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Summary

Human endurance performance is often evaluated on the respiratory system are shown to have little effect.
the basis of the maximal rate of oxygen uptake during Blood doping, hyperoxia and Q supplementation of high-
exercise Yo,max). Methods for overcoming limits toVo,max  altitude natives all raise Q availability substantially to the
are touted as means for increasing athletic endurance working muscles, but these treatments increas®'o,max
performance. Here, we argue that the respiratory system only minimally. Finally, we argue that O, uptake is only
is well designed for delivering @ to meet & demands and  one of a number of properties important to human aerobic
that no single factor is rate-determining for @ uptake. We  performance.
show that Vo,max can vary 5000-fold among mammals,
while any limitation to O delivery by a single component
of the respiratory system affectsVo,max by 10% or less. Key words: oxygen delivery, oxygen transport cascadgmax
Attempts to increase Q delivery by enhancing one step in  human, aerobic performance, endurance

Introduction

There has been a long history of papers devoted to Our intention here is to take a slightly different approach,
examining the factor or factors that conspire to limitone that is also intended to provide insight into the design of
maximum oxygen uptake. These usually focus on singléhe respiratory system. Rather than focus on small increases
species in an attempt to ascertain which functionabr decreases in rates of oxygen uptake, we hope to
‘bottleneck’ is likely to set the upper limit to oxygen flow. In demonstrate that a broadly comparative picture yields distinct
general, these fall into two categories, both of which havénsights. We analyze this problem in three steps. First, we ask
greatly increased our understanding of the mammaliahow the mammalian respiratory system is designed to match
respiratory system. First, because oxygen flows throug®; delivery to @ demand over a 5000-fold range\&f,max
structures in series (Fig. 1), (1) 2Ouptake by the Second, we ask how the human system is designed to meet
mitochondria, (2) @ delivery by the circulation or (3) © the twofold range o¥o,maxfound among individuals. Third,
uptake by the lungs, the relative resistance (conductance) wk evaluate adjustments of steps in thec@cade (such as
each of these can be estimated and its contribution to th®ood doping, supplementalQOetc.) to evaluate whether a
overall ‘limit’ approximated (di Prampero, 1985; di Pramperosingle ‘limitation’ dominates maximal Olux. Through these
and Ferretti, 1990; Ferretti and di Prampero, 1995). Howevecomparisons, we seek to identify how the respiratory system
this approach is complicated by the fact that some resistancissdesigned to match oxygen supply with oxygen demand.
are fixed and others variable, for example in response fbhis comparative approach gives new insights and may
training, and remain ‘tuned’ to demand (Lindstedt et al.change the nature of the question asked concerning how
1988). In contrast, another approach has been to focus on dinve respiratory system is designed to deliver t® meet
step and detail how this single step may be rate-limitinglemand.

(Saltin and Strange, 1992; Wagner, 1992). One problem with Underlying this approach is our belief that no single step in
this view is that this single-step ‘limitation’ has been ascribedhe & delivery cascade dictates total flux but rather that each
to a number of different components in the cascade (Rowebltep contributes to flux. This notion of shared flux control is
1993; Wagner, 2000). The absence of consensus on where ttemmon to current thinking in biochemical pathways (Fell and
‘limitation’ lies may indicate that no single ‘limitation’ exists. Thomas, 1995; Kascar and Burns, 1973), the concept of
Both these approaches have usually focused on relativebymmorphosis (Weibel and Taylor, 1981; Weibel et al., 1991)
small changes (10-15%) in the maximum rate of oxygemand a recent physical analysis of the cardiovascular system
uptake, and usually in humans. (West et al., 1999).
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Insights from the animal world cardiovascular system. Cardiac output andd®livery both

The quantitative analysis accomplished on the mammaliaificrease in proportion to maximal flux (Kayar et al., 1994). The
respiratory system may offer insight into the design of thétructures of the pulmonary system also vary directly with
human system. Our first question is how the rangéogfax ~ Vo.max but there is an apparent excess giifusing capacity
of over 5000-fold (0.03/ersus169mis?; Seeherman et al., in all mammals (Weibel and Taylor, 1981). The end result is (i)
1981) is achieved among all mammals. Let us start at tH&at the structures of each ;tep of the respiratory system scale in
muscle, where the energy cost of locomotion determines tH&oportion to or in excess ®b,max (Weibel and Taylor, 1981),
maximum Q demand. The two structures key to @&livery (i) that each step in the system appears to operate at or near its
and uptake are the mitochondria usingadd the capillaries Maximum atVo,max and, as a result, (iii) that thez@ux per
delivering Q. Fig. 2 shows that the volume of capillaries thatmitochondrial volume is nearly constant (Hoppeler, 1990).
deliver blood and the volume of mitochondria that ugeu@  Clearly, a single step does not determine flux, but rather the
directly proportional toVo,max The result is that the higher structural and functional capacities of each step of the cascade
Vo,max Of larger animals corresponds with proportionalian_ease almost in proportion to achieve the extraordinary range
increases in the muscle capillary capacity ferd@livery and  Of Vo,maxfound with body size in mammals.
the muscle mitochondrial capacity foroQuptake. The
proportionality between structure and flux is demonstrated by

the constancy o¥o,max per mitochondrial volume despite a _ The human system is u.nique _
5000-fold range in total flux between mouse and steer Humans differ from most mammals in one important respect
(Hoppeler, 1990). relevant to Vo,max exercise involves bipedal rather than

A similar proportiona”ty between Qje"\/ery Capacity and quadrupedal locomotion. This use of two rather than four limbs
Vo,max is found at the next step of the cascade, théneans that the whole musculature is not used to achieve
Vo,max Thus, defining the active muscle mass in humans is a
critical problem, with differences ¥o,max0ccurring between
exercise modes such as running and cycling. For this analysis,
we focus on cycling exercise, which evokes a nearly twofold

10 0004 0((\@ range inVo,max between sedentary and well-trained athletes
= . \qo\ (Hoppeler et al., 1973) or between young and old subjects
é’ 1000 @(\6‘\% \o«\e (Conley et al., 2000). Is this range _Vbzmax in humans
5 & ﬂqo accompanied by a proportional range in the capacities for O
S W s uptake, delivery and use or does a single step dictate flux?
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Vozmaxvaries with mitochondrial content

- ; - An early study of muscle properties aVislmax showed that

10 100 1000 . . ; .
mitochondrial volume densityv(mt,f), was proportional to
Vo.max from sedentary humans to athletes (Hoppeler et al.,
Fig. 2. The total volume of skeletal muscle capillaries and!973). Exercise training studies seemed to contradict this
mitochondria plotted against maximum rate of oxygen consumptioRroportionality by showing a 40% increase In quadriceps
(Vo.may) for a wide variety of mammals. Both volumes are directlyVv(mtf) but only a 15% increase in whole-bod§),max
proportional toVo,max (data from Weibel and Taylor, 1981). (Hoppeler et al., 1985). However, a quantitative comparison of
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the expected change in musekrsuswhole-organismVo,max  difference in cardiac output is due to a higher stroke volume
revealed the problem with this comparison of relative changda athletes in accord with the larger heart of endurance-trained
at the whole-body and muscle levels. The first step was tathletes. These findings indicate that a twofold difference in
compare the changes that occurred at the level of the leg. Thiardiovascular @ delivery capacity underlies the twofold
comparison showed that the increase in muscle power outpdifference inVo,max between sedentary and athletic subjects.
agreed closely with the increase in musvohgmt,f) with Finally, sufficient oxygen must be provided to the lungs,
training. Thus, ATP use, as measured by leg power outpuientilation, and to the bloodja diffusion through the lungs,
increased in proportion to the mitochondrial capacity fer Oto satisfy the demand of exercising muscles. There is no
uptake and ATP supply. The mitochondrial volume in theevidence for these structures being able to adapt, during an
muscle increased as would be expected on the basis of tAeimal’s lifetime. Lacking the plasticity that characterizes the
increased @ demand for muscle power output. The secondther structures of the respiratory system, it is not surprising
step was to compareQuptake estimated for the leg with that the capacity of the lung for oxygen uptake exceeds the
whole-bodyo,. This comparison revealed that ¥g needed normal demand, suggesting to some that the lung may be ‘built
for this increase in power was close to the whole-body increase excess’ (Weibel et al., 1991). However, when we examine
in Vo,max that occurred with training. Thus, no discrepancythese structures across the full rangeVefmax from a 5g
existed between changes at the level of the leg or between tiiwuse to a 500kg horse, we see that all structures vary
leg and whole-body levels when the estimated chanyl,in proportionately (Weibel et al., 1991). For example, the cross-
at the leg was compared directly with the whole-b&dy  sectional area of the trachea varies directly Witnaxamong
changes after training. This quantitative approach revealed thatammals. Hence, it would appear that all mammals have a
muscle mitochondrial volume, the estimated rate of O‘reserve capacity’ to accommodate to, for example, high-
consumption and the actual rate of @ptake all increased altitude hypoxia or use or training-induced increases in the
proportionately with training. These results, and recent studiemerobic capacity of the muscles. Thus, the maximum
of sedentary subjects showing no increaseVdpmax after  ventilatory capacity may be fully exploited in humans only in
breathing supplemental,@Cardus et al., 1998), suggest thatthe most elite endurance athletes (Lindstedt et al., 1994); for
Vo,max reflects the muscle oxidative capacity recruited duringll others, capacity is excessive.
exercise, as it does in quadrupedal mammals.

A quantitative approach also helps us understand the factors o
responsible for the decline Wo,maxWith age. Elderly subjects Limiting factors ,
show a large decline ¥o,max relative to the young. A recent ~ Capacitiesversusimitations as determinants &b, max
study showed that this declineVb,maxWas accompanied by ~ What determine¥o,max the capacities for £delivery and
parallel changes in the oxidative capacity of the quadricepsptake or the limitations to Zlux? To answer this question,
muscle group with age (Conley et al., 2000). The end resukt us examine the effect of varying single steps in the O
was that a significant fraction of the declind/nmaxcould be  delivery cascade.
accounted for by the age-related change in the oxidative
capacity of the quadriceps. In both adult and elderly subjectd)0es oxygen delivery limit oxygen uptake or is it adequate to
the oxidative capacity of the quadriceps accounted for 30 % of meet oxygen uptake?
the whole-body rate of fQuptake in accord with the fraction  Cardiovascular ©@delivery is the single identifiable factor
of quadricepwersuswhole-limb power output during cycling. most often implicated as the limit to oxygen uptake.
The implication of this study is clear: the dropMs,maxWwith  Consequently, most of the recent drug scandals in endurance
age reflects the loss of@onsuming muscle. This study sports, starting with blood doping in the 1984 US Olympic
demonstrates that the kind of quantitative f@lance studies cycling team, are designed to increase oxygen delivery. The
that have been accomplished in quadrupedal animals are alsarrent drug of choice, erythropoietin, can boost hematocrit
possible in humans even with the limitations of the bipedaflramatically and, until only recently, exogenous erythropoietin
gait. The result of this analysis in humans is the same as iras been undetectable. This focus on boostipgi€ivery
quadrupeds: the range ®b,max corresponds quantitatively seems to assume that humans do not conform to the general
with the range of the oxidative capacity of muscle involved irpattern of balance among respiratory system capacities. It also

exercise. begs the question of what is responsible for the remaining
. _ _ _ _ respiratory structures being over-built (i.e. possessing capacity
Vo,maxvaries with cardiovascular £delivery in excess of need or demand) if cardiovascutad@ivery is

Meeting the muscle © demand is the cardiovascular a single rate-limiting step.
capacity for Q delivery, which is determined by the product One explanation for why cardiovascularn @elivery is
of cardiac output and £extraction. Both normally active and thought to limit Vo,max is that this step is the simplest to
athletic subjects have similar and high (up to 90%) Omanipulate experimentally. Resultant correlations between
extractions atVo,max and the increase in Qdelivery that rates of @ delivery andVo,max have been interpreted as
underlies the twofold increase No,max results from an demonstrating a rate-limiting role of oxygen delivery. On the
increase in cardiac output (see fig. 5.2 in Rowell, 1993). Thisurface, the evidence supports this concept. For example, when
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. reduced arterial oxygen content. Hevis,maxis shown for sea-level
Fig. 3. Vo,max rate of oxygen delivery (arterial2Grontent times  sojourners at 3790 m altitude and for high-altitude natives at 3600 m
cardiac output) and O extraction for elite athletes receiving (filled columns).Vo,max increases in both groups of subjects when
supplemental blood as the mean hematocrit (Hct) is increased frothey are given supplementab @qual to sea-level normoxia levels
45.6 to 50.5%Wo,max and @ delivery are shown relative to their (open columns). However, the increase in sojourners (38 %) is over
control (not blood-doped) values. Oxygen extraction is depicted efour times that of the high-altitude natives (8%) (data from
the actual percentage;@xtraction. A 29 % incr_ease ino@elivery Cymerman et al., 1989; Favier et al., 1995). Values are means +
to the muscles resulted in a 6.7% increas&/dmnax, hence, @  seM., N=8 (Cymerman)N=11 (Favier).
extraction dropped from >90% to <75% (data from Spriet et al.
1986).
consumption in direct proportion to the increase in arterial

O2 delivery is diminished, either by the withdrawal of oxygen content and, hence, oxygen delivery. On the surface,
erythrocytes or by the imposition of hypoxia, the rate ofthese results seem to support a single cardiovascular limitation
oxygen uptake is nearly always reduced in direct proportiorto Vo,. However, once again, a different pattern emerges when
However, these results do not exclude the alternativhigh-altitude natives, rather than sojourners, perform the same
interpretation that delivery is merely adequate (rather thaaxperiment. Comparing individuals from two different studies,
limiting). How strong is the evidence supporting this single-at nearly the same altitude (3600 m altitude residents, 3790 m
step limitation toVo,max? altitude sojourners), the two groups have a similar pégk

Arterial oxygen content can be easily manipulated byCymerman et al., 1989; Favier et al., 1995). However, in
changing the concentration of inspired oxygen or by the&ontrast to the sojourners, when the high-altitude natives are
withdrawal or addition of red blood cells to alter hematocrit.given the sea-level-equivalent inspired oxygen partial pressure,
In all cases, oxygen delivery varies with arterial oxygerthe increase iVo,max (8 %) is much smaller than that of the
content. In fact, when delivery is reduced by anemia osea-level sojourners (38 %) (Fig. 4). It seems that living at high
hypoxia, the oxygen extraction remains high (90 %)\angax  altitude, where chronic hypoxia necessarily limits one’s
declines in direct proportion to2Qlelivery (Lindstedt et al., aerobic activity, the muscles collectively have a much lower
1988). However, when delivery is enhanced rather thamerobic capacity. Apparently, there is no stimulus to maintain
reduced, a very different pattern emerges. A meticulous studite aerobic capacity of the muscles at a level beyond that which
(Spriet et al., 1986) measured arterial oxygen content, cardi@an be suppliedia cardiovascular delivery. Thus, when the
output andVo,max in very highly trained endurance runners muscles are flooded with the equivalent of sea-level oxygen
(meanVo,max 77.5mlQkgtmin~1) given up to three units delivery, they simply have no aerobic machinery to utilize all
(500 ml each) of additional blood. They reported that a largéhat oxygen.
increase in @delivery (up to 30%) was accompanied by a Finally, Richardson et al. (Richardson et al., 1999) have
slight increase (<7%) iVo,max As a consequence, 20 elegantly shown that intracellular (myoglobin-associaksi)
extraction dropped from over 90 % to under 75% (Fig. 3). Thean also be manipulated by changing the fractionalddtent
simple interpretation of these data is that oxygen deliverpf the inspired air Kio,) from 0.12 (hypoxia) to 0.21
exceeded the capacity of the oxygen sink (mitochondria) in th@ormoxia) and 1.0 (hyperoxia). The drop in the mitochondrial
exercising muscles and, hence, that muscle power output weete of Q uptake in hypoxia (30 %) is identical to the drop in
unable to profit from the available oxygen. intracellular Po, (30%). In contrast, a 65% increase in

Aerobic performance is limited at high altitude by the lowintracellularPo, yields only an 11 % increase in mitochondrial
O partial pressure and resultant hypoxia. However, whelo,. Once again, we see that, when delivery is redudsd,
exercising at high altitude, it is possible to supplemeninO drops accordingly. However, when delivery is increased, more
the inspired air to return the subject functionally to ‘sea-leveloxygen is apparently available to the mitochondria than can be
values oVo,max (hypobaric normoxia). Thus, when sojournersutilized (Fig. 5).
go to high altitude and are provided with additional oxygen, Taken together, these data demonstrate using three different
the consequence is an increase in the rate of oxygenodel systems thai, does track @delivery, but only when
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