclr-rding Paolo Cerretel l i )  in

an elegant ser ies of  exper iments in which subjccts

run on a t readmil l  l t  18 knr h I  at  s lopes up to

25"/,,. thus perlormirtg exercises reqr-rir ing i l

n-retabol ic power larger than twice the marimal

aerobic power (Margar ia et  a l . .  1964).  Tl ie resul ts

showed that:  ( i )  dILâ]b dt  et t ta ins a cotrst i t t t t  t t iaxi-

mal ver lue which does not increase by fur ther

increasin-u the exercise interts i ty:  and ( i i )  the t ime

after which dILâ] ' ,  dt  starts increasing is shorter

the higher the exercisc intensi ty (Fig.  4) .  Margar ia
et  a l .  (  1964) argued that the energy soLlrces fbr  the

t ime that precedes the i t tcrease in d[Lâ] ' , '  dt  were

anaerobic alact ic.  namely the r-ret  ut i l isat ion oh

l-righ energy phosphates. particr-rlarly phosphocre-

at ine.  because of  the contract io l l  of  the alact ic

oxygen deficit and because tl le intensity of exer-

c ise was much larger thatr  the maximal aerobic
power.

Knowled-ue of  B.  calculated as descr ibed above.

al lowed au est imtt te of  the rretabol ic power equiv-

alent of the measllred rnetximal rette of lactate

accun-tulat ion in blood. or maxirnal  lact ic power:

th is  amounted to  some 75 ml  O,  kg  I  m in  r .  i .e .

about 1.5 t intes the subjects '  maximal aerobic
power.  I t  wtts higher in power athletes (Her-

mansen. l91l \ .  and reduced af ter  a l t i tude accl ima-
t i za t ion  (Grass i  e t  a l . .  1995) .

2.6. Tlte rrtuxiltul luçtit '  r ' ttttttt ' i t t '

The above data can also be r-rsed to draw all

overal l  energy balance of  very strenuotts exercise

in humans. From the (known) total  energy re-
quirement of  the exercise.  the (measured) amount

y= 1 .01 . r  2 .96x

*  
Y  = O . 8 5 +  2 - 7 2 x
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sêc

r .n l )  as a l -utrct ion ol 'crcrc isc c lurat ion (sec).  Thc lbur l incs re lèr  to l i tur  uork
thc  t r c 'admi l l  l ' r om l0  to  l 5 ' l  , , "  a t  t he  cons t i t r l t  spced  o f  l 8  kn t  h  r .  The  s lope
in bloocl .  Sincc i t  is  uncl tangecl  br  increasing the po\ \er  oLl tpLl t  (see regression
ratc ct f 'encrg) rc lc i tsc b1'b loocl  lactate uccr. rmulal i r ' r r . r .  c l r  n ' t l r t i r .nal  lact ic  po\ \ 'cr .

: 40
Q\

s
ç
: 30
<
-j
\

20

r510

F ig . ' 1 .  l nc leuse  o l ' l ac t i c  ac id  i n  b lood  ( i n  rng  pe l  l { ) t )
lo i tc ls"  uncl  l l 'e le obtaincd b1'  changing thc inc l ine on
indicatcs thc ratc at  r , r .h ich lact ic  acid is  accuntulatccl
cc luut ions on thc f  i_c.) .  i1  corrcsponds to lhc r .nur inta l
F rom Ma lga r ia  e t  a l .  (196 .1 ) .

of lactate accl lmukl tecJ in blood af ier  exhaLlst ion-
the (calculated) valLre of  0.  the (n-reasured) sub-
jects '  maximal aerobic power.  and from the
knowledge of  the t ime constant of  the O, con-
sLlmpt ion k inet ics that  sets the alact ic Or defrc i t
(23.3 sec.  Binzoni  et  a l . .  1992).  i t  is  possible to
calculate the amount of  e l tergy that c iut  be
der ived f l 'on-r  the f  u l l  ut i l isat ion of  anaerobic lact ic
ener-qy stores.  or  maximal lact ic capaci ty.  This
ranges. for  cont inuol ls exercise,  between 45 ancl
55 ml kg corresponding to a blood lactate
accLlmulat ion of  aboLrt  l4 l7 mM. I t  var ies wi th
the act ive mlrscle nrass.  is  h i_eher in power athletes
than in non-athlet ic subjects.  cal l  be twice as
big af tcr  intermit tent  exercise (Osnes and Her-
mansen. l9 l2) .  and is decreased af ier  a l t i tucle
accl imat izat ion (see" e.g.  Cerretel l i  and Binzoni .
1 9 9 0 ) .

Lactate accumulat ion in muscle is obviously
associated with a s imultaneous increase in H t

concentrat ion.  Thus. t l - re l in-r i ts to maximal lact ic
capaci ty are l ikely i r - r - rposed by the maximal H'

concentrat ion that can be at ta ined in the working
muscles" befbre inhibi t ion of  g lycolysis.  This in
turr-r depends on the bull 'er characteristics of mus-
cle f lbres and blood" and on the rate at  which
lactate can be removed l 'rom r-nuscles. This. how-
ever.  may r-rot  be the c i tse in al t i tude accl imat ized
sr-rbjects. in whom an increase in buf-fer power
throu-eh bicarbonate aclnr in istrat ion fà i led to in-
crei lse the maximal lact ic capaci ty (Kayser et  a l . .
1994).

: .7.  Tlrc P Lu r t r t i t t

The energy eqr-r ivalent of  lactate accumulat ior t
in blood is an epiphenornenon indicat ing the
amount of ener-{y released by anaerobic energy
solrrces fbr  resynthesiz ing ATP. the hydrolysis of
which actual ly provides the energy for contrac-
t ion.  The knowledge of  the amount of  ATP resyn-
thesised fionl the accumr.rlation of I mol of lactate
in the working muscles.  or  P, 'La rat io.  is  therefore
of pr imar-y importAnce.

M
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In tl-ris
to l lows:

dATPrd t

context .  Ecl-  (  l )  can be rewri t ten as

:  a(c lVO: 'c l t ) , , , , , ,  + cf  (dILâ]b, 'dt)  (3)

where c lATPrdt is the rate of  ATP resynthesis.  a is

t h e P l ' o . r a t i o ( m o l e s o f p h o s p h a t e r e s y n t h e s i s e d
at the expense of  the consLlmpt ion of  1 mol of

O.) .  and c is a constant relat ing blood lactate

cùcentration to the anlount of lactate prodr-rced

([Lâ], , , ) .  Mer-eing constants in E'q '  (3)  y ie lds:

CIATP'd t :  a (dVO:d t )n . . r  +  b  (d [Là ] , "  d t )  (4 )

where  b(  :cB)  i s  the  P 'La  ra t io '  Conrpr - r ta t ion  o f

the P,La ratio fr 'om the measllrement of blood

lactate accumulat ion in humans is impossible be-

ci luse we clo not know the value taken by constaut

c.  I t  can be calculated. however" f iom the data

determirtecl ln isolatecl dog gastrocnemilts muscle

stimLrlatecl supramaxinlally with blood flow oc-

c luded (d i  Prampero  e t  a l . .  l978a.b) '

Under these condi t ions.  the released energy

cler ive essent ia l ly  f iom ( i )  deplet iou of  h igh energy

Fig.  5.  Enthalpy change (H. k. l  kg r .  let l  orc l inate '  dots)  and

u'c i rk output  ( \ \ ' .  kJ kg r .  r ight  ordi t rate '  t r i r tngles)  as a

fuuct ion of  lact ic  acic i  lbrmecl  (LA. mmol kg r lc lur in- l  s l lpra-

rnaxinta l  s t imulat iOn of  isolate perf i rsecl  dog g. tst foct tetr l i r ' ts  i t l

anoxia.  The s lopes incl icatc the cncrgl '  re lcascd by '  ar ld thc

work pcrlbrmecl by a unit of lactic acicl lornlecl clttt ' i t. lg ct' lt.t-

t ract ion.  Frorn c l i  Prat-npero et  a l '  (1978a) '

phosphates.  ( i i )  lact ic acid acctrrnulat ion'  p l r - rs a

minor. negligible tturount fronl t-t ' luscle O' storcs'

Since the hi-eh energy phosphate coucentrat ion is

constant i l t rest. ancl it clecreases down to tt lnlost

zero af ier  exhaust ive sLlpl 'anl i tx imal st imulat ion

(Cerretel l i  et  a l . "  1969).  the energy suppl ied by

p h o s p h a t e c l e p l e t i o r r i r l t h e t r a r r s i t i o r r f r o m l e s t t o
stimr-rlatioll ctl l l  be consiclered constant' This im-

pl ies that  the total  star-rdard err t l ia lpy (H'  work

p l . . . s l - ' e a t ) c h a n g e u n c i e r t h o s e c o r r d i t i o r r s i s e q u a l
to :

H : H , , r  + A H r , , [ L â ] , , ,

where H,,r  is  the enthalpy change clue to high

energy phosphates.  AH,-, ,  is  the nrolar enthalpy

c h a n g e d u e t o l a c t i c a c i c l f b r r l r a t i o t r t l . o r r r g l y c o -
gen. , t r td [Lâ] , , ,  is  the overal l  amouut of  lactate

proclucecl. The relatic-lt-t betu,'eelr H and [Lâ],,, was

establ ished by c l i  Pranlpero et  a l '  (1978a) '  and is

reportecl  in Fig.  5.  I ts s lope. cqr-ral  to AH,, '  is  76

kJ  mol  r .  anc l  i t s , t ' - i r l te rcept .  eqr - ra l  to  H, ' '  i s  l ' 2

kJ kg Furthernlore.  a lso the relat ionship of

ntcchanical  work outpnt to lact ic acid format ion

was fbur-rc l  to be l i t rear (Fig.  5.  r ight  ordinate) '  i ts

slope being iI l l leetsllre of the work tlotre pet' tttole

of  lactate accut ' t l t t l r t tecl  (20 kJ rnol  r1 '  The P'La

ratic-r cit lt l low be calcr-rlrtted as the ratio of t l i is

last valr-re to the rvork clone per tnole of pl-rosphate

split. Since the latter rallges tl 'or-r-r l6 to l9 kJ

rrrol  I  lPi iper et  a l . .  1969: Cerretel l i  et  a l"  1912

Fer re t t i  e t  a l . .  1987:  Cer re te l l i  and  d i  Prampero .

1988) .  the  PrLa ra t io  in  v ivo  tL l rns  ou t  equa l  to

1 . 2 5 | . 0 5 r r r o l o f p h o s p h a t e p e r r n o l e o f l e t c t a t e
t b r r r - r e d . w h i c h i s l e s s t h a n . b u t n o t f à r f i o m . t h e
value ol' 1.5 preclicted fiom stoichiorr"retry. If this

is so.  the ent l - ra lpy change of  phosphate hydrolysis

woulcl  range between 60 ancl  72 kJ mol r '  which

is remarkably higher than the valtte of 46 k'l

mol  '  measurecl  tbr  ATP spl i t t ing.  or  of  50 that

can be calcr-rlatecl assuming a PiLa ratio equal to

that in v i t ro.

3. Energetics of the oxYgen deficit

At the onset ar-r<J ofhet of square wave aerobic

exercise. the O. r-rptake attains a steady level only

af ter  3 -4 min.  I t  fb l lows that the amount of  O'

( 5 )

w (.)
U.t{'
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that enters the body per unit of t in-re befbre the
attainment of  the steady state is less than at  the
steady state.  Since the ATP requirement is con-
stant f iom the very beginning of  the exercise.  the
rate of  O. uptake dur ing the in i t ia l  phase is less
thar-r  stoichiometr ical ly recluired fbr fu l ly  aerobic
ATP resynthesis.  I t  necessar i ly  fo l lows that a f l -ac-
t ion of  the energy reqLr i red for ATP resyr-r thesis is
derived from other sources than O. uptake l ion-r
the lun-qs.  The opposi te occLlrs dur in_e recovery.

The i r - rcrease in O, uptake clr-r r ing l ight  aerobic
exercise is.  on f i rst  approxintat ion.  descr ibed by:

( d V O . , , d t ) , - ( d V O . , d t ) ,  : ( d V O , r d t ; *  e  t  r  ( 6 )

where subscr ipts 's '  and rreal t  at  the steady
state and at  a given t ime t .  r 'espect ively.  and where
the  t ime cons tan t  t  i s  about  40  sec .  Rear rang ins
equat ion  (6 ) :

( d v o . ' d t ) ,  :  ( d v o ,  c l t ) .  ( l  -  c  ,  . )  ( 7 )

In the recovery at  the end of  exercise Eq. ( l )
becomes:

( d v o . , d t ) , : ( d v o r d t l . e  r r  ( B )

I t  fb l lows that the n"r issin-e oxygen. def ined as
O,def'. or the extra oxy-qe n during recovery
(O.debt1 .  i s  the  t i rne  in tegra l  o f  Eqs .  (6 )  and (8 ) :

O.def

3.1. Tlrc cn(rg.t' ,\our('c,\ /or tlta o.\-l.g(,// tlaficit

The ener-qy sources impl icated in the construc-
t ion o1- t l ie O,def are essent ia l ly  three: a reduct ior-r
in  the  vo lume o f  O,  s to res  (VO,s t ) .  h igh  energy
phosphates (phosphocreat i r - re)  breakdown
(PCrO,) and ear ly lactate fbrmat ion (eLaO.).  The
O,def is the surn of  these three terms. expressed in
O. equivalents.  Since lactate removal  f l -oni  b lood
dur ing recovery is a relat i l 'e ly s low process (see
above).  only VO.st  ancJ PCrO. part ic ipate in the
O,debt .  i .e .  what  Margar ia  e t  a l .  (1933)  ca l led  the
fàst  or  a lact ic component of  the oxygen debt
payment.

This state of  th ings impl ies that .  i f  we let  one of
the components of  O.def vary.  the two others
remaining constant.  the O.def should change ac-

Pl r rs io log r  118  (1999)  103  I  l 5

cordingly and predictably.  Paolo Cerretel l i  was in
the -uroup which f i rst ly operated along this l ine:  in
the gastrocnemius plantar is dog preparat ion.  lac-
tate fbnnation at t l-re onset of exercise is negligi-
b le.  which shor"r ld lead to a fàster O. uptake
kinet ics ar"rd srnal ler  O,def than in humans: Pi iper
e t  a l .  (1968)  lound tha t  th is  was indeed the  case.
Thus. in that  cor-rdi t ion,  the energy equivalent to
the O,def was ent i rc ly der ived. or very neal- ly so,
f rom phosphocreat ine breakdown. whence the no-
t ion  t l ia t  the  O,debt  was main ly  due to  phospho-
creat ine resynthesis.  In addi t ion.  d i  Pran-rpero and
Margar ia  (1968)  showed tha t  rhe  P O.  ra t io ,  as
calculated f l 'or l  the rat io of  the amount ol '  phos-
phate broken down or resynthesised at  the ol tset ,
o l fset  of 'exercise to the O.def- .O.debt.  is  c lose to
t h e  c a n o n i c a l  v a l u e  o f  6 . 1 7 .

That paper prontpted a ser ies of  exper iments in
humans. in which VO,st  was ntanipLr lated, and
O.def for-rnd to change as predicted. A few exam-
ples are discr,rssed hereir-r .  VO.st  dur ing steady
state exercise is sntal ler  the higher the exercise
intensi ty.  essent ia l ly  because of  the decrease in
mixed venous blood oxygel t  saturat ion.  so that i ts
contr ibut ion to O,def oLrght to become pre-
dictably smal ler  in t ransi t ion f ionr l ight  to heavier
work than in t ransi t ion f rom rest  to ei ther work
level :  i tnd indeed the O. r-rptake kinet ics wi ts
fbund to be fàster in the fbrmer case (di  Prampero
et al . .  l9 l0) .  Analogously.  in acute normobaric
hypoxia.  in which VO,st  is  decreased. the O.def
was fbr-u-rd to be accordingly sn-raller'(di Prampero
e t  a l . .  1 9 8 3 ) .

As l i r r  as eLaO. is concerned. Cerretel l i  et  a l .
(1979) lbund that r  was direct ly proporr ional  to
the lactate accul lLr lated in blood dur ing the exer-
c ise t rarnsient (ear ly lactate).  as fb l lows:

r : i  [ L a ] , , * b  ( 1 0 ;

where ILzr]n is the ear ly lactate and I  is  a constant
incl icat ing how much r  increi tses per uni t  iucr.ease
of lactate in blood dur ing the exercise t rar"rs ient .
The constant À is an inverse l lnct ion of  (dVO,r
dt)s.  and from t l ie data of  Cerretel l i  et  a l .  (1979)
tu rns  ou t  equa l  to  7 .8  and 12 .1  sec  mM I .  a t
(dVO,  d t ) ,  va lues  o f  1 .5  and 1 .0  L  rn in  '  (me-
char i ical  powers of  125 and 75 W), respecr ively.
These values al low colnputat ion of  the O,def in-

r
:  l t . tVo .  c l t ) ,  e  ' ' ) , J t :  (dvo ,  d t ) ,  t  (9 )

J
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crease ( in ml O. kg ' )  per Llni t  incret lse in [L i t ]6
( in n-rM).  which is nothing but the energy L-t lLr i \ t l -

lerr t  of  b lood lactate accumulat ion.  This last  turus

out  equa l  to  2 .19  and 2 .89  ml  kg  I  mM I  to r  the

125 and l5 W power.  respect ively.  two values

astor-r ishingly c lose to those reported above (2.7

3 . 3  n i l  k g  I  n r M  ' ) .

This set  of  d i t ta strongly support  the hypothesis

that the oxy-qen deficit results from the sir-nulta-

neous contr ibut ion of  three enel 'gy sources: oxy-

gen stores. phosphocreatine breakdowt't. i lnd early

lactate accumulat ion.

3.2. Thc nat ulut'ïi(' o.\t'gctl tle.ficit

In concl i t ions in which t lo ear ly lactate accLtmLl-

lat ion takes place. and no changes iu O. stores
()ccLtr .  t Ic energy ;e le i rsed l i l l  the col ' l t l 'act i ( ' r t t  p l '

the oxygelt deficit con"Ies exclusively fl'or-r-r hi-qh

energy phosphate hydrolysis.  I f  th is is so- the t in-re

constant t  of  the k inet ics o1'O. uptake at  ercrc ise

onset becomes eqr-ral  to that  of  phosphocreat i r le

breakclown. AS the rates of  ATP spl i t t ing at lc l

ATP resynthesis ztre equal  and the ATP resynthe-

sis f ion-r  phosphocreat ine starts immediately at  the

exercise onset. Indeed the tinle constant of pl 'ros-

phocreat ine breakdown dictates the f ) rstest  possi-

ble O, uptake kinet ics.  This t ime cc-r t ls tat l t  wi ts

measured in humans b1'  nucleal '  n lagl let ic l 'eso-

nance spectroscopy and lbund to be 23.4 sec.

independent of  the work loacl  (Binzoni  et  a l . "

lg92).  This value is pract ical ly equal  to that  lbr  t .

as cletert-t-t ined or"r isolated perfused aerobic dog

gastrocnemius (Pi iper et  a l . .  1968).  A direct  conse-

qLlence of this state of affairs is that t l-re change it l

muscle phospl"rocreatine concentrattiotl duril l-q the

transi t ion is direct ly proport ional  to the oxyger- t

c lef ic i t .  This impl ies a negat ive l i r lear relat ionship

between phosphocreat i l ' le col lcel l t rat io l l  i t t td

steady state O. uptake. as actual ly fourrd (di

Prampero  and Margar ia .  l968 ;  P i iper  e t  a l . .  1968:

Birrzoni et al.. 1992).
The contract ion of  a net alact ic oxygen del ic i t  is

unavoidable at  exercise ot lset .  This is because the

key enzymes of glycolysis need to be actir"ated for

primir-rg the aerobic n-retabolisr-r-r. itnd tl-reir activa-

t ion is l ikely mediated by the very in i t ia l  break-

clown of l i igh energy phosphates. Tl-re rlccessity of

contracting the rtet alactic oxy-qell cleficit supports

the concept gctterateci ir-r the school of Margaria

that the s low increase of  O. uptatke at  the onset of

sqLrarc wave cxercise has i l  n lctabol ic or ig in"

rvhereas i t  cor lst i tL l tes i . t  st l 'o11g cvic lence agair-rst

t l - re al ternat ive col tcept that  the oxygen def lc i t  is

imposed by the delay' of the rcspiratot'y arlcl circr-t-

latory system.

3.3. Ttrc l i inatic,; rtf o.t.t 'guI (ott.\ttttt l tI i ttn Llttrirt.g

\ I t l) t '  ( t t t t ( I.\ '  i  t t t u I t ' .\ 'c' l 'r 1.rt '

For exercise i t t tcr ls i t ies exceeding the t laxi l -nal

oxygen consumptior l .  the k inet ics of  O. Lrptake is

descr ibed bi t  an ecl t tat ion tonl la l ly  s imi lar  to that

apply ing tbr aerobic erercise.  I r l  that  c l lsc.  how-

ever. the O. r-rptatkc tencls tclward a steady state itt

the overal l  e l tet ' -uy reclr t i t 'c ' tnetr t  o1- the exercise

[ (dVO.  c l t ) , ] :

(c lVO.  c l t ) ,  -  (c lVO.  d t ) ,  :  (c lVO.  c l t ) ,  e  t  r  ( l  l )

where (dVOr dt) , .  corresponcls to the steady state

O. r-rptake that wor-r lc i  be at ta l t iecl .  were i t  possible

to carrv c-r t - t t  thc erercise l t l ldcr purel ,v acrobic

cor-rc l i t ions.  Obr iouslv et lc-r t t -Qh. th is tetr ta l ive

steacly' statc is ttevcl' t 'citcltccJ. its thc it lcreitse irl O.

uptitke cotttes tcl itt.t etlcl u hetr the nlaxit-t lal O'

r-rptakc is achievccl. Scl. lbr sr.rprat't larit ' l lal exercise

intensi t ies.  the maxir l la l  O. uptake is t rc l - r ievecl  in a

t ime which is shortcr  thc higher thc erercise intetr-

s i ty ' .  as exper intet t ta l ly  lour ld (Craig" 1912).

In l l -qreemelt t  w' i th these observat iot ls.  at  the

encl of sLlpranlaxit ' ttal crercise. O. r-rptake stays at

i ts maximal level  fbr  sever i t l  secouds. because the

clecrease in O. t rptakc ideal ly starts f l 'om (dVOr

dt ; , .  s r - r  i t  i s  on ly  a f tc r  the  l ' i r tua l  (dVO,  d t ) ,  has

attained the sLrbject 's t l laximal O'  r - rptake that the

actLlal  (c1VO. dt) ,  st i t r ts c lecreasing. O1'col t rse.  the

t in-re at  which t l - re v i r t r - ra l  and the actual  (dVO.

clt), in recovcry beconte eqr-ral is lorl-uer the hi-cher

the  exerc ise  i r t te r ts i t y  (d i  Prampero  e t  a l . .  1973) .

4. Conclusions

Tl-re present analysis of the ener-qy releasc fl 'otl l

arraerobic n-retabolistl l  durin-u sLlprttmaximal exer-

cise and dr-rrirtg erercise tratlsietlts provides tt re-
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markablc body of  e l  idence in sLtpport  to the
not ion  or ig ina l l y  deve lopec l  by  Margar ia  e t  a l .
(1933)  tha t  the  lac t i c  anc l  a lac t i c  o rygen c leb ts "
AS they w'ere cal lecl"  pfovide al l  t l - re encrgv
recl uirecl lbr exercise perfbrmarrce that calt-
not  be released by aerobic metabol isnr.  We
hope to have been able to convince a rcadel  that .
as f i r r  as the anaerobic lact ic ntetubol isr-r-r  is  con-
ccnrecl. t l-re an-ror-rr.rt ol- ener_uv that it r.eleases
catr bc casil i, assessed |l 'om nleilsLlfentents ol- the
late at  rvhich bloocl  lact ic acid changes dLrr i t rg
ercrcise.

The h is tonca l  paper  b i ,  Margar ia  e t  a l .  (1933) .
al thoLrgh or,r tc lated fbr several  aspects.  str l l  def ines
the cul t r - r ra l  context  in which the stLrdy of  the
cnerget ics ol-  mlrscular exercise is carr iecl  oLrt
t lorvr tdal ,s.  part ictr lar ' ly  by his successofs.  I t  is  i r
p leasule lbr  urs tct  note the intportant rolc playecl
bl ,  Paolo Cerretel l i  in t l ie developntent ol '  our
know' leclge in the f ic lc l  s ince thc s ixt ies.  TIr is i tc-
knor,vleclgentetrt is f i lr us thc best 'vl 'a1,' of'honour--
rng hint  on the occasictr-r  for  whtch this paper has
been wri t ten.
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