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Determinants of VO2 max decline with aging: an
integrated perspective

Andrew C. Betik and Russell T. Hepple

Abstract: Aging is associated with a progressive decline in the capacity for physical activity. Central to this decline is a
reduction in the maximal rate of oxygen utilization, or VO2 max. This critical perspective examines the roles played by the
factors that determine the rate of muscle oxygen delivery versus those that determine the utilization of oxygen by muscle
as a means of probing the reasons for VO2 max decline with aging. Reductions in muscle oxygen delivery, principally due
to reduced cardiac output and perhaps also a maldistribution of cardiac output, appear to play the dominant role up until
late middle age. On the other hand, there is a decline in skeletal muscle oxidative capacity with aging, due in part to mito-
chondrial dysfunction, which appears to play a particularly important role in extreme old age (senescence) where skeletal
muscle VO2 max is observed to decline by approximately 50% even under conditions of similar oxygen delivery as young
adult muscle. It is noteworthy that at least the structural aspects of the capillary bed do not appear to be reduced in a man-
ner that would compromise the capacity for muscle oxygen diffusion even in senescence.
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Résumé : Le vieillissement s’accompagne d’une diminution graduelle de la capacité d’effort physique. La variable princi-
palement touchée est le taux maximal d’utilisation de l’oxygène, soit le VO2 max. Dans cet article, nous analysons le rôle
respectif joué par les facteurs du transport de l’oxygène vers les muscles et par ceux du système d’extraction d’oxygène ef-
fectué par les muscles afin d’identifier les facteurs responsables de la diminution du VO2 max dans le processus du vieillis-
sement. La diminution du transport de l’oxygène vers les muscles, causée principalement par la diminution du débit
cardiaque et probablement aussi par une mauvaise distribution du débit cardiaque, semble jouer le rôle principal jusque
vers la fin de l’âge mûr. D’autre part, on observe une diminution de la capacité oxydative du muscle squelettique avec
l’âge ; ce phénomène est attribuable en partie à des anomalies dans la mitochondrie qui semble jouer un rôle particulière-
ment important à un âge très avancé ; à cet âge, le VO2 max des muscles squelettiques est d’environ 50 % de la valeur ob-
servée chez un jeune adulte dans les mêmes conditions de fourniture d’oxygène. Notons cependant que les caractéristiques
structurelles du lit capillaire ne semble pas modifiées de manière à compromettre la capacité de diffusion de l’oxygène
même à un âge très avancé.

Mots-clés : vieillissement, consommation maximale d’oxygène, transport de l’oxygène, capillaires, mitochondrie.

[Traduit par la Rédaction]

Introduction

Since the pioneering studies of Hill et al. (1924), physiol-
ogists have been fascinated with the quest to understand
what limits our maximal ability to utilize oxygen during ex-
ercise (VO2 max). Whereas for most healthy individuals
VO2 max has little bearing on everyday life, and thus, the is-
sue of what limits VO2 max is arguably of lesser practical
concern, the age-related decline in VO2 max is such that the
ability of elderly individuals to perform everyday tasks be-
comes greatly dependent upon VO2 max (Paterson et al.
2004). For this reason, understanding the physiological basis

for the decline in VO2 max with aging has clear practical sig-
nificance in terms of identifying means by which the ca-
pacity for an independent lifestyle can be maintained. On
the basis that VO2 max is determined by both the capacity for
oxygen delivery and for oxygen utilization (Di Prampero
1985; Lindstedt et al. 1988; Wagner 1995) (Fig. 1), and be-
cause the majority of the O2 consumed at VO2 max is within
the contracting locomotor muscles (Knight et al. 1992), the
focus of this critical review will be on understanding how
aging impacts the factors determining the capacity for oxy-
gen delivery and oxygen utilization at the level of skeletal
muscle.
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Changes in VO2 max with aging
One of the first studies to report an age-related decline in

VO2 max was by Dehn and Bruce (1972). Specifically, they
followed a group of 40 healthy older men across a 2.3 year
period and compared the degree of VO2 max decline between
subjects who remained physically active versus those who
were sedentary across the same time interval, finding that
being physically active could slow but not prevent the age-
related decline in VO2 max seen in sedentary subjects (Fig. 2).
Since that time, both cross-sectional and longitudinal studies
have reached similar conclusions and show that the rate of
decline in sedentary individuals is approximately 10% per
decade (Inbar et al. 1994; Stathokostas et al. 2004; Toth et
al. 1994), and about 5% per decade in highly active individ-
uals (Kasch et al. 1999; Pollock et al. 1997; Trappe et al.
1996; Wiswell et al. 2001). Interestingly, a recent study by
Stathokostas et al. (2004) noted that taking changes in phys-
ical activity levels into account explained only a trivial frac-
tion of the longitudinal decline in VO2 max observed over a
10 year follow-up period in older men and women, under-
scoring that there is a significant component of VO2 max de-
cline with aging that is not simply due to lower physical
activity levels. Although the majority of the literature treats
the decline in VO2 max with aging as being linear, a recent
study examining 810 healthy men and women over 8 years
observed that, whereas VO2 max declined at a rate of approx-
imately 3%–6% per decade in the 20s and 30s, this acceler-
ated to more than 20% per decade at ages of 70 years and
older (Fleg et al. 2005). Consistent with this point, another
recent study of age-related declines in VO2 max during tread-
mill running in rats demonstrated a markedly more dramatic
decline between late middle age (24 months) and senescence
(36 months) than between young adulthood (12 months) and
late middle age (Olfert et al. 2004). This non-linearity of
changes in aerobic performance is often difficult to assess
in the literature, as only two time points or ages are often
studied. This is also important in considering the causes of
the decline in VO2 max with aging, since different processes
may be relevant at later ages, as will be discussed in the sec-
tions that follow.

Convective oxygen delivery
A wealth of studies has demonstrated the effects of alter-

ing convective oxygen delivery on VO2 max in young adults.
Interestingly, elevating oxygen delivery beyond that nor-

mally seen (e.g., by inhaling a hyperoxic gas mixture) has
less benefit for young sedentary individuals than exercise-
trained individuals (Roca et al. 1992; Wagner et al. 1998), a
fact that could be relevant to aged subjects, since a decline
in physical activity is a well known occurrence with aging.
However, putting this aside, aging affects many factors that
can negatively affect blood flow, such as reduced maximal
cardiac output (McElvaney et al. 1989) and reduced vascular
conductance (Lawrenson et al. 2003; Proctor et al. 1998a).
This latter factor is likely related to a decreased endothelial-
derived vasoreactivity (Muller-Delp et al. 2002b; Taddei et
al. 1995) and altered myogenic responsiveness (Muller-Delp
et al. 2002a) with aging. An important question here con-
cerns whether a decline in muscle blood flow during exer-
cise causes the decline in VO2 max, or whether it is reduced
secondary to reduced muscle metabolic demand. Compari-
sons of small versus large muscle group exercise, which al-
ters the metabolic demand, helps to identify inadequacies of
blood flow. As the following sections will illustrate, small
muscle group exercise may not have a blood flow limitation,
but during large muscle group and whole-body exercise,

VO2 max = OQ 2 muscle × % O2 extraction
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Fig. 1. Determinants of VO2 max. QO2, convective oxygen delivery (product of cardiac output and arterial oxygen content); DMO2, muscle
oxygen diffusing capacity.

Fig. 2. Effect of physical activity on age-related decline of VO2 max

across a 2.3 year period in active vs. inactive subjects. Values
printed in the bars represent (from top to bottom) VO2 max

(mL�min–1�kg–1), body mass (kg), age (y) and number of subjects.
Reproduced with permission from Dehn and Bruce. J. Appl. Phy-
siol. 33(6): 805–807. #1972 The American Physiological Society.
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muscle blood flow and thus O2 delivery is lower, likely con-
tributing to the reduced VO2 max with aging.

The first report stating that aging reduces muscle blood
flow during whole-body (submaximal) exercise was made
by Wahren and colleagues in what were described as
healthy, well-trained, 52- to 59-year-old men (Wahren et al.
1974). More recent studies in sedentary older men (Beere et
al. 1999; Poole et al. 2003) and women (Proctor et al. 2004)
have similar findings. In seeking to explain the lower
muscle blood flow, the reduced maximal cardiac output dur-
ing exercise seen with aging is an obvious starting point
(Faulkner et al. 1977; Hagberg et al. 1985; McElvaney et
al. 1989; Ogawa et al. 1992). However, investigators have
also considered whether an altered distribution of that car-
diac output might be playing an important role. In support
of the idea that a smaller fraction of the cardiac output is
directed towards active limb muscle with aging, Proctor and
colleagues showed that although the cardiac output response
to a given level of submaximal exercise was preserved in
endurance-trained older adults (64 years) versus their
younger counterparts (Fig. 3, top panel) (Proctor et al.
1998b), the blood flow going to the legs during submaximal
cycling exercise was 20%–30% lower in the aged subjects
(Proctor et al. 1998a), suggesting an impaired distribution
of cardiac output with aging (Fig. 3, bottom panel). It should
be noted that VO2 was not different between age groups for
3 different power outputs, so for ease of comparing these
figures, VO2 and power output can be considered inter-
changeable. In summary, this figure adapted from their pa-
per shows that age does not alter the cardiac output – O2
uptake relationship; however, for a given power output (and
cardiac output), aged subjects have significantly lower leg
blood flow. Poole and colleagues later observed a very sim-
ilar response in extremely sedentary older (70 years) sub-
jects, particularly at higher exercise intensities (Poole et al.
2003). However, recently another study from Proctor’s
group, this time examining what were termed ‘‘normally ac-
tive’’ subjects (i.e., they exhibited a level of physical activ-
ity that was similar to others their age, being more active
than sedentary), observed no difference in leg muscle blood
flow during submaximal exercise in the older subjects
(66 years) (Proctor et al. 2003). It is noteworthy that the dis-
parate findings between these three studies are not easily ex-
plained by the differences in physical activity habits of the
subjects, since maldistributed cardiac output was found in
older trained and very sedentary subjects, but not in subjects
who exhibited intermediate or what was termed ‘‘normal’’
levels of physical activity for their age, leaving uncertainty
about the potential for maldistribution of cardiac output to
contribute to an age-related decline in muscle blood flow at
VO2 max. Furthermore, there are no data concerning these re-
sponses in senescent individuals (i.e., at ages corresponding
to ‡50% mortality), which is a time that is associated with
accelerated aging-related physiological decline and acceler-
ated loss of VO2 max (Fleg et al. 2005; Olfert et al. 2004).
Further studies are clearly required to resolve this issue.

A landmark study in which the same subjects were tested
after a 30 year period observed no change in maximal car-
diac output at middle age (50 years) compared with when
they were younger (20 years), and that the decline in VO2 max
was attributed to a decline in oxygen extraction (McGuire et

Fig. 3. Cardiac output versus oxygen consumption (A–B) and leg
blood flow versus power output (C) in endurance-trained young
adult (open bars) versus older (filled bars) human subjects. Repro-
duced with permission from Proctor et al. J. Appl. Physiol. 84(2):
599–605 (A–B) and Proctor et al. J. Appl. Physiol. 85(1): 68–75
(C). #1998 The American Physiological Society.
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al. 2001a). When these same subjects underwent a 6 week
training program, again there was no change in maximal
cardiac output, and the 16% improvement in VO2 max was ac-
counted for entirely by an increase in arterial–venous O2 dif-
ference, suggesting that the adaptations facilitating the
improvement in VO2 max were peripheral to the heart
(McGuire et al. 2001b). The significance of these findings
is that they underscore the importance of factors peripheral
to cardiac output as contributors to the age-related decline
in VO2 max.

Two additional studies provide further evidence for re-
duced muscle blood flow causing a reduction in VO2.
Lawrenson and colleagues compared the metabolic re-
sponses during cycling versus single-leg knee-extensor exer-
cise. Firstly, they showed that late middle-aged subjects
(67 years) had a lower quadriceps muscle blood flow for
the same work rate and muscle mass throughout a graded
maximal knee-extensor test. Secondly, the difference in
VO2 max between young and late middle-aged subjects was
much greater during cycling exercise (~35%) compared
with during knee- extensor exercise (~20%, not significant)
(Lawrenson et al. 2003), supporting the idea that reductions
in muscle blood flow during exercise with aging can con-
tribute to the reduction in VO2 max. Also supporting this
point, Scheuermann and colleagues showed that the VO2 ki-
netics response to moderate exercise was greatly accelerated
when muscle blood flow was increased by a preceding bout
of exercise in late middle-aged (65 years), but not young,
adult subjects (Scheuermann et al. 2002). In regard to this
latter study, it is also relevant that even with the acceleration
of VO2 kinetics following a priming bout of high-intensity
exercise in the aged subjects, their response was still slower
than that of the young adult subjects (Scheuermann et al.
2002), suggesting some residual limitation may remain
within the contracting muscles. This same group strength-
ened this finding a few years later using near-infrared spec-
troscopy to differentiate the balance between O2 delivery
and O2 utilization (DeLorey et al. 2004). Using the same
protocol, compared with the young adults, the late middle-
aged subjects experienced a faster VO2 response and slower
adaptation of deoxyhemoglobin after a previous bout of
heavy exercise, suggesting that O2 delivery is responsible
for the faster O2 kinetics. In summary, these results indicate
that during normal exercise conditions (without a previous
exercise bout), older humans have lower O2 delivery that
limits the rate at which the muscles increase O2 consump-
tion in the non-steady state.

Turning to the animal literature, there is evidence of a re-
duced muscle blood flow during high-intensity muscle con-
tractions (Irion et al. 1987) and, more recently, Musch and
colleagues observed a marked alteration in blood flow distri-
bution between oxidative and glycolytic muscle regions
(Musch et al. 2004). In this latter study, young adult and
late middle-aged rats were run on a treadmill at the same
speed and elevation, and microspheres were injected once
the animals reached steady state. Interestingly, although total
leg blood flow was similar between the ages, individual
muscle analyses showed that whereas glycolytic muscle re-
gions were receiving more blood flow with aging, the oxida-
tive muscle regions were receiving less blood flow with
aging (Musch et al. 2004) (Fig. 4). Although the relatively

higher exercise intensity for the aged rats might be consid-
ered a confounding factor (since this would evoke a greater
metabolic perturbation, particularly in the glycolytic
muscles), the results are nonetheless compelling and suggest
that it might be premature to discount that a maldistributed
cardiac output could contribute to impaired muscle blood
flow, and thus oxygen delivery, at VO2 max with aging.

It is important to note that a reduction in muscle blood
flow during exercise is not universally seen with aging.
Jasperse et al. (1994) studied forearm blood flow following
handgrip exercise and showed no impairment in 60- to 74-
year-old subjects. Similarly, Magnusson et al. (1994)
observed no decline in maximal leg perfusion during knee-
extensor exercise in 44- to 69-year-old subjects who had
well-preserved skeletal muscle mass, although it should be
noted that in this latter study the older subjects had a greater
sympathetic drive (e.g., vascular conductance was reduced),
which is similar to observations in other studies (Poole et al.
2003; Proctor et al. 1998a). These studies that do not show a
reduced muscle blood flow involve relatively smaller muscle
groups (handgrip exercise or knee-extension exercise),
which suggests that blood flow limitation may only become
apparent when larger and (or) more muscle groups are in-
volved. Thus, collectively, the data support the idea that re-
strictions in blood flow, occurring secondary to altered
cardiac output distribution and (or) reduced maximal cardiac
output, contribute to reduce VO2 max during whole-body ex-
ercise with aging, although as noted above, no study to date
has considered these responses in senescence.

Diffusive oxygen delivery

The idea that the diffusion of oxygen from blood to
muscle-fiber mitochondria plays an important role in deter-
mining VO2 max is generally supported by the literature
(Hepple et al. 1997; Mathieu-Costello et al. 1992; Mole et
al. 1999; Richardson et al. 1995; Wagner 1995), although
unambiguous direct evidence remains to be provided. This
caveat aside, it is thought that capillary surface area
(Mathieu-Costello 1993), particularly the aggregate surface
area of capillaries that is adjacent to red cells (Federspiel
and Popel 1986), plays an important role in determining the
diffusion of oxygen from red cell to fiber mitochondria in
contracting muscles. From a structural perspective, capillary
surface area within a muscle is determined by the number of
capillaries around a fiber, the capillary sharing factor, and fi-
ber size (smaller fibers permitting more capillaries to be
packed into a given area). From a functional perspective, the
aggregate surface area of capillaries that is adjacent to red
cells is determined by the number of perfused capillaries
and the capillary hematocrit (Kindig et al. 2002; Poole et al.
1997). Thus, there are several considerations when evaluat-
ing the potential for alterations in the so-called muscle-
diffusing capacity to contribute to declining VO2 max with
aging.

In rats, the number of capillaries around a fiber does not
decline with aging in slow or fast muscles even to senes-
cence (Mathieu-Costello et al. 2005). In late middle age, a
tendency toward elevated fiber size in postural muscles
(e.g., soleus muscle) and a reduction in fiber size in glyco-
lytic muscle (e.g., white region of the gastrocnemius

Betik and Hepple 133

# 2008 NRC Canada



muscle) leads to a decrease and an increase, respectively, in
capillary density (i.e., the number of capillaries per cross-
sectional area of muscle) (Hepple and Vogell 2004). How-
ever, by senescence even the soleus muscle exhibits an in-
crease in capillary density consequent to severe fiber
atrophy (Mathieu-Costello et al. 2005) (Fig. 5, top panel). It
should be noted that the number of capillaries around a fiber
has been observed to decrease in humans, but this appears to
be only for type II fibers and after accounting for fiber atro-
phy there is little to no difference in capillary density with
age (Coggan et al. 1992a; Croley et al. 2005; Ryan et al.
2006). Therefore, both human and rodent studies suggest
that any alterations in capillarization with aging are unlikely
to have an adverse impact on the structural capacity for oxy-
gen diffusion from blood to myocyte mitochondria, and thus
are unlikely to play a major role in the age-related decline
of VO2 max. It should also be noted that rodent studies indi-
cate that, irrespective of any changes in capillary density
with aging, when expressed in relation to either the fiber mi-
tochondrial oxidative capacity (Hepple and Vogell 2004) or

mitochondrial volume (Mathieu-Costello et al. 2005), the
capillarization is actually excessive relative to the fiber oxy-
gen demand in aged muscles (Fig. 5, bottom panel), suggest-
ing a surfeit in the structural surface area available for
oxygen delivery to fiber mitochondria with aging in rodents.
No corresponding data for aged humans are available at this
time.

To date, there are no published data concerning the behav-
iour of the erythrocytes within the aged microvasculature in
response to muscle contractions. However, a recent study
showed that there was a faster erythrocyte velocity in resting
spinotrapezius muscle of late middle-aged rats, which if also
true during muscle contractions could limit the time available
for oxygen off-loading from hemoglobin in the microcircula-
tion, thereby impairing muscle oxygen delivery (Russell et
al. 2003). Clearly, further work on this important topic, not
only in the context of contracting muscle but also extending
studies into the senescent period, would be useful in evaluat-
ing the potential for alterations in the functional properties of
the microcirculation to affect VO2 max with aging.

Fig. 4. Blood flow in glycolytic (top panel) and oxidative (bottom panel) muscles of young adult (black bars) versus late middle-aged
(cross-hatched bars) Fischer 344 � Brown Norway F1 hybrid rats during a bout of submaximal treadmill running. S, soleus; P, plantaris; GR,
red portion of gastrocnemius; TAR, red portion of tibialis anterior; VI, vastus intermedius; VLR, red portion of vastus lateralis; Gw, white
portion of gastrocnemius; TP, tibialis posterior; VLW, white portion of vastus lateralis; BFA, anterior portion of biceps femoris; AMB, ad-
ductor magnus and brevis; GR, gracilis; SMW, white portion of semimembranosus; SMR, red portion of semimembranosus. Reproduced with
permission from Musch et al. J. Appl. Physiol. 96: 81–88. #2004 The American Physiological Society.
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Mitochondria and oxygen utilization
As noted previously (see section ‘‘Convective oxygen de-

livery’’), at least one prior study indicated the potential for
alterations within the skeletal muscles to contribute to a de-
cline in VO2 max with aging. Specifically, the fact that the
VO2 kinetics response to moderate exercise remained slower
in aged subjects even after a priming exercise bout had
minimized the limitation imposed by a sluggish oxygen
delivery response (Scheuermann et al. 2002) points towards
limitations within the skeletal muscles. Also, microcircula-
tory structure (and perhaps also function) appears to be
more than adequate (Hepple and Vogell 2004) even into
senescence (Mathieu-Costello et al. 2005; (see section
‘‘Diffusive oxygen delivery’’, this paper). Thus, if one
were to observe a decline in VO2 max with aging despite
matching muscle convective oxygen delivery, this would
strongly implicate a limitation within the contracting
muscles themselves. To tackle this question directly, we

utilized a pump-perfused rat hindlimb model to permit us
to consider the VO2 max response in electrically stimulated
skeletal muscles of young adult and aged rats at matched
rates of muscle convective oxygen delivery (Hagen et al.
2004). As shown in Fig. 6, we observed that despite
matching muscle convective oxygen delivery across age
groups, there was a modest reduction in VO2 max in late
middle age and a profound decrease in senescence. Fur-
thermore, this decline in VO2 max under these pump-per-
fused conditions was proportional to an age-related decline
in some indices of skeletal muscle oxidative capacity
(Hagen et al. 2004). On balance, these results suggest that
an age-related reduction in mitochondrial oxidative ca-
pacity could contribute to the decline in VO2 max with
aging, and that this effect becomes more relevant in senes-
cence. This latter point is important because human studies
of the factors contributing to a decline in VO2 max in sub-
jects older than 75 years of age are essentially non-exis-
tent.

Mitochondria is an important focus for aging research,
with countless studies documenting age-related changes in
tissues from brain (Lenaz et al. 1997), to liver (Harper et al.
1998), to heart (Wanagat et al. 2002), to skeletal muscle
(Coggan et al. 1992b). Since mitochondria in skeletal
muscle are so adaptable in response to increases or de-
creases in muscle use (Baar et al. 2002; Coyle et al. 1984;
Holloszy 1967), a very relevant question concerns the extent
to which a decline in mitochondrial oxidative capacity with
aging is due to a lower mitochondrial volume (as would be
expected to occur with more sedentary lifestyle) versus
poorer-functioning mitochondria. Before addressing this
question it should be noted that findings regarding age-
related changes in skeletal muscle mitochondrial oxidative
capacity vary considerably. Whereas a number of human
studies support the idea that skeletal muscle mitochondrial
oxidative capacity declines with aging (Coggan et al.
1992a; Rooyackers et al. 1996; Tonkonogi et al. 2003), in-
cluding one that utilized a very large number of subjects
(Short et al. 2005), other studies find no decline (Orlander
and Aniansson 1980; Rasmussen et al. 2003). It seems
likely that much of the discrepancies in this respect can
be traced to differences in physical activity levels of the
subjects because there are many studies showing that the
mitochondrial oxidative capacity retains the capacity to im-
prove with exercise training at least into the seventh dec-
ade of life (Coggan et al. 1992b; Meredith et al. 1989;
Short et al. 2003). It should be noted, however, that one
need not see a decline in muscle oxidative capacity for
there to be a reduction in mitochondrial function with
aging; maintained oxidative capacity could represent com-
pensation by increasing mitochondrial content to offset de-
clines in function.

One of the first indications that skeletal muscle mitochon-
dria may exhibit impaired function with aging comes from
the observation that cytochrome oxidase is often seen to ex-
hibit a preferential decline in activity in aging muscles
(Hepple et al. 2005, 2006; Tonkonogi et al. 2003). This phe-
nomenon is observed in many tissues (Navarro and Boveris
2007), underscoring the likelihood that it relates to an aging
effect. Another indication of mitochondrial dysfunction in
aged skeletal muscles is the observation that a previous

Fig. 5. Capillary density (top panel) and capillary surface per unit
of fiber mitochondrial volume (bottom panel) in soleus muscle
(black bars) and extensor digitorum longus muscle (grey bars) of
young adult (12 months), late middle-aged (24 months), and senes-
cent (35 months) Fischer 344 � Brown Norway F1 hybrid rats. Re-
produced with permission from Mathieu-Costello et al. J. Appl.
Physiol. 99: 281–289. #2005 The American Physiological Society.
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study observed no decline in mitochondrial volume density
in either slow- or fast-twitch muscles with aging (Mathieu-
Costello et al. 2005) (Fig. 7), despite the fact that another
study has shown declines in cytochrome oxidase activity in
both slow- and fast-twitch muscles in the same animal
model studied at the same age (Hepple et al. 2006) (Fig. 8).

There is also at least one study showing a dissociation of en-
zyme activities and enzyme protein levels in aged muscles
(Bota et al. 2002), and another showing a larger decline in
muscle oxidative function than mitochondrial volume den-
sity in aged humans (Conley et al. 2000). Therefore, on the
basis of this evidence, a decline in skeletal muscle mito-

Fig. 6. VO2 max (grey bars) in skeletal muscles of young adult (8–9 months), late middle-aged (28–30 months), and senescent (36 months)
Fischer 344 � Brown Norway F1 hybrid rats perfused in situ at matched rates of muscle convective oxygen delivery (QO2, black bars).
Reproduced with permission from Hagen et al. J. Gerontol. Biol. Sci. 59A(11): 1099–1110. #2004 The Gerontological Society of America.

Fig. 7. Mitochondrial volume density in slow-twitch soleus (Sol) or fast-twitch extensor digitorum longus (EDL) muscles of young adult
(12 months) and senescent (35 months) Fischer 344 � Brown Norway F1 hybrid rats. Adapted from Mathieu-Costello et al. (2005).
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chondrial oxidative capacity with aging is due at least in
part to mitochondrial dysfunction, whereas a decline in mi-
tochondrial content seems a lesser concern. We will not con-
sider the causes of this dysfunction at this point, since the
issue remains to be resolved and several investigators con-
tinue to explore this important question.

Perspectives on the significance of changes
in oxygen delivery versus oxidative capacity
across the aging continuum

The decline in VO2 max with aging is caused by many fac-
tors, but, interestingly, not all factors may contribute equally
across the life span. For example, the available evidence
suggests that declining muscle blood flow (Poole et al.
2003; Proctor et al. 1998a; Wahren et al. 1974), consequent
to a decreased maximal cardiac output and potentially a
maldistribution of that output (Proctor et al. 1998a, 1998b),
contributes to the majority of the age-related decline in
VO2 max in subjects up to 65 years of age. This point is
made on the basis of the abundance of data showing signifi-
cant reductions in maximal cardiac output and muscle blood
flow noted above, versus the only mild decline in VO2 max
seen in rat hindlimb muscles of late middle-aged animals
pump-perfused at similar levels of muscle oxygen delivery
as those of young adult animals (Hagen et al. 2004). In con-
trast to this, it appears likely that alterations within the con-
tracting skeletal muscles contribute more meaningfully to
the decline in VO2 max into the senescent period and beyond
(i.e., 80 years of age and older in humans). This point is
based on the fact that senescent rat muscles pump-perfused
at similar levels of muscle oxygen delivery as those of
young adult rats exhibit an approximately 50% lower

VO2 max (Hagen et al. 2004). Thus, it is clear that even if
one were to restore cardiac output and muscle blood flow to
levels seen in young adults, senescent muscle would be in-
capable of using sufficient oxygen to recover VO2 max to val-
ues anywhere near those seen in young adults. This marked
performance decline within the aging muscles in senescence
likely contributes to the acceleration of VO2 max decline in
senescence (Fleg et al. 2005; Olfert et al. 2004). Strikingly,
it appears that alterations within the microvasculature, par-
ticularly in the context of the anatomic determinants of
capillary supply (Croley et al. 2005; Hepple and Vogell
2004; Mathieu-Costello et al. 2005; Ryan et al. 2006), do
not put aged muscles at a disadvantage relative to those of
young adults. These observations underscore the integrated
nature of the VO2 max response and the point that, to fully
comprehend the physiological basis for the age-related
VO2 max decline, one needs to take into account both the ca-
pacity for oxygen delivery to and its use by skeletal muscle.

References
Baar, K., Wende, A.R., Jones, T.E., Marison, M., Nolte, L.A.,

Chen, M., et al. 2002. Adaptations of skeletal muscle to exer-
cise: rapid increase in the transcriptional coactivator PGC-1.
FASEB J. 16: 1879–1886. doi:10.1096/fj.02-0367com. PMID:
12468452.

Beere, P.A., Russell, S.D., Morey, M.C., Kitzman, D.W., and
Higginbotham, M.B. 1999. Aerobic exercise training can reverse
age-related peripheral circulatory changes in healthy older men.
Circulation, 100: 1085–1094. PMID:10477534.

Bota, D.A., Van Remmen, H., and Davies, K.J. 2002. Modulation
of Lon protease activity and aconitase turnover during aging
and oxidative stress. FEBS Lett. 532: 103–106. doi:10.1016/
S0014-5793(02)03638-4. PMID:12459471.

Fig. 8. Cytochrome oxidase activity in crude homogenates of red gastrocnemius (Gr), soleus (Sol), plantaris (Plan), mixed gastrocnemius
(Gmix), and white gastrocnemius (Gw) muscles of young adult (8–10 months; black bars) and senescent (35–36 months; grey bars) Fischer
344 � Brown Norway F1 hybrid rats. Adapted from Hepple et al. (2005).

Betik and Hepple 137

# 2008 NRC Canada



Coggan, A.R., Spina, R.J., King, D.S., Rogers, M.A., Brown, M.,
Nemeth, P.M., and Holloszy, J.O. 1992a. Histochemical and en-
zymatic comparison of the gastrocnemius muscle of young and
elderly men and women. J. Gerontol. 47: B71–B76. PMID:
1573181.

Coggan, A.R., Spina, R.J., King, D.S., Rogers, M.A., Brown, M.,
Nemeth, P.M., and Holloszy, J.O. 1992b. Skeletal muscle adap-
tations to endurance training in 60- to 70-yr-old men and wo-
men. J. Appl. Physiol. 72: 1780–1786. PMID:1601786.

Conley, K.E., Jubrias, S.A., and Esselman, P.C. 2000. Oxidative
capacity and aging in human muscle. J. Physiol. 526: 203–210.
doi:10.1111/j.1469-7793.2000.t01-1-00203.x. PMID:10878112.

Coyle, E.F., Martin, W.H., III, Sinacore, D.R., Joyner, M.J.,
Hagberg, J.M., and Holloszy, J.O. 1984. Time course of loss of
adaptations after stopping prolonged intense endurance training.
J. Appl. Physiol. 57: 1857–1864. PMID:6511559.

Croley, A.N., Zwetsloot, K.A., Westerkamp, L.M., Ryan, N.A.,
Pendergast, A.M., Hickner, R.C., et al. 2005. Lower capillariza-
tion, VEGF protein, and VEGF mRNA response to acute exer-
cise in the vastus lateralis muscle of aged vs. young women. J.
Appl. Physiol. 99: 1872–1879. doi:10.1152/japplphysiol.00498.
2005. PMID:16024519.

Dehn, M.M., and Bruce, R.A. 1972. Longitudinal variations in
maximal oxygen intake with age and activity. J. Appl. Physiol.
33: 805–807. PMID:4643862.

DeLorey, D.S., Kowalchuk, J.M., and Paterson, D.H. 2004. Effects
of prior heavy-intensity exercise on pulmonary O2 uptake and
muscle deoxygenation kinetics in young and older adult humans.
J. Appl. Physiol. 97: 998–1005. doi:10.1152/japplphysiol.01280.
2003. PMID:15133009.

Di Prampero, P.E. 1985. Metabolic and circulatory limitations to
VO2 max at the whole animal level. J. Exp. Biol. 115: 319–331.
PMID:4031773.

Faulkner, J.A., Heigenhauser, G.F., and Schork, M.A. 1977. The
cardiac output – oxygen uptake relationship of men during
graded bicycle ergometry. Med. Sci. Sports Exerc. 9: 148–154.

Federspiel, W.J., and Popel, A.S. 1986. A theoretical analysis of
the effect of the particulate nature of blood on oxygen release
in capillaries. Microvasc. Res. 32: 164–189. doi:10.1016/0026-
2862(86)90052-X. PMID:3762425.

Fleg, J.L., Morrell, C.H., Bos, A.G., Brant, L.J., Talbot, L.A.,
Wright, J.G., and Lakatta, E.G. 2005. Accelerated longitudinal
decline of aerobic capacity in healthy older adults. Circulation,
112: 674–682. doi:10.1161/CIRCULATIONAHA.105.545459.
PMID:16043637.

Hagberg, J.M., Allen, W.K., Seals, D.R., Hurley, B.F., Ehsani,
A.A., and Holloszy, J.O. 1985. A hemodynamic comparison of
young and older endurance athletes during exercise. J. Appl.
Physiol. 58: 2041–2046. PMID:4008419.

Hagen, J.L., Krause, D.J., Baker, D.J., Fu, M., Tarnopolsky, M.A.,
and Hepple, R.T. 2004. Skeletal muscle aging in F344BN F1-
hybrid rats: I. Mitochondrial dysfunction contributes to the age-
associated reduction in VO2max. J. Gerontol. A Biol. Sci. Med.
Sci. 59A: 1099–1110.

Harper, M.E., Monemdjou, S., Ramsey, J.J., and Weindruch, R.
1998. Age-related increase in mitochondrial proton leak and de-
crease in ATP turnover reactions in mouse hepatocytes. Am. J.
Physiol. Endocrinol. Metab. 275: E197–E206.

Hepple, R.T., and Vogell, J.E. 2004. Anatomic capillarization is
maintained in relative excess of fiber oxidative capacity in
some skeletal muscles of late middle-aged rats. J. Appl. Physiol.
96: 2257–2264. doi:10.1152/japplphysiol.01309.2003. PMID:
14966023.

Hepple, R.T., MacKinnon, S.L.M., Thomas, S.G., Goodman, J.M.,

and Plyley, M.J. 1997. Quantitating the capillary supply and the
response to resistance training in older men. Pflugers Arch. 433:
238–244. doi:10.1007/s004240050273. PMID:9064638.

Hepple, R.T., Baker, D.J., Kaczor, J.J., and Krause, D.J. 2005.
Long-term caloric restriction abrogates the age-related decline
in skeletal muscle aerobic function. FASEB J. 19: 1320–1322.
PMID:15955841.

Hepple, R.T., Baker, D.J., McConkey, M., Murynka, T., and
Norris, R. 2006. Caloric restriction protects mitochondrial func-
tion with aging in skeletal and cardiac muscles. Rejuvenation
Res. 9: 219–222. doi:10.1089/rej.2006.9.219. PMID:16706647.

Hill, A.V., Long, C.N.H., and Lupton, H. 1924. Muscular exercise,
lactic acid and the supply and utilisation of oxygen. Proc. R.
Soc. Ser. B. 97: 155–176.

Holloszy, J.O. 1967. Biochemical adaptations in muscle. Effects of
exercise on mitochondrial oxygen uptake and respiratory en-
zyme activity in skeletal muscle. J. Biol. Chem. 242: 2278–
2282. PMID:4290225.

Inbar, O., Oren, A., Scheinowitz, M., Rotstein, A., Dlin, R., and
Casaburi, R. 1994. Normal cardiopulmonary responses during
incremental exercise in 20- to 70-yr-old men. Med. Sci. Sports
Exerc. 26: 538–546. PMID:8007799.

Irion, G.L., Vasthare, U.S., and Tuma, R.F. 1987. Age-related
change in skeletal muscle blood flow in the rat. J. Gerontol. 42:
660–665. PMID:3680885.

Jasperse, J.L., Seals, D.R., and Callister, R. 1994. Active forearm
blood flow adjustments to handgrip exercise in young and older
healthy men. J. Physiol. 474: 353–360. PMID:8006820.

Kasch, F.W., Boyer, J.L., Schmidt, P.K., Wells, R.H., Wallace,
J.P., Verity, L.S., et al. 1999. Ageing of the cardiovascular sys-
tem during 33 years of aerobic exercise. Age Ageing, 28: 531–
536. doi:10.1093/ageing/28.6.531. PMID:10604504.

Kindig, C.A., Richardson, T.E., and Poole, D.C. 2002. Skeletal
muscle capillary hemodynamics from rest to contractions: impli-
cations for oxygen transfer. J. Appl. Physiol. 92: 2513–2520.
PMID:12015367.

Knight, D.R., Poole, D.C., Schaffartzik, W., Guy, H.J., Prediletto,
R., Hogan, M.C., and Wagner, P.D. 1992. Relationship between
body and leg VO2 during maximal cycle ergometry. J. Appl.
Physiol. 73: 1114–1121. PMID:1400024.

Lawrenson, L., Poole, J.G., Kim, J., Brown, C., Patel, P., and
Richardson, R.S. 2003. Vascular and metabolic response to iso-
lated small muscle mass exercise: effect of age. Am. J. Physiol.
Heart Circ. Physiol. 285: H1023–H1031. PMID:12738622.

Lenaz, G., Bovina, C., Castelluccio, C., Fato, R., Formiggini, G.,
Genova, M.L., et al. 1997. Mitochondrial complex I defects in
aging. Mol. Cell. Biochem. 174: 329–333. doi:10.1023/
A:1006854619336. PMID:9309707.

Lindstedt, S.L., Wells, D.J., Jones, J.H., Hoppeler, H., and
Thronson, H.A., Jr. 1988. Limitations to aerobic performance in
mammals: interaction of structure and demand. Int. J. Sports
Med. 9: 210–217. PMID:3410627.

Magnusson, G., Kaijser, L., Isberg, B., and Saltin, B. 1994. Cardio-
vascular responses during one- and two-legged exercise in
middle-aged men. Acta Physiol. Scand. 150: 353–362.
PMID:8036904.

Mathieu-Costello, O. 1993. Comparative aspects of muscle capil-
lary supply. Annu. Rev. Physiol. 55: 503–525. doi:10.1146/
annurev.ph.55.030193.002443. PMID:8466182.

Mathieu-Costello, O., Suarez, R.K., and Hochachka, P.W. 1992.
Capillary-to-fiber geometry and mitochondrial density in hum-
mingbird flight muscle. Respir. Physiol. 89: 113–132. doi:10.
1016/0034-5687(92)90075-8. PMID:1518983.

Mathieu-Costello, O., Ju, Y., Trejo-Morales, M., and Cui, L. 2005.

138 Appl. Physiol. Nutr. Metab. Vol. 33, 2008

# 2008 NRC Canada



Greater capillary-fiber interface per fiber mitochondrial volume
in skeletal muscles of old rats. J. Appl. Physiol. 99: 281–289.
doi:10.1152/japplphysiol.00750.2004. PMID:15774695.

McElvaney, G.N., Blackie, S.P., Morrison, N.J., Fairbarn, M.S.,
Wilcox, P.G., and Pardy, R.L. 1989. Cardiac output at rest and
in exercise in elderly subjects. Med. Sci. Sports Exerc. 21: 293–
298. PMID:2733578.

McGuire, D.K., Levine, B.D., Williamson, J.W., Snell, P.G.,
Blomqvist, C.G., Saltin, B., and Mitchell, J.H. 2001a. A
30-year follow-up of the Dallas Bedrest and Training Study: I.
Effect of age on the cardiovascular response to exercise. Circu-
lation, 104: 1350–1357. doi:10.1161/hc3701.096099. PMID:
11560849.

McGuire, D.K., Levine, B.D., Williamson, J.W., Snell, P.G.,
Blomqvist, C.G., Saltin, B., and Mitchell, J.H. 2001b. A 30-
year follow-up of the Dallas Bedrest and Training Study: II. Ef-
fect of age on cardiovascular adaptation to exercise training.
Circulation, 104: 1358–1366. doi:10.1161/hc3701.096099.
PMID:11560850.

Meredith, C.N., Frontera, W.R., Fisher, E.C., Hughes, V.A.,
Herland, J.C., Edwards, J., and Evans, W.J. 1989. Peripheral ef-
fects of endurance training in young and old subjects. J. Appl.
Physiol. 66: 2844–2849. PMID:2745349.

Mole, P., Chung, Y., Tran, T., Sailasuta, N., Hurd, R., and Jue, T.
1999. Myoglobin desaturation with exercise intensity in human
gastrocnemius muscle. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 277: R173–R180.

Muller-Delp, J., Spier, S.A., Ramsey, M.W., Lesniewski, L.A.,
Papadopoulos, A., Humphrey, J.D., and Delp, M.D. 2002a. Ef-
fects of aging on vasoconstrictor and mechanical properties of
rat skeletal muscle arterioles. Am. J. Physiol. Heart Circ. Phy-
siol. 282: H1843–H1854. PMID:11959651.

Muller-Delp, J.M., Spier, S.A., Ramsey, M.W., and Delp, M.D.
2002b. Aging impairs endothelium-dependent vasodilation in rat
skeletal muscle arterioles. Am. J. Physiol. Heart Circ. Physiol.
283: H1662–H1672. PMID:12234821.

Musch, T.I., Eklund, K.E., Hageman, K.S., and Poole, D.C. 2004.
Altered regional blood flow responses to submaximal exercise
in older rats. J. Appl. Physiol. 96: 81–88. doi:10.1152/
japplphysiol.00729.2003. PMID:12959955.

Navarro, A., and Boveris, A. 2007. The mitochondrial energy trans-
duction system and the aging process. Am. J. Physiol. Cell Phy-
siol. 292: C670–C686. doi:10.1152/ajpcell.00213.2006. PMID:
17020935.

Ogawa, T., Spina, R.J., Martin, W.H., III, Kohrt, W.M., Schecht-
man, K.B., Holloszy, J.O., and Ehsani, A.A. 1992. Effects of
aging, sex, and physical training on cardiovascular responses to
exercise. Circulation, 86: 494–503. PMID:1638717.

Olfert, I.M., Balouch, J., and Mathieu-Costello, O. 2004. Oxygen
consumption during maximal exercise in Fischer 344 � Brown
Norway F1 hybrid rats. J. Gerontol. A Biol. Sci. Med. Sci. 59:
B801–B808.

Orlander, J., and Aniansson, A. 1980. Effects of physical training on
skeletal muscle metabolism and ultrastructure in 70 to 75-year-
old men. Acta Physiol. Scand. 109: 149–154. PMID: 6252748.

Paterson, D.H., Govindasamy, D., Vidmar, M., Cunningham, D.A.,
and Koval, J.J. 2004. Longitudinal study of determinants of de-
pendence in an elderly population. J. Am. Geriatr. Soc. 52:
1632–1638. doi:10.1111/j.1532-5415.2004.52454.x. PMID:
15450038.

Pollock, M.L., Mengelkoch, L.J., Graves, J.E., Lowenthal, D.T.,
Limacher, M.C., Foster, C., and Wilmore, J.H. 1997. Twenty-
year follow-up of aerobic power and body composition of older
track athletes. J. Appl. Physiol. 82: 1508–1516. PMID:9134900.

Poole, D.C., Musch, T.I., and Kindig, C.A. 1997. In vivo microvas-
cular structural and functional consequences of muscle length
changes. Am. J. Physiol. Heart Circ. Physiol. 272: H2107–
H2114.

Poole, J.G., Lawrenson, L., Kim, J., Brown, C., and Richardson,
R.S. 2003. Vascular and metabolic response to cycle exercise in
sedentary humans: effect of age. Am. J. Physiol. Heart Circ.
Physiol. 284: H1251–H1259. PMID:12595287.

Proctor, D.N., Shen, P.H., Dietz, N.M., Eickhoff, T.J., Lawler,
L.A., Ebersold, E.J., Loeffler, D.L., and Joyner, M.J. 1998a. Re-
duced leg blood flow during dynamic exercise in older endur-
ance-trained men. J. Appl. Physiol. 85: 68–75. PMID:9655757.

Proctor, D.N., Beck, K.C., Shen, P.H., Eickhoff, T.J., Halliwill,
J.R., and Joyner, M.J. 1998b. Influence of age and gender on
cardiac output – VO2 relationships during submaximal cycle er-
gometry. J. Appl. Physiol. 84: 599–605. PMID:9475871.

Proctor, D.N., Newcomer, S.C., Koch, D.W., Le, K.U., MacLean,
D.A., and Leuenberger, U.A. 2003. Leg blood flow during sub-
maximal cycle ergometry is not reduced in healthy older nor-
mally active men. J. Appl. Physiol. 94: 1859–1869.
PMID:12547841.

Proctor, D.N., Koch, D.W., Newcomer, S.C., Le, K.U., Smithmyer,
S.L., and Leuenberger, U.A. 2004. Leg blood flow and VO2 dur-
ing peak cycle exercise in younger and older women. Med. Sci.
Sports Exerc. 36: 623–631. doi:10.1249/01.MSS.0000121951.
10417.B5. PMID:15064590.

Rasmussen, U.F., Krustrup, P., Kjaer, M., and Rasmussen, H.N.
2003. Human skeletal muscle mitochondrial metabolism in
youth and senescence: no signs of functional changes of ATP
formation and mitochondrial capacity. Pflugers Arch. 446: 270–
278. PMID:12739165.

Richardson, R.S., Noyszewski, E.A., Kendrick, K.F., Leigh, J.S.,
and Wagner, P.D. 1995. Myoglobin O2 desaturation during exer-
cise. J. Clin. Invest. 96: 1916–1926. PMID:7560083.

Roca, J., Agusti, A.G.N., Alonso, A., Poole, D.C., Viegas, C., Bar-
bera, J.A., et al. 1992. Effects of training on muscle O2 transport
at VO2 max. J. Appl. Physiol. 73: 1067–1076. PMID:1400019.

Rooyackers, O.E., Adey, D.B., Ades, P.A., and Nair, K.S. 1996.
Effect of age on in vivo rates of mitochondrial protein synthesis
in human skeletal muscle. Proc. Natl. Acad. Sci. U.S.A. 93:
15364–15369. doi:10.1073/pnas.93.26.15364. PMID:8986817.

Russell, J.A., Kindig, C.A., Behnke, B.J., Poole, D.C., and Musch,
T.I. 2003. Effects of aging on capillary geometry and hemody-
namics in rat spinotrapezius muscle. Am. J. Physiol. Heart Circ.
Physiol. 285: H251–H258. PMID:12649079.

Ryan, N.A., Zwetsloot, K.A., Westerkamp, L.M., Hickner, R.C.,
Pofahl, W.E., and Gavin, T.P. 2006. Lower skeletal muscle ca-
pillarization and VEGF expression in aged vs. young men. J.
Appl. Physiol. 100: 178–185. doi:10.1152/japplphysiol.00827.
2005. PMID:16166239.

Scheuermann, B.W., Bell, C., Paterson, D.H., Barstow, T.J., and
Kowalchuk, J.M. 2002. Oxygen uptake kinetics for moderate ex-
ercise are speeded in older humans by prior heavy exercise. J.
Appl. Physiol. 92: 609–616. PMID:11796671.

Short, K.R., Vittone, J.L., Bigelow, M.L., Proctor, D.N., Rizza,
R.A., Coenen-Schimke, J.M., and Nair, K.S. 2003. Impact of
aerobic exercise training on age-related changes in insulin sensi-
tivity and muscle oxidative capacity. Diabetes, 52: 1888–1896.
doi:10.2337/diabetes.52.8.1888. PMID:12882902.

Short, K.R., Bigelow, M.L., Kahl, J., Singh, R., Coenen-Schimke,
J., Raghavakaimal, S., and Sreekumaran Nair, K. 2005. Decline
in skeletal muscle mitochondrial function with aging in humans.
Proc. Natl. Acad. Sci. U.S.A. 102: 5618–5623. doi:10.1073/pnas.
0501559102. PMID:15800038.

Betik and Hepple 139

# 2008 NRC Canada



Stathokostas, L., Jacob-Johnson, S., Petrella, R.J., and Paterson,
D.H. 2004. Longitudinal changes in aerobic power in older men
and women. J. Appl. Physiol. 97: 781–789. doi:10.1152/
japplphysiol.00447.2003. PMID:15047671.

Taddei, S., Virdis, A., and Mattei, P. 1995. Aging and endothelial
function in normotensive subjects and patients with essential hy-
pertension. Hypertension, 91: 1981–1987.

Tonkonogi, M., Fernstrom, M., Walsh, B., Ji, L.L., Rooyackers, O.,
Hammarqvist, F., Wernerman, J., and Sahlin, K. 2003. Reduced
oxidative power but unchanged antioxidative capacity in skeletal
muscle from aged humans. Pflugers Arch. 446: 261–269.
PMID:12684796.

Toth, M.J., Gardner, A.W., Ades, P.A., and Poehlman, E.T. 1994.
Contribution of body composition and physical activity to age-
related decline in peak VO2 in men and women. J. Appl. Phy-
siol. 77: 647–652. PMID:8002510.

Trappe, S.W., Costill, D.L., Vukovich, M.D., Jones, J., and
Melham, T. 1996. Aging among elite distance runners: a 22-yr
longitudinal study. J. Appl. Physiol. 80: 285–290. PMID:
8847316.

Wagner, P.D. 1995. Muscle O2 transport and O2 dependent control
of metabolism. Med. Sci. Sports Exerc. 27: 47–53. PMID:
7898337.

Wagner, P.D., Gavin, T.P., Haseler, L.J., Tagore, K., and Richard-
son, R.S. 1998. Untrained skeletal muscle VO2 max is not deter-
mined by O2 supply. FASEB J. 12: A416.

Wahren, J., Saltin, B., Jorfeldt, L., and Pernow, B. 1974. Influence
of age on the local circulatory adaptation to leg exercise. Scand.
J. Clin. Lab. Invest. 33: 79–86. PMID:4827762.

Wanagat, J., Wolff, M.R., and Aiken, J.M. 2002. Age-associated
changes in function, structure and mitochondrial genetic and en-
zymatic abnormalities in the Fischer 344 � Brown Norway F1

hybrid rat heart. J. Mol. Cell. Cardiol. 34: 17–28. doi:10.1006/
jmcc.2001.1483. PMID:11812161.

Wiswell, R.A., Hawkins, S.A., Jaque, S.V., Hyslop, D.,
Constantino, N., Tarpenning, K., et al. 2001. Relationship be-
tween physiological loss, performance decrement, and age in
master athletes. J. Gerontol. A Biol. Sci. Med. Sci. 56: M618–
M626. PMID:11584034.

140 Appl. Physiol. Nutr. Metab. Vol. 33, 2008

# 2008 NRC Canada


