we
PUDIPS SHOAS JO A39100G YsSIpams o1 P
SUOHRIDOSSY SUDIPIA $}H0dS wrerSomaoN] 911 pure ystae(] o) Aq paziuesi(

A¥TERT 15T
1430 BYOY ASvssimmim
' DI ETORTR YL GO S dyy e
MO Bl Srps auuosy WA AL ivgy

FelEenl weAdos a0y A

TCudEas jn;
BHURLLE LOISeT Bay

“worieshand ioy pasn
SO GIISRS HRINEedRs LGN, A i0n ARuc oo
fEE ST NoeEEEta Meajedd 10y puysioing eHTEY.
3 A00F Sy, {epen TETY LY el mey
PR ATen Ay POXIGI0C S Kuly jenorews gy

o DUOH

\Jq
[ A
! ﬂ\m\,.f.r‘l/

“WOOSURY ,mlﬁ ‘UOSS[IN UIRAS “wimyi=ey ggw &ﬁ%ﬁ%m
5
61 ‘S1— ¢ ‘O[S “BLICJA BLIOS
"9861 "SI—'6 Yore\ ‘AeMION ‘Of LIOIA
QUIIPI s11odg ux QIUIJUOC)) ﬂdﬁr&ﬁ%ﬁﬂum PU029§ 21 |,
o WO.LJ SEUIPI201d

oupipap spods wodepdnuy




THE PHYSIOLOGICAL AND BIOCHEMICAL BASIS OF
- AEROBIC AND ANAEROBIC CAPACITIES IN MAN;
EFFECT OF TRAINING AND RANGE OF ADAPTION

Bengt Saltin, Ph.D.
August Krogh Institute
Copenhagen University, Copenhagen Denmark .
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Introduction
In evolution the aerobic and anaerobic capacities of man have been essential compo-
nents for survival. This is hardly the case to-day. Although this is true there is a great
deal of interest in the energy yielding systems of the body, and their maximum rates.
One reason for this is that the application of this knowledge has a bearing in sportts,
where energy lurnover limits man when moving fast or in efforts of long duration. The
measureients of aerohic and anacrobic energy delivery were made early by some of
the pioncers in muscle and exercise physlology. Krogh and Linhard defined the oxy-
gen deficit {1919/ 20) and AV. Hill the maximal oxygen uptake (1923). The latter also
elaborated on the interplay between these sources of energy in running and demon-
strated that an even speed was most economical in a race (Hill, 1927). Although more
than half a century has elapsed since these studies were performed many unsolved
questions are still present. in this article an attempt is made to give an account of the
various topics while identifying where the limitations to performance may be and po-
int at the malleability of various systerns in the body to overcome these limitations.

Anaerobic capacity ; -
Howto measure: An accepted method to measure a petson's anaerobic capacity is not
available. Several routes have been tried, but objections on theoretical grounds - can

. be made against the various trials to quantitate the anaerobic energy yield.

h

Measurement of jactate in blood after exhaustive exercise have frequently been used,
and Margaria and associates have gone the furtherest to use such a measure to esti-
mate the anaerobic energy release (1963, see also Jacobs, 198G). There are, however,
several difficulties, One is to identify, when there is an equilibrium between muscle
and blood lactate concentration, Another is the variability of dilution space for lactate
and a third is that lactate has a high rate of turn-over. Before an equilibrium is reached
between muscle and blood and the lactate is evenly distributed in the various waler
spaces of the body a large fraction of the lactate has been metabolized. Thus although
everybody would agreethat lactate in theblood is an indication of glycolysis, it isequal-
ly true that it cannot give a fair estimate of the anaerobic energy vield, and is thus
abandoned as a quantitative measure of anaerobic capacily.
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It was shown early that the oxygen deficit accu mulated duringihe exercise was paid off
during recovery {Christensen and Hegberg, 1950). A measure of the recovery oXygen:
uptake above pre-exercise or resting value (oxygen debt) has also been proposed and
used as a measure of the anaerobic capacily. Several drawbacks with this method limit
its value, More energy appears to be needed to use lactate as substrate for a synthesis
of glucose{glycogen)than is liberated when lactate is produced. Further, an unknown
quantity of lactate is oxidized, which will then not be shown as an eexlras 0Xygen cofl-
sumption. Thelargest problem is related to the fact that other factors than elevated lac-

istill be used as an estimate of the anaerobic capacity using various faclors (2 — ) tocon-
vert the oxygen debt into an anaerobic energy yield but it is hardty recommended.
{The third route is to determine the oxygen deficit just as was done in the “old days‘_'.
This approach has been used exlensively; not always to obtain a measure ofthe maxi-
In short-term submaximal exercise there are no

lease (figure 1)jT he problems arise at exhaustive exercise. 1 this work exhaust the sub-
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Figure I

A schematic illustration is given for the relationship belween work intensity and oxy-
gen uplake. The typical linear increase is found until the oxygen uptake levels olf
(middle panel). An extrapolation of the linear relationship is also indicated and usedto
estimate the energy cost of @ ssupra» maximal weork load {right panel). Induded isan
extrapolated relationship between ahighworkintensityandenergy dernand, whichto
the right is used to indicate that energy cost may be underestimated in very inlerse
exercise. In the left panel is depicted the situation during submaximal work.
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jects within short duration {2-6 min) it is likely that a maximal value for the oxygen
deficitis reached (Medba et al., 1986). However, theenergy cost of the exercise must be
accurately known to caleulate the oxygen deficit, This is not difficult at submaximal

work loads, where the steady state oxygen uptake represents the energy costseAt~

xhaustive exercise, however, the validity of the estimate of the true energy cost is less
%_@,ﬂai‘_m"f'tﬁ'S‘UﬁCéﬁéiﬁT?"féIatés 1o both methods used o estimate the energy costs,
which are either to assume a given mechanical efficiency or to extrapolate from the
submaximal relationship between work intensity and oxygen uplake. Such eslima-
tiens are likely to underestimate the true energy expenditure during maximal work
the reason being that mechanical efficiency is lower in exhaustive thanin submaximal
exercise. How much lower it is nobody knows. Further methods are not available toex-
perimentally approach the problem. For bicycle work intensities which are close to
those which elicit maximal oxygen uptake mechanical efficienty is in the range of
16-19% rather than the ordinary 20-25% (Saltin et al., 1972). The lowest mechanical
efficiencies were found at the highest relative intensity, which may indicate that the
higher the work load, the larger is the underestimation of the true energy cost. (In the
above discussion, the significance of the lactate production during submaximal exer-
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Figure 2,

Data on pulmonary and knee-extensor oxygen uplake and knee-extensor lactate re-
lease al various work intensities performed with the knee-extensors of one leg (data are
from Andersen and Saltin, 1985). It should be emphasized that muscle oxygert uptake
increases linearly with work intensity, but at the higher work rates there is a rather sig-
nificant lactate refease indicating an energy yield from glycolysis. This may mean thal
already at high submaximal work intensities the mechanical efficiency Is less thar the
expecled 21-24%. _
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cise for calculations of mechanical efficiency or estimation of energy costs from extra-
polations at submaximal work is not considered; see figure 2). In spite of all the
objections of using the maximal oxygen deficit (or accumulatd oxygen deficit as called
by Medba et al. 1986} asa measure of anaerobic capacily itis theonly method available
worthwhite to use. Its potential should be explored.

Comporenis of the oxygen deficit: The energy derived to cover the oxygen deficit is not
only orginaling from glycolysis bul also from the phosphagens and an aerobic energy
yield not measured as an oxygen consumption. At the start of the exercise muscle ATP
and CP concentration is high (= 30 mmoles x kg-!) and at exhaustion they are low,
reduced to 1/5 of the resting concentration, Depending on the muscle mass involved
in the exercise lhe actual amount of this alaclacid component of the oxygen deficit va-
ries slightly. The reason why aercbic processes also are included in the oxygen deficit
is that oxygen bound to hemoglobin and myoglobin is reduced from start to endofan
exercise period. The magnitude of these two components are smaller than the lactacid
corponent and amounts as a maximurm to 1/3 of the lotal oxygen deficit (Table 1).
More important is that training produces only very minor alterations in the absolute
vatues for the contributions of these variables to the oxygen deficit. ATP and CP con-
centration in muscle is basically unaffected by any type of training and the degree of
depletion during exercise is more a function of the relative intensity than the training
status. Endurance training will enlarge the amount of hemoglobin (and myoglobin?)
and then the oxygen stored, but again the magnitude means very little extra for the
oxygen deficit.

Table I,

Companents of the oxygen deficit. Estimations have been matde for a sedentary sub-
ject (sed) and for two with larger anaerobic capacities{T: Tand T: 1l}. The exercise invot-
ves primarily the leg muscles.

Variable 09 equivalents
ml - kg Percent of total

SED Ti T SED T Til
Oxygen stored B
to Hband Mb 4 5 6 10 6 6
Phosphagens
{alactacid oxygen deficity 12 15 19 30 19 i9
Glycolysis 24 60 75 60 75 75

Total Mi-O9Eq-KG-! 40 -~ 80 100 %100 100 100

Magnitude of the anaerobic capacity (imaximal or accumulated oxygen deficit): Al-
though the concept of oxygen deficit is old it has not really been used systematically to
evaluale the range of anaerobic capacities of man. Medbg and associates (1984, 1986a,
1986b) are just in the beginning of such investigations and can supply with dataon a
total of 19 subjects. These data together with some results obtained from the litterature
are summarized in Table 2.
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Table 2.
Summary of some data in the [itterative on oxygen deficit in males and related van-
ables including training status (sedentary (sed), endurance trained (et} and sprint irai-
ned (st)).

3

Reference N Age ‘Training Weight Oxygen Work  Peak laclate
years  slalus kg  defitL  time  blood
minutes mM

Erikssonetal, 1973 8 15 SED 447 148 5 4.7
Erikssonetal, 1973 8 121 ET 454 164 ~ 35 5,9
Astrand Saltin, 1961 4 29 ET 77 625 w3 148
Karlsson-Satin, 1970 3 26 ET 74 495 ~24 13,4
Linnarson et al 1974 6 29 ET 5 575 o~ 4 15,6
Hermannsen-Medbe

1984 § 25 ET 70 305 ~09 12,6
Hermannsen-Medbe

1984 6 25 ST 75 406 ~085 17,0
Medbo et al., 1986 4 22 SED 74 472 2 16,6
Medbeo et al,, 1986 T 26 ST+ET 78 604 o2 16,6

Sedentary subjecs appear to have an anaerobic capacily of around 40-70 mi "O4 eq”
X kg-1. The low and middle part of the range is rather well established. The high end
contains only a few observations. None wete champions (“national class™) athletes,
and those studied were not in peak training condition. A value of 100 ml “Og eq” x
kgt or more may be a likely estimate for good sprint trained athletes running or bi-
cycling.

Of utmost importance is the fact thal when more than the leg muscles are intensely in-
volved in the exercise as in whole body exercise the maxitnal oxygen deficit is more
than 50% larger (figure 3). This could be anticipated as the magnitude of the maximal
oxygen deficit must be afunction of the muscle mass engaged in the exercise, No mea-
surements are available on top athletes performing whole body exercise. Thus the up-
per range for anaerobic capacity as in successful rowers or swimmers is presently
unknown.f i is assumed that a 800 m runner of top class has the quivalent of 120 ml
"0y eq” x kgt in anaerobic capacity while running, a top rower should have close to
200 ml “Ogeq” x kg1 in an all out rowing performance,

Young pre-puberty children appear to have a much lower anaerobic capacity than ad-
ulls, as judged by Eriksson et al’s data {1973). These 11-12 years old boys had an anae-
robic capacity of only 35 ml “O; eq” x kg-! and endwurance type training had only a
very minor influence on this capacity. Both muscle and blood lactate concentrations
were also low in these boys. These findings have frequently been interpretated as an-
aerobic events are unsuitable for young kids, but that is not a proper inlerpretation. It
only means that they perform less well, However, they probably havethe advantageto
recovery more quickly as less lactate has to be dispersed. After puberly adolescent
children have similar glycolytic enzyme levels as adulis and they then also exhibit
“normal” blood lactate concentration after exhaustive work.,
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Fgure 3.

The oxygen uptake and the estimated oxygen deficit are illustrated 1when exercising
with the legs fleft) and with arms and legs (right) in one subject. These dafa dermonstra-
lethat the fraction of the muscle mass involved in the exercise is decisive for the magri-
tude of the maximnal oxygen deficit. Adding arms to leg bicycle exercise increase the
oxygen deficit with a factor of 0,5-1,0 (Astrand and Sattin, 1961).

Apparently, there are no systematic observations of anaerobic capacily in females.
Thus, it can only be speculated as to whether or not they can achieve the same maxi-
mal oxygen deficit as men. The only factor speaking against this being the case is that
at a given body weight the muscle mass will be slightly less in women who thus will
most likely possess a smaller anaerobic capacity per kg body weight,

Rate of contraction of the anaerobic capacily: It is of note that an oxygen deficitisaca-
pacity not a rate as maximal oxygen uptake, but it isutilized with a certain rate. Thisra-
te varies during a measure of the oxygen deficit (see figure 1) just as it does during a
race. The unloading of oxygen from hemoglobin and myoglobin is rapid and the new
lower equilibrium concentrations for ATP and CP in the contracting muscles is also
reached within 15-20 seconds. The rate of the laclate production can be extremely
high and 1-2 mmoles x kg-! can be accumulated in the muscle over some few se-
conds(figure4). Furtherin contrast o earlier belief the glycolysis starts also in dynamic
exercise at onset of the exercise. With this in mind it could be anticipated that the
whole oxygen deficil is utilized within a minute or less. This may not be the case. Ac-
cording to Medba et al. (1986) only 50-60% ofthe total oxygen deficit was utilized after
one minute of the exercise but after two minutes the whole capacily was exhausted fi-
gure5). This would mean that ina 100 m swim event or 400 m dash a high lactate accu-
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The reduction of ATP and CP and the increase in lactate of contracting muscles are de-
picted after onset of exercise (Saltin el al, 1971).
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Figure 5. :

Data taken from Medba's et ai, study (1986) of the fraction of the maximal axygen up-
lake that can be utilized in exhaustive exercises lasting various times.
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mulation wilt not be limiting. Events like 200 m swimming or running 800 m are then
the shorlest distances where the full anaerobic capacily can be ulilized.

[t is of note that none of the subjects studied were lrained to perform optimally for one
minute. The rate by which the oxygen deficit can be contracted may be trainable, If
there is a limitation in using the full oxygen deficit in less than 2 minutes it cannot be
due to the “aerobic” or the alactacid components of the oxygen deficit, rather the rate
of glycolysis would be the component that is limiting.

Another posstbility relates lo the above discussion of the dilficullies 1o precisely esti-
mate the energy costs at high exhaustive work rates. It was noted that the energy costs
of so called supra-maximal efforts may be underestimated, and if that is the case it will
be mare so the shorter the maximal work time (see figure 1}. The result of this would
be a larger underestimation of the true oxygen deficit in a one minute exercise bout
than one lasting two minutes or more. This could in part explain why Medbe et al,
{1986) found such a low fraction of the anaerobic capacity used in one minute.

lftheintense exeteise can betolerated for more than 2 minutes, both Medba et al’sand
earlier data demonstrate that, if the subjects are motivated, the same maximal oxygen
deficitis achievedin exhaustive exercise lasting between 2 and 16 min ffigure ). O no-
teis also thal exercise performed at low or high barornetric pressuzes result in the same
anaerobic capacity (figire 7). In more prolonged exercise the role of the anaerobic ca-
pacity is small. This is not only due to its minor relative role for the over-all energy de-

80r mi"0,Eq" kg™

N

60

N
<
I

R

o

Oxygen deficit

AR

Work time: 2.4 63165 min 23 4.3 min

Karlson-Saltin Medbd el al
1970 1986

Figure 6.
Mean values for the maximal oxygen deficits delermined in exhaustive exercise of vari- -~
ous dwation ﬁsfmnd and Saltin, 1961; Karlsson and Saltin, 1970; Medbg et al., 1986).
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Figure 7.

Mean values for maximal oxygen deficit achieved at different barometric pressures
(fypoxia, normoxia and hyperoxia). Maximal work time was shorter at 0.68 and 0,64
ATA and longer at 1.4 ATA as compared with sea level (1.0 ATA). (Linnarson et al,, 1974:
Medba, 1986},

livery but also in the finish. The reason for this is that it may not be any glycogen left in
the muscle fibers, Without such a supply the rate of glycolysis cannot be very highand
lactate formation is small. Already after 45-60 min aof inlense continuous exercise a
large fraction of the fast twitch muscte fibers are glycogen depleted (Ander and Sj-
gaard, 1976). : g

Relative role of the anaerobic energy yield: Many tables or graphs have been published
onthistopic. The datain Table 3A are based on the assumption that champion athletes
in typical anaerobic events like 400-800 m running have an anaerobic capacity of 100
ml"Ogeq” x kg-1and can useit all, Their assumed maximal oxygen uptake is less im-
pressive or 60 ml % kg1 x min-!. At the other end the assumed values for the endu-
rance trained athletes are 80 ml "Op eq” x kg-! and 80 ml x kg % min-!, res-
pectively. At theshorter duration of the exercise the anaerobic energy yield dominates.
Although aerobic processes starts to dominate already at a work tine of 2 min it should
never be forgotten that the anaercbic capacity is so decisive at the finish and thus for
the placing in major events. '
In“'fhole body exercise like swimming and rowing the relative importarice of the anae-
robic events are more dominant as the anaerobic capacity is larger (Table 3b). Notuntil
competition time exceeds 3-4 minutes does the aerobic energy yield dominate, but %
of the energy still is derived from anaerobic processes at 6 min exercise.

4
:
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lable 3. -
Absolule and relative (within paranthesis) confiibution of anaerobic processes for the
encrgy yield in exhausting exercise with various durations.

It is of note, that Table A relates to running or bicycling and the values for the estimati-
ons are based on a maximal oxygen uptake of 60 mi- kg~ and an anaerobic capacily
of 100 ml ‘Os eq” kg1 for the shorter durations. The respective values for the longer
exercise peviods are 80 mi - kg and 90 “Og eq” mi-

In Table Bthe data relate to whole body exercise and the assumed maximal capacities
are 6+ I min- in maximal oxygen uplake and I8 L. “Ogeq” mi.

A (Running or bicycling)

Time, min Y I pA 4 10
Energy yield anaerobic

ML “Dqeq” kg 1{%) 60(75) 90{64) 100(48) 90(26) 90({I0)
Aercbic '

ML “Qqeq" kg (%) 20(25) 50(36) 110(52) 260{74) T70(30)

B (Rowing or swimming)

Time, min ) i 2 4 6
Energy yield anaerobic

1“0qeq”; (%) 9(82) 16(76) 18(62) 18(43) 18(33)
Aerobic

1 "Ogeq"; (%) (8 L@ 1138 24(57y 36(67)

‘Training of the anaerobic capacity

From the above it may by valid to conclude that the training of the anaerobic energy
yield can bedivided in 1)elevate the maximum rate of glycolysis, ie. to be able in ami-
nimum of time to utilize the whole oxygen deficit, and 2) improve the anaerobic capa-
cily, i.e. to tolerate the Jactale accumulation,

Rate of glycolysis: It must be emphasized that the knowledge in this particular topic Is
almost non-existing. That does not mean that the basic mechanisms in the regulation
of the rate of the glycolysis are not understood, rather the limitation is a lack of know-
ledge about the aclual changes during extreme exercise of the varicus factors which
are known to activate the glycolysis in muscle of man {figure 8).

Basically there are three conditions, which may govern an elevated rate of glyg:olysis,
the content of glycogen, glycolytic enzymes and activation of key enzyme activators.
Proper diet and lraining affect the muscle glycogen content. The glycpiyuc enzymes
are found at very high fevel in muscle of man and only a partial activation of the enzy-
mes cause a very rapid rate of glycolysis and lactate production. Very inlense training -
with high speed has been shown to produce a further increase in the glycolytic enzy-
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Figure 8.

Some of the principle steps in glycolysis with an indication of factors aclivating orinhi-
biting some of the regulatory enzymes. A plus (+) indicates aclivation and a minus -}
inhibition. Phosphorylase s then activated by an elevated free intracellular Ca ™+, but
adrenalin can via its 2:nd messenger cyclic AMP add to this activation. A low ATPand
an efevated ADP concentration are the key factors fo activate the enzyme phospho-
fructokinase (PFK).

mes. The importance of such a change is that a smaller alteration in an activater of one
of the regulatory enzymes will result in a larger flux through that particular pathway.
Further inhibitors of that enzyme will have less effect.

Whether the activation of the key enzyme can be "trained” is unknown. If they are it is
most likely that also in this case very high speed would be most favourable, as alterati-
ans probably are the largest at the very highest rates of contraction. Of special inferest
in this respect is that the sympathetic nervous system may be involved. Newsholme
(1983) has gone the furtherst in such speculations postulating that a rapid onset of the
glycolysis depends upon the existence and right training of futile cycles which are re-
gulated by the sympathetic nervous system (figure 9}, If such a system operates in the
muscle of man, can it then be tuned?

Fateof the lactate produced. The other aspect of glycolysis is that as the rate of pyruvate
and NADH production in intense exercise surpass the capacily of the mitochondria to
handle all that is formed, lactate is accumulated in the muscle. Of note is that the con-
tent of the LDHy_g fraction of the enzyme primarily catalysing the reaction is found in
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Figure 9. :
A‘?enta{iue example of where a substiate cycle may operate acording to Newsholme
and feech (1983} He proposes that the well controlled reaction from
6-phosphoftuctokinase o fruclose biphosphate is asite for ‘tycling) ie. some of the for-
med fuctosebiphosphate is transformed to 6-phosphofructokinase calalyzed by the
enzyme huctosebiphosphatase. The advantage with this coupling is that you can in-
crease the precision in the rate control and also more quickly increase the rate of the
glycolysis when needed, as for example at the start of a 100 m race. Such an example
is illustrated here with

aj resting before race

b} on starting block

¢} afler 6 sec sprini
The cycling rates indicated are speculative. In (b} the rate of cycling is raised by the in-
fluence of the sympathetic nervous system, by which a 25 fold increase in the rate of
é-phosphofiuclokinase and a 50% decrease in that of fuctosebiphosphatase causes
1000 fold increase in flux.

very high amounts in muscle of man in all fiber types. Lactate dissociates and will af-
fect the pH of the muscle. A certain drop in pH can occur withoul too mucthi disturban-
ces of basic processes in the muscle but there is a definite lower limit. Presently this
lower limit is not known. With the nuclear magnetic resonance (NMR) technique a pH
below of 6.0 has been reported in skeletlal muscle of man at exhaustion, whereas with
the mare conventional methods pH values below 6.4-6.5 seldom are found (Sahlin,
1978; Sjogaard et al., 1985), It is likely that training would result in the ability to wil-
hstand slightly lower pH (more enzymes would contribute to this), but just as impor-
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tant would be if the buffering capacity of the muscle is increased and if a large fraction
of the formed lactate can leave the muscle {iber in which it has been produced. o deal

with the various possibilities in a systematic manner the more important factors are li-
sted in table 4.

Table 4.
Fate of lactate produced in skeletal muscle during exhaustive exeicise.

Event Limiting factor

Accurnulation in the muscle fiber

Transport to adjacent
muscle fibers (FT ~ ST fibers)

Transport to interstitial space and blood

Buffer capacity

Own lactate formation LDHy_5
mitochondrial capacity

Capillary density muscle perfusion
uptake by other tissues

From this list it is apparent that in addition to lactate being accumulated in the muscle
some of the lactate escape to adjacent muscle fibers and some to the interstitial space
and the blood stream. The relative magnitude of these possibilities can only very
roughly be estimated, Medbs et al. (1968) calculated that 11% of total oxygen deficit
out of 66 ml x kg-! could be ascribed to lactate transferred to the blood (ECF) which
was ¥ of the lactate produced (Table 1). Such estimates can be made from dtd from
two minutes of exercise. An increase in muscle lactate of 15 up to 20-25 mmoles x
kg1 may occur in sedentary and sprint trained individuals, respectively. In the same
time periods some 15-30 mmoles of lactate may be released from the exercising legs
(Wahren el al,, 1974). Ifitis assumed that the lactate release comes from a muscle mass
of 10-12 kg approximately 1.5-3.0 mmoles of lactate has left each kg of muscle, oronly
10% of the lactate produced. This value is a factor of 3 lower than the one given by
Medba et al. (1986). They based their calculations on increase in blood lactate and as-
sumed that it was in equilibrium with the ECF of the whole body. That may not neces-
sarily be the case in short exercise periods with a very rapid increase in the blood
lactate concentration. Of note s, however, that even in the more prolonged exhaustive
exercise the same oxygen deficit is obtained, supporting the notion that the lactate re-
leased from the contracting muscles to the blood constitutes only a small fraction of
the oxygen deficit.

In view of Brooks and associates {1985) data postulating that a large turn-over of lac-
late occurs in the body during exercise one would expect lo find a greater release of lac-
tate from the muscles. As this appears not lo be the case it must be concluded that lac-
tate is transferred from the muscles to the blood during short-term exhaustive work
but the amount released is a rather small fraction of whal is produced. Further the lac-
tate that is released can account for the elevation in blood lactate concentration obser-
ved at the end of the exercise but the amount is hardly large enough to be distributed
evenly throughout the whole ECE. It isnoteworthy that the individual variation is large
and the subjects involved in the experiments were far from especially trained. It is
possible then that the above given value for lactate released during the exercise could

be larger, asthe result of training. Alarger gradient for lactate between muscle and blo-
od, more capillaries in muscle and a higher muscle perfusion would contribute to this.
Medbw el al. (1986)did not discuss the possibility that some lactate is transporied to ad-
jacent muscle fibers in the same muscle and not only accumulated there but also is
metabolized. This may not be a reasonable assumption in sedentary subjects but in
endurance trained muscies ST fibers may be able o convert the lactate to pyrucate and
oxidize it with a rate that is not only of theoretical interest. From this accountitis appa-
rent that, although some lactate may escape from the contracting muscles during the
exhaustive exercise, the fraction that remains in the muscle represents by far the lar-
gesl portion, Questionsare then related lo which consequences (his lactale accumula-
tion has for the function of the muscle cell. As mentioned above, the pH will drop, but
it appears that the buffer capacity of muscle can be altered, e, in sprint type trained
muscle a given concentration of H+ (the lactate is dissaciated) causes a slightly less
marked reduction in pH (Sahlin and Henriksson, 1985). Such alterations in the buffer
capacity of a muscle have been demnonstrated to occur in young horses undergoing
training as well as in man (Sharp et al., 1986; Fox et al,, 1986). ltis believed that some
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Figure 10,

Misde and blood lactate in experiments where the subjects first exercise with their
arms to exhaustion, After ten minutes of rest when some of the laclate is transferred (o
the blood and further to other tissues such as the leg muscles, maximal exercise is per-
formed with the legs. In spite of higher initial leg muscle laclale concentration the rate
of lactate formation during the exhausting leg work is the same as in contiol expert-
ments demonsirating that although lactate concentration is high the rate of lactate ac-
cumulaied is constant (Knullgen el al., 1973).
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Figure 1.

Resuilts from experiments where the free Ca++ concentration in the muscle (rat) could
be controlled as well as the pH. The force generated by the muscle fibers was reduced
ata given Ca+ + concentration when pH was 6.5, and more so in the fast witch tharn
stow fusitch fibers (Donaldsson, 1983},

proteins (amine acids and/ or peptides) in the muscle are increased, which have the
property of buffering H+. Although the buffering can be improved, lactate is accumu-
lated and causes the pH to become reduced. The enzymes catalyzing the various me-
tabolic reactions in the muscle have a pH optimum. It has been postutated that the pH
should become so low that the enzymes in the glycolytic pathway are inhibited, with
the result that the rate of the glycolysis would be retarded (Bergstram and Hultman,
1973). However, as depicted in figure 10, high muscle lactate concentration does not
affect the rate by which lactate is formed. Instead, the reason for the reduced force de-
velopment is likely to be that the low pH reduced the affinity of the contractile proteins
for Ca++ (figure 11).

Practical guidelines. From the above discussion it should be clear that there may be
two modes of training to improve anaerobic capacity {lable 5). One to obiain highest

possible rate of the glycolysis, and the other is totolerate and handle the lactate produ-
ced. Optimal iraining paitern may bedilferent for these two variables. Speed or intensi-
ty are essenlial elements for the training of rate of glycolyis. Duration of the effort
cannot, however, be too short as the energy costs during the first 5-10 seconds of the
exercise lo a large extent will be covered by aerobic means and the reduction of the
phosphagens. Although glycolysis is turned on from the very first second of the exerci-

se its maximum rate may not be reached until 5-15 seconds of exercise. The length is
limited by how long the high exercise intensity can be maintained. Periods of 30-40
seconds may be the [ongest. These should be repeated 3 or more times. [f the rest be-
tween work boulsistong (= 5 min)thenthe speed in each work bout may be maintai-
ned longer than if the rest period is made shott. Either way would do, as long as work
intensity is not reduced and the duration of each work bout is longer than 15 sec.

Table 5.
General principles for training of anaerobic capacity.

L. Training to elevate glycolytic enzymes in skeletal muscle.

Speed Duration Repetitions
Highest possible 30 - 40 sec 35w 8

L. Training to improve buffering capacity of skeletal muscte.

Speed Duration Repetitions

a. Closetotopspeedmax.hr. 1,5 = 2,0 » min 2 -4 - (6)long rest: 10 min.
b. Top speed 30- 40 sec. 3 -5 -7 shoit rest: -2 min.

To continue to exercise with high intensity is the important point in the training to tole-
rate the lactate. Again is high speed required. The duration should be larger than 45 se-
conds but just as important is that when it is difficull to maintain speed one should
continue with highest possibleintensity another 5, [0to 15 seconds. Long or short rest
periods can be used between work bots, In the latter case the duration of the effort will
quickly be shortened, while with longer rest periods the duration of the exercise can
be better maintained. Number of repetitions could be 3 or more.

One aspect of this training which is commen to both variants is that the adaptation
taking place, which is the basis for the improvement, is local, i.e. enzyme levels only
increase in muscle fibers engaged in the exercise. The same is of course true for the
buffer capacity. Thus, this training should be performed in movements identical to or
very similar to those in actual competitions.

In all anaerobic training it is of value to have active rest, i.e. low intensity exercise not
exceeding a work intensity demanding above §0% of the maximal oxygen uptake
{figure 12}, Lactate is then quicker transfered from the fatigued muscles because the
perfusion of the muscle is maintained aa higher level than at rest. A prerequisiteisthat
the exercise intensity is low enough not lo cause further lactate formation.

‘Measuremnents of anaerobic work performance: The above empesized specificity.in
the training of the anaerobic energy yield relates also to the testing of thi§ capacity. A
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on each subject each day at altitude. With the larger buffer capacity followed a larger

mM maximal oxygen deficit and improved short term peiformance, Of note was that maxi-
20 F ,‘\\\ N mal oxygen uptake was unaltered (see below).
[N . e
! T N 4 % . . . . e .
/ ‘\\ .\‘ PR The glycolylic enzymes were not elevated, but no very high intensity training was in-
FEIRA FE&: 753 cluded Theoretically, it appears that altitude training ought to be effective in this re-
o ! wbe® o Lhy & gard as well, but in a recent study, when high intensity training was performed al
pid ! £ 515 1Y S ititude low pressure chamber ~ 2.300 ma.sl.), the glycolytic enzymes studied were
T \\ \ - fofgirs ¢ 3% regduced (Terrados, personal communication).
- \ » ffvicie, O 4 o
2 A\ s, \. % 2‘? E i ; £ j %leforan adaptation to occur: The point o consider is how long time is needed for
S / Rest B R A o 4 Significant change in anaerobic capacity to occur. Sad to say no such measurements
@ dop §o8288 0% o dereallyavailablein man, With an optimal stimulus (very high intensity)a change in
2 LR e fhie enzyme level may occur after some few days or a week (Figure 13). After 2-4 weeks
FE§8a8%, B onecanassume that the adaptation that can be obtained has been achieved. Less is
\ Ey2z8¢f # knownaboulthebuffer capacity. Thefact that twoweeks of training at altitude was suf-
O, LI
Sprint- \.:0 =50% Yo, max 3 ;§n 85 F
4 %xezcise a=60% «
s I 1 I \’h i - . . l k
o 10 20 10 min I =min Maximal oxygen uptake
End, athletes @,
Figure 12. : 5.0¢
Blood lactate in recovery from sprint exercises, when light or moderate exercise 5 per-
formed in the recovery period fmodified from Hermansen and Stensvold, 1971). Even £nd. training
faster retum to pre-exercise blood lactate response could be noticed at relative work 407
foads up to 80% of maximal oxygen uplake in endurance irained individuals. o Live
ys. activ
3.0
Sedentary
runner should-hetested on the treadmill oron-a track- It is of importance that the run- 2.0} Bed rest
ningisontheflat, as the relative stress on the various muscles is different running up-
hill. A bicyclist should pedal the bicycle, a fowet should rol ele. Thelength of the test :
~+7should be well abave one minute and-may. be close to two orthree minutes. The idea 1.0}
~ thatatest foranaerobic capacity should only last 30-40 secis notwell founded. The ar-
\ i gument for a short test is that the aerobic energy yield then only covers a small fraction
|| of thetotal energy expendilure, However,that helps little when such a small part of the i 1 1 L ' ‘0 7 7
it maximat oxygen deficit has been utilized. [f such a short test is used it is not a measure 1.0 20 30 40 5.0 6.0 l=min
Arlerial oxygen delivery (HRx SY¥=Ca0y)

il; of anaerobic capacity, but may be a measure of how fast the alactacid part of the oxy-

“ gen deficit and the rate of glycolysis can deliver energy.
Frgure 13.

Schematic summary of studies where the volume of oxygen offered to the lissues of the

Training of altitude: Reduced availability of oxygen as at altitude could be advan-
tageous in the training of the anaerobic energy yield as it may favour glycolysisand lac-
tate formation. Recently this has been shown to be the case, There are indications that
the buffering capacity of the ruscle does increase when the training was performed at
altitude (1.5000-2.700 m.a.s.l.). Interestingly, this adaptation took place alihough the
training was not geared towards anaerobic training, but rather to improve techniquein
cc. skiing and aerobic capacity. However a maximal oxygen uptake test was performed

K
7
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body during maximal exercise is related to the observed maximal oxygen uplake. The
0, tolume offered is a fitnction of arterial oxygen content {CaQy), maximal heart rate
and stroke volume. Of these, onfy the stroke volume is more markedly affected by the.
degree of physical activily, and thus the variation on the x-axis is almost exclusicely re-
lated fo the stroke volume. These dala are taken from studies by Saltin et al., (1968), Ek-

blomn, (1968) and Ekblom-Hermansen (1965).
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ficient to increase the buffer capacity indicate that also this variable can vary with a
rather short time-constant, however, it is definitely longer than for the glycolytic
enzymes, :

... Aerobic capacity .
In contrast to the anaerobic capacity the aerobic fitness has been studied extensively,

with the first more systematic investigations performed by Robinson and associates on
sedentary and trained subjects as well asendurance athletes (1937, 1938). Methodolo-
gigaj,.problems-—are-sma!i‘fvhen-asessiﬁg'a' person’s maximal oxygen uptake, This
tatement may be surprising in view of the lengthy discussion related to the value of
[ bicycle vs treadmill exercise and the critical role of the magnitude of the muscle mass
 involved in the exercise. This debate has been on-going for many decades and persists
J itoday. Asdiseussedbolaw ihe basis for using two-legged exercise to establish an indivi-
¢ duals aerobic capacity is well founded and although bicycle exercise may give some
fesv percent lower values than treadmill exercise, the obseved values closely reflect the
aerobic capacily of the subject,
Maximal oxygen uptake in endurance athietes, The highest reporied vatues are aro-
und 90 ml x kgt x min-1 for males and justabove 75 ml X kg-! x min-! among fe-
male endurance athletes. In the respective sex values down to 75 and 65 ml x kg1 x
min-1 are common to find among succesful athletes in endurance events, Sedentary
young adult men have close to 50 | x kgl X min-!in maximal oxygen uptake and
their female counterpart closer to 40 ml x kg-1 > min-1. Thus, for each sexacloseto
two-fold difference exist between sedentary and endurance trained individuals, What
isnot known is to what extent a sedentary person can elevate his maxima oxygen up-
take by extreme training, Most sedentary people will improve 20-30 percent may be

mote but only a very small minority will achieve values above 60( Jor70( ymlx
kg! x min-1.

What limits maximal oxygen uplake: The question what limits maximal oxygen up-
take has been addressed since the first measurements were performed in the 1920, A
central factor was thought to be the most likely candidate limiting maximal oxygen up-
take of man. Support for this view was obtained from elaborate studies in the 1950’
and 1960's (for ref,, see: Bevegdrd and Shephers, 1967 Rowell, 1974). Further, longitu-
dinal studies with training and detraining revealed a close relationshi p belween chan-
ges In the performance of the heart and maximal oxygen uptake (figure 13). Later a
similar conclusion was reached by Ekblom and associates (1972, 1976) based on re-
sults from studies showingthat reinfusion of red cells momentarily increased maximal
oxygen uptake, a finding similar to the one observed when oxygen enriched gas mix-
tures are inhaled during maximal exercise (Nielsen, 1937; Margaria et al., 19613,

The idea that the central circulation limits maximal oxygen uptakein man and that all
the oxygen offered to the exercising skeletal muscle could be consumed was challer-
ged by a series of investigations in the Jate 1960’ and early 1970's. Kaijser (1970) was
unabletodemonstrate an Increase in maximal oxygen uplakein subjecis breathing air
at 10 athmospheres. He concluded that the extra oxygen delivered to skeletal muscles
could not be utilized because of alimitation in the muscle, that s, the capacity of the re-
spiratofy chain was saturated. Further work from Holloszy (1967), and later from ot-
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Muscle adapltations to one-legged training. Depicted are rela!fug changesin lhf? untra-
ned and the trained leg for muscle capiftarization, mitochondrial enzym e activity (vq-
stus lateralis) and peak oxygen uptake during one-legged short-term exercise (data are
from Saltin et al, 1976, Hernhsson, 1977).

r ref, see: Saltin and Gollnick, 1983), confirmed that the: mitrochondrial
gr?;;r(rfl% activity of skeletal muscle increased during lraining. Chronic and enhanced
use of muscles for many months resultsina 2-to B'fold increase in IT?itOf.‘!'l()ndl"Ial en-
zyme activities, and it was helieved by sume that this elevation had significant impor-
tance for the rate at which oxygen could be utilized (Hoppeler et al., 1985).

t support for a peripheral circulatory and metabolic limilalion.was ob-
;];?I?es;rgrﬁgéis I-Ieggp:d traininpg stﬂdies revealed that, when exercised,_lhe trained leg
could reach a peak oxygen conswinption rate that could not be allained when the
untrianed leg was used. Inthetrained leg, in contrast to the non-trained leg, capillaries
proliferated and mitochondtial enzymes increased (figure 14).

Several others who have worked in the area of possible limitations of maximal oxygen
uptake have the notion that the links in the transport of oxygen from th'e ocean of _oxy; _
genwelivein foits ultimate function asa hydrogen acceptor in the respiratory cf_lam o
the mitochindria are so closely linked and matched that one factor cannot be singled
out as limiting (Holmgren and Astrand, 1966), a view recently reiterated and elabora-
ted upon by di Prampero (1985},
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To pinpoint one single factor limiting maximal aerobic power on a cellular - subeellu-
lar - or molecular l‘evel can hardiy be done today. The question is, however, whether
or not data are available on a organ level to support the concept that central (ungs -

hq?.n) rather than peripheral (vascular tree, muscle aerobic potential) factors are li-
miting.

Inthe past the lungs have been excluded as a limiting factor for maximal oxygen upta-
ke at sea level as oxygen saturation with few exceptions has always been found to be
above 90% at peak exercise in sedentary subjects as well as in champion endurance
athietes (Astrand et al., 1964; Ekblom and Hermansen, 1968), Recent reports, howe-
ver, have convincingly shown that in some endurance athletes desaluration of arterial
blood may oceur during exercise at sea tevel {Dempsey et al., 1984; Terrados et al.

1985). TI}ls is in part due to a reduced venlilatory drive, but it is also most likely a de’
monstration of less adaptability of the lungs, including its diffusing capacity, to endu-
rance training as compared to the plasticity of the cardiovascular system or the skeletal
muscles. In unitained man and most endurance {rained individuals the maximal ca-

Qacity of !he lung to transfer oxygen is far from taxed during exhaustive exercise elici-
ting maximal oxygen uptake,
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Figure 15.

From above are given the thigh blood flow, the a-v oxygen difference over the exerci-
sing limb a{rd the oxygen uplake of the knee-extensor muscle at rest and at various
work rates including one exhausting the subjects in 4-6 minutes. The work is perfor-
med w{!fa the knee~e._xlenso:s of one-leg by skickings, The ankle is coupled via a bar to
an ord:{zar)' Krogh bicycle ergometer. In no-load exercise the lower part of the limb is lit
ted (weight 3 kg?} which explains ihe high values at O watt
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A series of experiments has been performed in an aftempt to differentiate between
central cardiovascular and peripheral factors limiting maximal oxygen uptake, trans-
fer, and ulilization. The capacity of the heart to supply the body with a blood flow is
well established {for ref. see Blomqvist and Saltin, 1983). What is lacking is the know-
ledge of the true capacity of the skeletal muscle lo accomodate a high blood flow and
its peak oxygen uptake.

Toobtain such data an exercise model had to be established in which the muscle mass
performing the contraction was well defined and the weight of which was possible to
estimate. This was accomplished using the knee-extensors of one leg for the exercise,
measuring flow in the femoral (ifiac) vein with a cuff inflated just below the knee (An-
dersen and Saltin, 1985). In contrast to earlier reports on muscle blood flow and exerci-
se (Klausen, 1976), blood flow in the femoral vein increased linearly with work
intensity and in sedentary subjects it reached 5-7 1 X rain-! at a work load which ex-
hausted the knee-extensors of the exercising limb within 5-6 minutes of work (figure
15).

Oxygen uptake by the knee-extensors also increased linearly with work load and was
0.6-0.91 x min-1 depending upon the magnitude of the work load at exhaustion. The
mass of the knee-extensors was 2-3 kg, which, when allowing for 10% of the observed
{lood flow as coming from parts other than the knee-extensors (30), gave a pedusion of
200-250 ml x min-1. This value surpasses earlier estimates by a factor of 2 or more
{for ref,, see: Mellander, 1981).

These data indicate that, if most of the muscle mass of the body was inlensely engaged
in the exercise, the heart would have to pump 701 X min-! or more to avoid adropin
blood pressure (figure 16). Such a high cardiac output has never been reported in man,
not even in champion endurance athletes (Ekblom and Hermansen, 1968). Making
the same calculations for oxygen uptake, it is obvious that the 30-35 kg of skeletal
muscleof a 70 kg man would be able to consume 9-101 O X min-! oor 110-130 ml x
kg x min-1, values close to double those reported for endurance athletes and 3-4 ti-
mes higher than what is observed in sedentary man. Consequently, the performance
of the heart sets an upper limit to the cardiac output and thus to the maximum oxygen
uptake of man. -

Comparisions with other species. In a way it can be said that man is not really designed
for exercise using both upper and lower extremities simultaneously, at least not from
the standpoint of the capacity of the heart as a pump. The system functions with the ba-
roreceplors serving as the safely feed back. The sympathetic vasoconstrictor activity
overrides any metabolic factors causing local vasodilatation, when the pump capacity
of the heart is surpassed by the needs of the contracting muscles. The role of the sym-
pathetic system is increased in relation to the fraction of the muscle mass involved in
the exercise.

Man probabily differs from other species by having a low central circulatory capacity in
relation to the size of vascular beds of the muscles. This is verified by the fact that man
has alower heart volume / body size ratio than other mammals using alt four extremi-
ties in locomotion and dependant upon their endurance capacity to survive. In man
the weight of the heart is only 0.3-0.35 % of the body weight, whereas it approaches or
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Figure 16.

Inthis graph theorelical values for maximal cardiac output and oxygen uptake in man
are oblained based on the observed values for leg rmuscle blood ffow and oxygen up-
take per kg of muscle performing maximal knee-extensor exercise. Estimations are ba-
sed on including 30 kg of muscle mass in the exercise as in rowing and that the heant
cart honour the demands of the muscles, For discussion see fext,

surpasses 1% in dogs and horses (Table 6). The latter two species also have 2-3 times
larger maximal oxygen uptakes (100-160 mi x kg1 x min-1}. Thus in these species
there is a more equal balance between the capacity of the heart o supply with a flow
and oxygen and the skeletal muscle to accomodate the flow and utilize the oxygen.
Thisdifference between species should be viewed in the light of the mass of muscle en-
gaged in normal locomotion of the particular species. Man moving in the upright po-
sture has adapted to only use part of the muscle mass for locomotion with the result

that also the cardiovascular dimensions are scaled to anly support a share of the musc-
les when exercising maximally.

With thisin mind, it would be interesting to estimate the mass of muscle exercising in-
tensely that can be supplied with a “sufficient” blood flow in man. Using the present
dala, it appears that in sedentary man having a maximal cardiac output of 18-22
17 min, 7-9 kg of muscle activily working could tax the capacity of the heart. Another
way of expressing this would be to say that ¥ - V4 of the total muscle mass of a sedenta-
ry person can consume 2.5-4.01 X min-! of oxygen, or the equivalent to the maximal
oxygen uptake of a sedentary person. In accordance with these estimates is the well-
known fact that maximal oxygen uptake of a person is achieved in two-legged exercise
{figure 17).

"ag

Table 6. o
Heartweight to body weight ratios and maximal oxygen uplake ofson:ze species. Data
are from Saltin - Astrand, 1967 and Grande-Taylor 1965 (Man), Mackie Terjung, 1983,
GrandeTaylor 1965, Gleeson, Baldwin, 1981 (Rat), Grande-Jaylor 1965, Borger el al
1956, Musch et al. 1985 (Dog) and R. Rose, personal communication (forse).

Heart / body
weights ratio Maximal oxygen uptake
% mi/ kg X min-!
Man: 03-04 40- 80
Rat. lean: 0.5-0.6 70- 90
Dog: 0.7-08 90~ 130
Horse: 0.8-1.0 100 - 160

In an endurance athlete having a caxdiac output of 30-40 Ix 'min-‘] either a larger
muscle mass can be perfused resonably well as in rowing or swimming Of_tf only the
legs are intensely involved in the exercise as in bicycling Of runing they will obtgm a
larger flow. What should be apparant is that maximal vasodilatation cannot occur in all

4.0

Oxygen uptake (1»min-!)
"
- AN

‘ t 7‘ [} .
g%i‘ieoiygen uplake when performing short-term exhaus‘rr‘ue exercise with varous
muscle groups going from one-arm fo whole body exercise. The values for muscle
mass arerough estimates. Adapted from data by Lewis et al, (1983), Hermansen {1973),
Saltin et al. (1976), Saftin and Henmansen (1969), Andersen and Saltin (1985).
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muscular beds at the same time maintaining normal blood pressure. If more muscle
mass is involved in the exercise vasoconstriction must occur in vessels feeding con-
tracling skeletal muscles. Indeed this has been observed when arm work is added to

leg exercise or when during one-legged exercise the other leg is included in the exer-
cise (Secher et al,, 1977; Klausen et al., 1982).

Local muscle adaplation (capillaries ~ oxidative enzymes) with endwance training,
functional significance?: Endurance training causes a proliferation of capitfaries and
elevation of the content of mitochondrial enzymes. it was first believed that these adap-
tations were a neccesity for raising maximal oxygen uplake, As this appears not to be
the case, the pertinent question is what role these alterations in the muscle may have?
Theincreased number of capillaries elevate capillary blood volume, which in turn me-
ansthat at the same muscle blood flow mean transit time is lengthened (MTT = capil-
lary blood volume/ muscle blood flow). This is not the only positive effect of more
capillaries. As the capillary surface area is enlarged and if the increase in capillarizati-
on islarger than any increase in muscle fiber size, the area for diffusion is also snaller.
All these factors contribute to improve the conditions of exchange between blood and
muscle and will have some bearing on the extraction of oxygen, but its largest role is

probably making it possible to elevate the uptake of substrates (especially FFA) from
the blood stream (figure 18).

MEAN TRANSIT TIME ELONGATED

INCREASED > SHORTER DIFFUSING DISTANCES iifl INCREASED
CAPILLARIZATION g FFA UPTAKE

LARGER SURFACE AREA

Figure 18, i

An increased number of capillaries in the muscles affect several conditions of sigrifi-
cance for an exchange over the capitlary wall. In the fgure is highlighted the effect of
the FFA uplake frorn the blood stream, but gas, substrate and metabolite exchange are
also affecled by muscle capilfarity.
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Figure 19.

fﬂtgfs!mled is the marked effect endurance training of skeletal muscle has on the RQ
(respiratory qouitient) determined over the exercising fimb and RER (respiratory exc-
hange ratio). Further isillustrated that muscle lactate and lactate refease are a_!so lower
in the trained leg therefore the production of lactate is clearly less. The exercise perfor-
med is by the knee-extensor of one leg (trained or unirained). Modified from data by
Kiens et al. (1986).

With endurance training the metabolism during exercise Is markedly altered. Respira-
tory exchange ratios (RER) are lower at a given and also at the same relative work load
after endurance training, and the lactate production in muscle is reduced (figure 19)
which is reflected in lower lactale level at a given absolute, but also al the same relative
work load in the very well trained endurance athlete. This knowledge s not new. Inthe
1930's Christensen {1931} and Bang (1936) (figure 20) made similar observations,
What is new is that we better understand how it is brought about, Table 7 presents in
summmary some of the factors which bring abotit the more efficient use of lipids as sub-
strates for the muscle and concomitantly spares the glycogen break down. Of note is
that more lipids or oxygen are not really offered 1o the tralned muscles rather it is the .
“qualily” adaptations within the muscles which makes them superior in gearing the
substrate choice from CHO to lipids and further saving the limited glycogen stores by
areduced rate of lactate formation. This is accomplished not only by careful control of
the rate of glycolysis but also by reducing the LDHy.5 (mjisozyme, increasing the
LDH _gyisozymeand increasing the capacity of one of the shuttle systems for NADH
(Shanizetal., 1985)as well asenlarging the mitochondrial volume (figure 21). The over
all effects of these metabolic regulatfons with enhanced oxidation of lipidsand sparing
of glycogen are exemplified in Table 8.
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This is the data that Bang published (1936) demonstrating that at the same work load
blood lactate varied between subjects in relating to their taining status, To the nght da-
taon the [g[ood lactate concentrations at various work intensities are depicted for the
same subjecis. Note that ioday this mode of presentation has become very common.

Table 7.

Listof factors which have a bearing on the regulation of various steps of the muscle me-
tabolic pafhu:’ays. A comparison is made beltween endurance trained and univained
mL.'_sdes. A high ADP / ATP ratio activates phosphofruciokinase (PFK). High concent-
tations of falty acids inhibit PFK and in the mitochondria pyruvate dehydrogenase,

whereas the B-oxidation is increased. A high citrate concentration has been pr
tereas . £ oposed
fo inhibit PFK. poro

MUSCLE
Variable Tained  Untrained Effect
ADP ATP Low High Activates PFK
Cytoplasmatic FA High Low Inhibils PFK?
Mitochondrial FA High Low a) Inhibits PFDH
b) Increases fux
through S-oxidation
leopiasmatic :
citrate | - High Low " Inhibits PFK
£

_sion it should be apparent that a measure of the effectiveness in th

MUSCLE  (ENDURANCE TRAINED)
CYTOSOL,
\ LDH 45
\ -_—y
PYRUVATE LACTATE
| + - — S=——um
NADH
LDH
NAD MALATE -
© ASPARTATE
SHUTTLE
MITOCHONDRIA PDH RESPIRATORY CHAIN
4
ACETYL - Coh
Figure 21. \

Aschematic illustration of the important adaptation which occur in the skeletal muscle
with endurance training in regard to LOH isozymes and enzymes in the malate -
aspertate shuttle, The two allerations together with an enlarged mitochondrial surface
area bring about a minimum of lactate production in endurance trained muscles. In
fact these trained muscles have a good capacily fo conver! lactate (0 pyruvate.

2oy Testofaerobic performance: A measure.of maximal oxygen uplake gives avalue of the -

pump capacity of the heart if large enough muscle mass has been engaged in the exer--

wcise. Usually running fs. _quit_?;s,uﬁjgigg& La_t,elyfit.has been shown-that such-measure is

, npkalways a very precise estimate of.endbirance performance. Thisis understandable.
Abecause the peripheral component may notbe adapled in parallel with the heart: The-
Ye are different ways to improve the sprognostic values of a test. From the above discus-
of ¢ Metabolic -
respoiise io exercise would do. RERvalues aré then oriepossibility, anotheris lactatein -
smuscle or blood. Most experience has been obtained with lactate. Its accurmulation in

;-E}J_loqd is a good predictor of the capacity for prolonged exercise.

1 is common to determine the blood lactate concentration at several work intensities
(figure 22a), As shown by Costilt et al. (1985) (Table 9) this is not really needed. A one
point test will do just as well. Of utmost importance is, however, that the test involves
the proper muscles in the right movements. It is of little interest to test a runner on a bi-
cycle or vice versa. Like Costill et al. (1985) the best to do is to let the athlete perform
over a given distance with a given speed in his/ hers sport. Too much of the accuracy
of this test is lost if it is not petformed in the athlete's own mode of exercise.
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Table 8,

Tguo exarmples are given from experiments when trained and untrained subjects exer-
cise to exhaustion. '

In case A the work is the same and in case B ihe relative exercise intensily is the same.
Note that at the same work rale time to exhaustion is much longer for the frained than
for the untrained subjects, whereas al the same relative exercise infensity lime lo ex-
haustion Is not much different, but total amount of work is markedly different just as in
case A. In both instances the more work performed by the rained subjecis relates to the
enhariced lipid utilization, Further, in all situations art aimost complete glycogen de-
pletion was noted {unpublished work, 5. Runesson).

Work Rel exer Oxygen Work Tt Carbo-
‘ rate cise uptake fime amount Fat  hydeate
intensity of work
Subjects (wat) (%) (xminl) (min) (k) R Q) Q)
Case A
Ut 156 78 246 118 5960 0.95 25 320
T 150 52 243 240 11851 087 396
Case B
Ut 200 63 292 215 16650 (088 122 387
T 350 68 463 291 27380 (.84 271 429
Table 8.

Data from astudy by _(,‘95{1'11 et al. {1985), where swimmers were followed before () and
after 5 monthis of training (5) aiming at top performance in a major compelition. The
swimmers were also fallowed immediately after, 1, 1, and 4 weeks the ever.

Blood lactate (mmoles x 11} after swimming 200 yds at 90% of top performance

Training l Detraining

months weeks

0 5 0 2 4
Swimmers: 147 5.3 42 63 68 97

The appearance of lactate in blood with a reduction in blood pH is associated with in-
creased ventilation (figure 22b). The ventilatory coefficient (ventilation per liter of oxy-
gen uptake) is increased which has been used by many instead of measuring the
Igctate concentration in blood. in experienced subjects and with good laboratory facili-
tiesusing bicycle or treadmill exercises, this method works well. However, there are se-
veral drawbacks. They include that several exercise intensily levels need to be used in
the test and it is hardly feasable to apply in the field.
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Figure 22. T the lef is illustrated increase in blood lactale concentlration at increasing
work intensities in an unirained and trained individual. From such plots onsel of blood
{actate accumulation (OBLA) can be determined and used as indicator of training ad-
aptations. T the right is a simifar plot but using a venlilatory variable. The pulmonary
ventilation is elevated in a finear fashion until lactale starts to appear in the blood. A
small drop in pH causes ventilation lo increase with an accelerated rale. This point of
deflection can be used instead of the OBLA estimate. (Karlsson & Jacobs, 1982; Holt-
man, 1985; Hughson, 1985).

Practical implications: One important practical implication of the above discussed fin-
dings is that training of endurance can be divided into two components aiming at the
improvernent of the pump capacity of the heart whicl isthen closely related lothe ma-
ximal oxygen uptake of the subject (figure 23). The peripheral adaptation with increa-
sed capillarization and elevated oxidative potential in the muscles is the other
component whose functional significance mainly istooptimize subslrate utilization of
the muscle and thereby improve endurance capacity.

This dissociation between maximal oxygen uptake and muscle adaptation for petfor-
mance has been nicely demonstrated experimentally. If road-runners stop their trai-
ning for two weeks maximal oxygen uptake only drops by 2-3%, but performance
measured as the time to exhaustion at a given speed was reduced with 24 % (figure 24).
Incidently there was also a reduction in one of the oxidative enzymes used as a mar-
kers for the focal adaptation. Recently Coyle et al. (1986) have added to this and de-
monstrated that the reduction in maximal oxygen uptake, although small, isreversible
by expanding the plasma volume, which in turn made the short term work petfor-
mance (4 min} to return to predetraining level.
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Figure 23.

Sc{rem aticallyis iltustrated the coupling between some of the adaptations which occur
with endurance training and thelr funclional significance.

Another exarnple can be taken from the preparation for Tour de Fr. i
cych;;ts were ;;tudied in February they had a maximal oxygen uptaigﬁ';itﬁ};hﬁgjl
x min-1, which wasonly increased with 5% over the five months of intensive training
up to the start of the "Tour de France in July (Table 10). Oxidative enzymes in the limb
muscleson the othe':r hand doubled during the same time period, resulting in four fold
higher mitochondrial enzyme level in these bicyclist than found in muscle of sedenta-
ry men. An adaptation most needed for optimal fuel economy during such along race.

Table 10, :
Maxrmql oxygeit uptake and sorme mitochondrial enzymes in a fimb muscle of profes-
stonal bicyclists in February one yearat the stan of the more inlense preparation for the

ze"aiggfnd a week ahead of the start of Tour de France (July). Data from Sfegaard et

Professional bicyclist

February July
Voo max, ml x kg-! x min-! 74 77
Enzymes:
CS mmoles X kg-! x min dav. 69 112
HAD mmoles x kg-! x min-! dw. 66 104

Figure 24.

An oxidative enzyme (succinate dehydrogenase) in limb muscles of runners has been
delermined performarnice capacity {running o exhaustion on atreadmill al a fixed spe-
ed)and maximal oxygen uptake @) when in training, by after two weeks of complete in-
activity and ¢} after the training had been resumed for two weeks (madified from data
by Houston et al., 1979).

Another implication of the above results relates to an optimal {raining pattern of the
heart. It is apparent that a minimum muscle mass must beinvolved in the exercise to
train the heart. One legged training{7-8 kg muscle) is not sufficient even if the training
sessions are quite long {Saltin et al,, 1976) or repealed with each leg (Klausen et al.,
1982), Two-legged exercise is a minimum, but whether the inclusion of arm work im-
proving training stimulus, is not known. itis of note that rowers and c.c skiers have the
very highest reported values for maxiral oxygen uptake {in ~ 7.501 » min-t and ~
90 mt X kg-1. These high values canbe achieved when the athietes exercise only with
their tegs running.

Practical guidelines. One reason for, emphasizing the central vs. peripheral factor for
aerobic performance is that it has abearingon the training, i.e. the optimal way to traint
the heart and the optimal training of the musclesfor endurance work may not necessa-
rily be the same. It was just stated that a minimum fraction of the muscle mass should
beincluded in the exercise loimprove the pump capacity of the heart. Theintensity of
the exercise is also of extreme significance. Extended duration of the training sessions
can beused in exhange of the intensity, but the prize paid in time is quite marked. This
is examplified in Table 11, and although these resulls relate to sedentary and modera-
tely trained individuals, the basic principle most likely applies to most athletic
training.




Tabe 11,

Data from a study by Nordesja (1971} where he studied young men and had them trai-
ned with different intensity, duration and fequency. From these resulls can be selected
three different fevels of intenssity which gave the same (15-20%) improvement in maxi-
mal oxygen uptake after three months training, provided that the duration and fre-
quericy of the fraining were properly increased.

A, Topintensity (HR ~ 130 bpmy); 15 min; once/ week
B.  Moderate intensity (HR ~ 150 bpm); t Iir; 2-3 times / week.
C.  Lowintensity (HR ~ 110 bpin); 2 hrs; 5 times / week,

For the athlete with unlimited time and only the aerobic capacity to improve low inten-
sity training performed for many hours (= 2-3 hrs} a day is an allernative. However,

increasing the intensity the same training effect will be achiéved in half or one third of
the time.

Forthe muscle adaptation to occur, duration of the iraining appear to be essential, This
does not imply that high intensity training would not elevate capillary count and mi-
tochondrial volurne in the muscles engaged in the training, but if duration is too short
{= 30 min?)the local adaptation is far from optimal in spite of good increase in maxi-
mal oxygen uplake. “r

Thereis another difference and that is that any exercise which involves a large muscle
masscan beusedtotrainthe heart. The skeletal muscle adaptation, however, hastobe
in the muscles used in the competition, This will only occur if these muscles are enga-
ged in the training. The specificity is greater than one might expect. One example is
from data when bicyclists, track runners and orienteers are compared. They all use
their legs, but the enzymalic adaptation varies betwen them in the three leg muscles
portions studied {Table 12). The specificity of the training has been emphasized repeat-
edly. A last example will be given, although it is in part outside the scope of this article,
and related to energy cots of running. In the preparation for the London marathon a
runner performed upto 70% of all training with the same pace as the one anticipated
tobe maintaind in the race, This resulted in a lowered energy expenditure at that parti-
cular speed with 4-5% (H. Larsen personal communication; similar findings have be-
en obtained in the world famous Norwegian fernale marathon runners, Stremme and
collaborators, personal communication),

Aerobic and anaerobic training combined: Inmany sports both an aerobic an and an-
aerobic energy yield are required for oplimal performance. It would then be feasable to
combinethetraining or atleast balance the training so that any beneficial effects of one
mode of training does not reduce the effects on the other. Anaerobic training should
result in an increased rate of glycolysis and lactate tolerance which goes together with
an enlarged muscle fiber cross sectional area, Aerobic training should improve the ca-

pacity of the heant, the various qualities of the muscle as well as large capillary to fiber
area ratio and mitochondrial volume,

ie 12,
E'c?trf on succinate dehydiogenase in limb skeletal muscle of successful endurance at-

] i i d in the exercise, biop-
hletes in three different sports, where the legs are hegurly engage :
sies were laken from three different muscle portions in each athlete {unpublished

observations).

Succinate dehydrogenase (mmoles - min-1 - kg1 waw)

N M.Gastrocnemius M. Quadriceps femoris ]
ot Lat. Head Vast. lateralis Rect. femoris
Runners, {rack 2 24 %? gg
QOrienteers 5 22 2 2
Bicyclists 3 17
Sedentary 8 7 6 6

flicts or problems are two and related to 1) muscle fiber area and no. of capilla-
Eggﬁg 2) highp!actate accumulation and des_'eloprpe.m of mltochond:fia. To thiehf!rsﬁ
problem can be said that one has to compromise. Itis lmpOS'Slbie to perform {eab llg;m
intensity training without enlarging the size of the muscle fibers, but pr%pgr y bala
ced with endurance training the no. of capillaries found arqund aliberwi fzco[r;lelgld
creased. However, the distance from the capillary to the middle of the fiber l}f‘a_ ec !
only by thesize of the fiber. Thus the more exlremgendurance athle!es(c.c. 5 u{ars, ma
vathon runner, orienteerers, bicyclists) should a\foui topspeed exemses.(and o.{cpurs::
explosive type strength training). In events ia.?ung less_li}an 30-40 minutes it is u
avoidable to include very high intensity work in the training.

i ighi ity training w diffusion distances may
The risk that high intensity training \woulq cause lengthened stan
nole beso cruciagl, because, when muscle fibers enlar_ge, ti'ley may nol inaintain a_!llgue
circular shape, Instead, they may enlarge ina more elipsoid or rgctaqgular form (Sillau
and Banchero, 1978). Thus, large size muscle fibers and short diffusion distances may

go hand in hand.

boul lactate and density of mitochondtia? One of the reasons o determi-
g(?;\;;;\;ihna;:robic threshold is to find a work intensi!ly where lactate accum}ﬂi?lgs ;mlgr
slightly. 'The exercise can then be performed for quite long. This a}ll may well be r}t)lE;
but the proof that it is the low lactate that allows mﬂochopdna to increase ”tllmllmthe
(volume)is lacking. It may well be that it is the long duration of the exercise that is

crucial factor.

igh intensity interval training is in fact decremgntai to the aerobic
F;Eg\lﬁ:: ;;gert[:‘fsrc{g%zilcgtive e¥1zymes, good runners were dividgd in groups - gp:a per-
forming high speed running 3 days a week {Tgroup)for 7 weeksin addt_taor} o Els‘ r«;mc:?
training amounting to 40-70 km per week (Okkels, personal commumcautzn%. ]t;: ?e_
her group (I-group) performed fast running bu.l not at top speed. Blood lé’.clig e ::g e
ached above 16 mM in each special training in the T-group and around ) mMn
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I-group. Both groups maintained their maximal oxygen uptakes and oxidative enzy-
me levels. In fact the group with thelowerin[ensity(i~group) did demonstrate somein-
creases in aerobic power, As anticipated, those training with the highest intensity

The conclusion of this is then that anaetobic and aerobic training effects can be obtai-
nedif properly trained and that they may not, to any greater extent, negatively influen-
¢e upon each other. The reason why they may in practice is most likely that the
athlete’s time does not petmit optimal tiaining of both capacities,

Faining the aerobic capacity of altitude With the successful appearance on the world
arena of runners from the highlands in Africa speculations siarted about special bene-
ficial effects of training at altitude, This was supported by some studies in connection
with the Olympic Games in Mexico City {Faulkner et al,, 1967), although other sty-
dies failed to demonstrate any positive effects (Saltin, 1966; Buskirk etal., 1967). Infact,
in some of the studies a reduction in aetobic work performance was noticed upon re-
turntosealevel (Saltin, 1966). Sincethen the discussion has continued, but surprising-
ly fewv studies have been performed to elucidate in detaif the phiysiological changes, A
recent trial has been made with Danish cross couritry skiers as discussed above, They
were tested regularly from May until the day before they departed in carly October for
a 2 weeks stay at altitude, They stayed at 2.100 ma.s.. and trained at 15002700
mas.l; (mainly at the highest altitude). Maximal oxygen uptake was stable from Au-
gusttodeparture and no change was observed astheresult of the training at altitude (fi-

ataltitude, do not show high oxidative enzyme levels and the no of capillaries perfiber
is not increased (Saltin and Gollnick, 1983),

All these data do not speak in favour of any special positive effect of training at altitude
for aerobic performance as rather on the contrary. it may in fact be difficult for a top-
trained endurance athlete to maintain his/ hers fitness during a more prolonged stay
ataltitude, although the trainingis kept at highest possiblelevel, In less than optimally
trained subjecis training at altitude may result in improvements, The question is, ho-
wever, whether the same increases may not have been achieved by training at sea
level,

Alast pointen training at altitude is thatin theabovediscussion the elevation of the he-
moglobin concentration has not been considered, It could be anticipated to have an ef.
fect. The reason why this is not always apparent is probably due te the fact that the Hp
concentration rather quickly approaches snormals levels upon return to sea level,

Tiaining of adolescents. It was once thought that trainng at a j;foung age would be su-
perior to training at any later age. The idea came from studies of young gir] swimmers
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. ) N ell.
Astrand et al., 1963), and appeared at first confirmed by the findings in a we
E:oi[trrolled longitudinz)il training study of young boy:s (Ekblom, 1968). ljjoweve[rt,l Whenll
the observed impovements were adjusted for the dimensional growth uedio. !'31 co1
comitant increase in height, the training response was more npnpal, an .sumE a_rk g
what is found when older teen-agers or young adults perform similar training ( {1 s
son, 1972). Several later studies have conﬁrmt_ed that training of the aeroplc c[apau yi f
the adolescent children gives far from exceptional results. Further, duringt 11;3 yKei*?r o
the most pronounced growth spurt training per se may not have any effect at all (Klisso-

uras, 1972; Lammen, 1976),

isi interpret these findings right. Thete is no risk or harm with training
giizé?;g%n;lg;gt?;? 5 young age, bul%othing is lost to wait until a more mature agi.
Further, as shown in a 5 year follow up study of Finnish teen-age endura:‘ngz ruunisl.;rﬂl. \
an early starl is no sshort - cuts lo maximal oxygen uptakes of 80 ml x kg-! x m
and above (Elovanino, Sundberg, 1983),

Detraining - refraining: A mythis thatif you havetrained onceand ach:evedl ?1 go{(}iiil gﬁ;
pacity it is easier to return to the same level l[-"fOI' one reason or the o[!n;lrr—l g a hlate
has been away from regularlrainingforsomettn}e: This is not true which has bee de
monstrated for sedentary people undergoingqumlngasv.veli asfor forrr;ztaryerty Sgcthat
ful athletes (Jergensen, Pedersen, 1977; Eriksson et al, 1975) it is tru
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dimensions such as of the lungs and the heart does not change so rapidly. Of greater
importance is, however, that the functional capacity relates to quality of the various o
gans or tissues. The content of enzymes in a tissue or the degree of capillarization of
skeletal muscle do change more rapidly than the volume or size of a tissue or organ
(Booth, 1977; Henriksson and Reitman, 1977; Klausen et al., 1981). In Table 13 isan at-
ternpt made to give an idea of the time - constants for a change of certain variables to
occur. The size of the heart develops slowly (Rost and Hollman, 1983). In the Finish
study no dilference was observed in the 14 years old between runners (with at lcast 2
years of endurance training) and controls, but in a follow-up study after 5 years a clear-
cut difference was observed (Elovanio, Sundberg, 1983). In adults faster changes have
been seen, but the changesin the heart size must be regarded as rather slow. Blood vo-
lume is changed laster than the heart size, but it is dependent upon the dimensional
development of the cardiovascular system for an optimal adaptation.
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Flgure 26. :

A schiematic illustration of adaptations in the skeletal muscle al onset of a training pro-
gram, resutting after some monthis in a given optimal adaplaiion for that particular
training. when this training is terminaled, the adaptation dissappeas with a rate,
which is faster than observed during training. There are lwo reasons for this. One is
that an optimal stimulus carnot abruptly be applied ai stant of training, i.e. the fraining
volume and intensity is gradually increased, whereas when training is terminated the
stimulus for the adaptations disappears completefy. Another reason is that changes
occurin relation lo the absolute magnitude of the adapled vaniable. Thus, after the frai-
ning the reduction occurs from a higher absolute value and the difference is then farger,
Of note is that when training s reassurned the adaplation cccurs at the same rate as
duwring the first training period. .
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Table 13. Summary of approximale times for an adaptation to occur {for delails sge
lext}.

Variable Time for a change
Heart size Months - years
Blood volume Months
Skeletal muscle capilarries Months
Skeletal muscle mitechondrial Weeks
enzymes
Skeletal muscle bulfer capacity Weeks?
Skeletal muscle glycelytic Days - weeks
enzymes

The alterations that take place in muscle can occur quite fast if the optimal stimulus
(training pattern) is present, If it is removed the return to control level goes fast (figure
26; Booth, 1977). Capillary proliferation or reduction can occur with atime constant of
weeks (Andersen & Henriksson, 1977; Klausen et al., 1981), which is similar to the
mitochondrial enzymes {Henriksson, Reitman, 1877), whereas giycolylic enzymes
may change within days or in a week (Pette and Dolken, 1975). The optimal training
pattern for an adaptation to occur is far from known. There isalso alack of knowledge
about the minimum of training required to maintian a certain level of adaptation, but
it is likely to be less than that needed to achieve an improvement.

Based on the information given in Table 13 it can be said that to improve the pump
capacity of the heart (= maximal oxygen uptake) there is a need for training over a long
petiod of time {years). Muscle capillaries and oxidative enzymes can be_broughl to
quite high levels with regular training, lasting 6 to 12 months. The glycolytic enzymes
should become markedly elevated within a month of appropriate training. Too little is
known about buffer capacity (= lactate tolerance) fo make any firm comments. The

Table 14.
A simple overview of the need for regularity in the training of various components of

importance for agrobic and anaerobic work capacity.

" Aerobic training : Regularly; Year round; Every week; s¥(Q2 maxs~
«Metabolisme
«Buffer capacitys Regularly; Year round; Once a week; Last month
belfore competition period twice or three times a
week.

Last month before competition period gradually
increasing up lo 4-5 times per week; During com-
petition period once or lwice a week.

«Glycolytic enzymess
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data in figure 26 reveal that it always lake a longer timeto elevate an en i-
ty I‘har‘l il takes tolose the adaptation. Thus, it §1ust beof valueto maingilgg(;;faagagﬂ-
lavity in the training with some few training sessions also in the period between
seasons. For one thing it is easier to resume training and the possibility for an impro-
ved p'erformance the coming year is larger. A simplified summary of the above consi-
derations are found in Table 14, where the regularity of various components of the

training for an event {sport) demanding both an aerobic i i
iy g and an anaerobic energy yield

Finafr rernarks. The primary factors selting the athlete's pace in an endurance eventare
maxirmal oxygen uptake and techinique (energy costs for a given speed). The time this
s_peed can be maintained is a function of glycogen storage in the body (muscles}and ef-
ficency in fuel utilization, which in essence is how effective the stored glycogen can be
spared. The latter factor sets the refative work rate, and the glycogen stores how long it
can be maintained (Table 15).

Table 15.

Surmmnary qf the factors which set the pace and determine the duration that this pace
can be maintained,

Endurance exercise

Speed {work rate) Maxirnal oxygern uplake Efficiency (technigue)

(relative work rate {% of VOg max)

Glycogen stores, Efficiency in usage of CHO
{rglycogen savingy) relative work rate (% of
V(2 max)

Duration (imaintain speed)

[nan anaerobic event the rate of glycolysis sets the pace and the handling of the lactate
determines how tong the high work intensity can be continued. Buffer capacity of the
musctes and the ability to withstand a low pH are the two critical factors, but the trans-
fer of lactate from the contracting muscles fibers and its turnover in other tissues also
play a role, Thus aerobic metabelism contribute in high intensity exercises both by

supp!y of oxygen for an aerobic energy yield but also by using lactate via pyrurate
which can serve as substrate. g
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