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Abstract

Maximum oxygen consumption (VO,,.. ) is not only an indicator of endurance performance, but also a strong predictor of
cardiovascular disease and mortality. This physiological parameter is known to decrease with aging. In turn, physical exer-
cise might attenuate the rate of aging-related decline in VO, ., which in light of the global population aging is of major
clinical relevance, especially at advanced ages. In this narrative review, we summarize the evidence available from masters
athletes about the role of lifelong endurance exercise on aging-related VO,, ., decline, with examples of the highest VO,,..
values reported in the scientific literature for athletes across different ages (e.g., 35 ml-kg™'-min~"! in a centenarian cyclist).
These data suggest that a linear decrease in VO, . might be possible if physical exercise loads are kept consistently high
through the entire life span, with VO, . values remaining higher than those of the general population across all ages. We
also summarize the main physiological changes that occur with inactive aging at different system levels—pulmonary and
cardiovascular function, blood O, carrying capacity, skeletal muscle capillary density and oxidative capacity—and nega-
tively influence VO,,,., and review how lifelong exercise can attenuate or even prevent most—but apparently not all (e.g.,
maximum heart rate decline)—of them. In summary, although aging seems to be invariably associated with a progressive
decline in VO,, . , maintaining high levels of physical exercise along the life span slows the multi-systemic deterioration
that is commonly observed in inactive individuals, thereby attenuating age-related VO, decline.

Key Points

Masters athletes are considered a paradigm of healthy
aging because they are able to maintain high levels of
exercise at advanced ages and show remarkable physical/
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1 Introduction

Maximum oxygen consumption (VO,,,.), that is, the
maximum integrative ability of the organism to transfer
oxygen (O,) from the atmosphere to be utilized by the
mitochondria of working muscles [1], is widely consid-
ered the gold standard measurement of cardiorespiratory
fitness [2]. VO, is well known to decrease with aging
[3], and the rate of decline further accelerates at advanced
ages [4]. Besides being a main limiting factor of endur-
ance performance [1], VO,,,, is a strong cardiovascu-
lar and all-cause mortality predictor [5-7]. Moreover,
the exponential decline of physical fitness—including
VO,,.x~—that occurs with aging is a major contributor
to loss of functionality and frailty [8], with the latter
condition affecting one to two of every four individuals
aged > 85 years and thus being considered a major health
problem [9]. Thus, attenuation of aging-related VO,,,.
decline is of clinical relevance.

The age-related decrease in physical/physiological
function is currently exacerbated by the growing epidemic
of inactivity, with at least one of every four individuals
performing less than the minimum WHO-recommended
amount of physical activity (PA) (= 150 min per week of
moderate—vigorous PA, such as walking/brisk walking)
[10]. Maintaining high levels of PA through the life span
seems to be a necessary condition to attenuate the age-
and inactivity-related decline in physiological function
[11, 12]. Regular endurance exercise (e.g., running) is
probably the most effective strategy for enhancing or pre-
serving VO, levels over time, and there is evidence that
this strategy can be beneficial even at the most advanced
ages [13]. In this regard, masters endurance athletes (i.e.,
individuals > 40 years old who still actively participate in
sports competitions) have been proposed as a paradigm of
healthy aging because most are able to maintain high lev-
els of endurance exercise and show a remarkable physical
and physiological function compared to their sedentary
peers [14-16].

In this narrative review, we summarize the evidence
available on the impact of lifelong endurance exercise
as a countermeasure against age-related VO,,.,. decline,
supporting these benefits with cross-sectional data of the
highest VO,, .. values reported in athletes across different
ages compared to the age-matched general population. We
also review the main physiological mechanisms underlying
lifelong endurance exercise benefits on age-related VO,,,..
decline.

2 Lifelong Endurance Exercise
as a Countermeasure Against VO, ..
Decline: Epidemiological Evidence
in Masters Athletes

There are data supporting that endurance exercise levels
might modulate the relationship between aging and VO,
[17]. A classic study by Dehn and Bruce [18] reported that
trained individuals present with an attenuated age-related
decline in VO,,,,, compared to their untrained peers. There
is, however, controversy on this topic, with meta-analytical
evidence showing either no differences in VO,, .. decline
between endurance-trained and inactive men [19], or even
a greater decline in the former [20]. Other studies reported
that, although endurance-trained older adults had a higher
absolute (I-min~") and relative VO, (ml-kg™'-min~!) than
their inactive peers at any age, the rate of VO, decline
with aging (expressed in ml-kg~!-min~!-year™!, but not as
a %) was also greater in the former [21, 22]. However,
inactive individuals presented with a progressive reduction
in VO,,.x across all ages, whereas endurance-trained ath-
letes did not show this decline until a more advanced age
(~50 years) [22].

The relative reduction in PA levels with aging is greater
in trained than in untrained individuals, and this has been
proposed as one of the main factors underlying the dif-
ferences in the rate of VO, decline [14]. Several stud-
ies have proposed that the decrease in VO,,,,, with aging
is modulated by age-related decreases in training levels
[21-24]. For instance, in a longitudinal study of individuals
aged ~ 64 years, Katzel et al. [24] observed that those par-
ticipants who stopped training during the following ~9 years
lost on average 4.6% of VO,,,.. per year, whereas those who
maintained high levels of exercise during this period only
lost 0.3% per year. These findings are in line with classical
longitudinal studies reporting a greater VO, decline in
inactive older adults compared to masters endurance athletes
who had maintained their training levels during a follow-up
period [25, 26]. Thus, although performing physical exercise
during youth and adulthood might help to reach older ages
with a remarkable VO, . level compared to sedentary indi-
viduals, keeping exercise levels high later in life—including
at the most advanced ages—seems to be a necessary condi-
tion to attenuate the usual age-related VO,,.,, decline.

Confirming the benefits of exercise on VO, at
advanced ages, a recent study reported that individuals
aged ~72 to 74 years who had exercised regularly (~5 days/
week) over the past~ 52 years had a 44% higher VO, than
their inactive peers [27]. Trappe et al. [28] showed that even
at the most advanced ages (> 80 years) lifelong exercisers
(> 50 years of endurance exercise) presented with a mark-
edly higher VO,,,,, than their inactive counterparts (~38
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vs ~21 ml-kg~!-min~!, respectively). The research group of
Levine and co-workers has also consistently demonstrated
that older adults (> 65 years) who maintain high levels of
endurance exercise during 20-25 years or more attenuate
or even prevent the age-related VO, . decline compared
to those who remain inactive during an equivalent time
period [29-33]. Meta-analytical evidence has confirmed
that masters athletes (mean age > 55 years) have higher
VO,,.x Values than their inactive counterparts and similar
values to those of untrained healthy young controls [34, 35].
In this regard, there seems to be a dose—response relation-
ship between the levels of lifelong physical exercise (i.e., in
terms of intensity, volume, or frequency [number of weekly
sessions] of training) and the benefits on VO,,,,.. Carrick-
Ranson et al. [32] and Hieda et al. [33] found that those
individuals (mean age 68—71 years) who performed physical
exercise more frequently during the past 25 years (>4 to 5
sessions per week) had the highest VO,, .. values, whereas
no differences in VO, were found between inactive indi-
viduals and those who performed 2 to 3 sessions of exercise
per week. Thus, increasing training levels by manipulating
either training frequency or particularly training volume
(distance or time completed in each session) and/or intensity
(e.g., watts, speed) might be factors modulating the benefits
of lifelong exercise on VO,,,,, [36, 37].

3 VO,,,.x Records in Masters Athletes

Masters athletes of different ages present with a higher
VO,,.. than age-matched inactive individuals, which
supports the beneficial role of lifelong physical exercise
to attenuate the age-related VO,,,, decline at advanced
ages, particularly if physical training levels are kept con-
sistently high. As shown in Fig. 1, which displays the
highest VO,,,,, values found in the scientific literature
for athletes of different ages, lifelong endurance exer-
cise can result in VO, values 20-40% higher than the
95th percentile of the age-reference values provided by
the American College of Sports Medicine [38]. Levels of
VO, .. >90 ml-kg~"-min~! have been reported for some
young male elite athletes [39, 40], who probably present
with the highest VO,, ., values ever reported. In turn,
VO,,... levels well above the average reference values for
younger healthy individuals [38] have been reported for
runners aged 47-62 years (63-76 ml-kg~'-min~"!) [41-43]
and markedly high VO, ., levels can still be present in
older adults, as reflected by several studies reporting val-
ues between 50 and 59 ml-kg~!-min~"! for individuals aged
70-80 years [41, 42, 44, 45]. Of note, a remarkably high
VO,, .. value of 42.3 ml-kg!-min~! has been recently
reported in an 83-year old female masters athlete, the
highest value ever recorded for women older than 80 years
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Fig.1 Highest maximum oxygen consumption (VO,,,.) val-
ues reported in the scientific literature for athletes of different ages
(black circles). The solid line represents the 50th percentile of VO,
according to the normative values provided by the American Col-
lege of Sports Medicine [38], and the dotted lines represent the 5th
and 95th percentiles. As reference values were only available up to
the age of 65-75 years, reference values from that age were estimated
through linear extrapolation. VO,,,,, individual data were obtained
from the following references [28, 3945, 47, 136]

[46]. Moreover, VO, values of 37 ml-kg™!-min~"! and

35 ml-kg~!-min~!, which correspond to the expected value
for individuals aged 35-45 years [38], have been reported
during cycle-ergometer testing in endurance athletes aged
91 and 103 years, respectively [28, 47].

It is traditionally believed that an exponential decline
in physical/physiological function occurs with aging, par-
ticularly after 70-80 years of age (known as ‘break point’)
[15]. For instance, longitudinal data from the masters ath-
lete Ed Whitlock (first person > 70 years old to run a sub
3-h marathon) suggests that despite having an estimated
VO,,,.. value of ~50 ml-kg~!-min~" at 80 years, he showed
an accelerated decline in running performance after age
80 (he died at age 86 from prostate cancer) [48]. How-
ever, the values presented in Fig. 1 suggest that a linear
decline in VO, with aging is theoretically possible even
at the most advanced ages (e.g., 100 years). Indeed, when
trying to fit these VO,, .. values to an exponential and a
linear function, the resulting fit is worse for the former
(R*=0.96 vs 0.99, respectively). The possible existence
of a linear decline in VO,,,,, with aging has also been
inferred by the authors of a cross-sectional study per-
formed in highly active individuals (cyclists) aged up to
79 years [49]. Interestingly, if our data were fitted with an
exponential equation the results would suggest a greater
decline at younger ages than at advanced ones, which is
in contrast to what is traditionally thought [15]. In this
line, cross-sectional VO, values from more than 4000
individuals aged between 20 and 79 years showed a VO,, .
decline of 10% per decade [50], which would result in an
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exponential decline in this parameter when expressed in
absolute values (l-min_l). Further research is, however,
needed to confirm if the aforementioned rate of decline
is observed in later years of life (i.e., above age 80). The
trend observed in VO, . records reported here also sug-
gests a faster decline in masters athletes than in the gen-
eral population (at least when compared with normative
values). It remains to be elucidated whether an eventual
faster aging-related VO,,,,, decline in masters athletes
compared to inactive people is caused by greater relative
reductions in exercise levels over time in the former—as
some longitudinal studies have proposed [21, 23, 24] —or
alternatively, to a greater relative physiological deteriora-
tion independent of training status.

It must be noted that our analysis has some limitations, as
it is cross-sectional, based on a thorough but not systematic
search, and does not take into account several potential con-
founding factors (e.g., socio-economic status, or presence
of diseases that aggravate physiological decline). Although
VO,,,.. levels might show a theoretical linear decline with
aging, there is no evidence from longitudinal studies to sup-
port that the occurrence of an age-related ‘break point’ in
VO,,,.x can be actually prevented with regular exercise, par-
ticularly at the most advanced ages. Moreover, the paucity
of longitudinal studies hinders drawing solid conclusions
on how does lifelong exercise actually modulate the inher-
ent age-related decline in VO,, . . In this regard, it may be
hypothesized that masters athletes already had high VO,,,.
values at baseline (i.e., before engaging in training), or that
they have a higher responsiveness or lower sensitivity to
training and inactivity, respectively, compared to the gen-
eral population. In this context, a recent case study showed
that a 59-year-old world record marathon holder for his age
group (and former Olympic-class runner) had retained a very
high VO, value, 65.4 ml-kg™"-min~'—which is in fact, the
highest known for his age—despite a 16-year break in train-
ing after he retired from competition at 32 years old [43].
It has been however reported that keeping exercise levels
high is overall necessary to reduce the rate of age-related
VO, decline [21, 23, 24]. Also noteworthy is that, even
in the case of a linear decline in VO, with aging, a more
abrupt decline might still be found in other variables (e.g.,
muscle mass or strength) at advanced ages, which would
lead to an exponential decline in overall physical perfor-
mance. Notwithstanding, the present results suggest that the
‘break point’ in VO, .. might be, at least partly, delayed if
physical exercise loads are kept high across all ages, thereby
reducing the risk of having very poor VO,, .. levels at the
end of the life span.

Besides the controversial issue of the actual influence of
genetics on VO, . trainability [51-53], there are several
‘modifiable’ physiological mechanisms by which lifelong
physical exercise might attenuate the normal age-related

VO,,.x decline. As reviewed by Wagner [54], the O, path-
way from the atmosphere to the mitochondria includes sev-
eral steps (known as the ‘oxygen transport cascade’): con-
vective O, transport from air to lung, diffusive O, transport
from lung to blood, convective O, transport in blood from
lungs to muscle, and O, diffusion from the microcirculation
to the tissues and particularly to the mitochondria. In the
following section, we will briefly discuss the main physi-
ological systems/factors involved in the different steps of the
0, transport cascade and thus ultimately influencing VO,
how they are affected by the aging process, and the benefi-
cial effects of lifelong exercise (Fig. 2).

4 Physiological Factors Mediating Lifelong
Exercise BenefitsonVO,, ..

4.1 Pulmonary Function
4.1.1 Aging Effects

The convective transport of O, from the atmosphere to
the lung is mostly mediated by pulmonary function. The
latter becomes progressively compromised with aging
[55, 56]. An increase in chest wall stiffness together
with an impaired strength of ventilatory muscles result
in decreased dynamic lung volumes (e.g., as assessed
through the forced expiratory volume in one second
[FEV,]) [57]. Aging also results in a progressive decline
in the arterial partial pressure of O, due to age-induced
ventilation-perfusion mismatch [58], with the alveolar sur-
face area decreasing due to alterations in the lung internal
geometry [59]. The aforementioned age-induced changes
impair maximal ventilatory capacity and pulmonary gas
exchange, and thus can also affect VO,,,,, [60]. Although
pulmonary function is not widely considered a major limit-
ing factor of VO,,,,, in healthy young individuals, a com-
promised pulmonary function seems to be associated, at
least partly, with an impaired VO,,,,,. Some authors have
reported a relationship between VO, and pulmonary
function—as measured by FEV,—but just until a given
threshold value above which pulmonary function does not
seem to limit VO, .. anymore [61]. It is important to note,
however, that the identified threshold values were within
the normal limits of lung function for elders, which sug-
gests that pulmonary function might be a limiting factor
of VO,,... in healthy older adults. A recent study reported
that FEV, values might affect VO, .. even in healthy
young and middle-aged individuals, with both variables
being positively associated in subjects with FEV, values
above the lower limit of normality [62]. Of note, the rea-
son why an aging-related reduction in FEV | might partly
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Fig.2 Effects of aging on the factors affecting maximal oxygen con-
sumption in lifelong exercisers and in untrained individuals. Images
in circles represent increased fibrosis at the cardiac level and reduced
hemoglobin levels, muscle capillary density and oxidative capacity
in untrained individuals, all of which are at least partly attenuated by

contribute to also reduce VO, values could be that it can
reflect mechanical constraints—i.e., the lungs lose elastic
recoil, the thorax wall gets stiffer and more restricted—to
maximal ventilation capacity during exertion [62]. In turn,
because maximal pulmonary ventilation, together with the
difference between inspired and expired fractional O,, is
the main factor in the computation of VO, .. by metabolic
carts, even small changes in this variable can affect the
final VO,,,,, value.

Some studies have used oxygen—helium mixture (HeO,
or ‘heliox’) to reduce the resistive load against ventilation
during exercise, which could potentially enhance pulmo-
nary function—and thus theoretically improve VO,, ...
In sedentary older adults, breathing heliox increased the
ventilatory response to maximal exercise and tidal volume
compared to breathing room air, and this was accompanied
by a slight increase in performance (time to exhaustion)
during incremental exercise [63]. The same ventilatory
responses have been observed in trained older adults and
young individuals, but without performance benefits [64,
65]. It must be noted, however, that none of the afore-
mentioned studies assessed changes in VO, and thus
it remains unknown whether reductions in pulmonary

Cardiac function

Diastolic function |,
Systolic function {
Stroke volume |
Cardiac output |,

HRmax ¥

lifelong endurance exercise. a-v O, diff arteriovenous oxygen differ-
ence, HR,,,, maximum heart rate, FEV, forced expiratory volume in
1 s. Arrows indicate increments (1) or reductions (|) with lifelong
exercise or sedentary behaviors. ? indicates that no consistent benefits
of lifelong exercise have been reported

resistive loads can eventually improve VO, ... However,
evidence to date overall suggests that pulmonary function
might be a limiting factor of VO, , at least in those indi-
viduals in which the former is compromised.

4.1.2 Training Effects

Although there is scarce evidence on the effectiveness of
exercise training interventions to prevent the age-related
decline in pulmonary function [66], some studies have
shown that high levels of endurance exercise can partly
attenuate this decline. A recent study in two monozygotic
twins aged 52 years found that, although one of them had
performed endurance training for more than 30 years and
had aVO,, .. ~30% higher compared to his inactive brother,
no differences were found in pulmonary function [67]. How-
ever, it can be argued that these individuals were not old
enough to show age-related deteriorations in pulmonary
function. Johnson et al. [68] observed that fit older adults
aged 63-77 years (VO,,,,, of ~44 ml-kg~"-min~" and a train-
ing frequency > 2 times per week) presented with values of
vital capacity, total lung capacity, and maximal voluntary
ventilation that were 110% of those predicted for their age
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and height. Yet, a longitudinal study performed in highly
active individuals aged 67-73 years found that lifelong exer-
cise training did not prevent the decline in resting lung vol-
umes and FEV, that accompany the normal aging process
[69]. However, the latter data were not compared with those
of a control group of age-matched inactive subjects.

In turn, a cross-sectional association between PA lev-
els and pulmonary function—as measured by FEV ,—has
been found in individuals aged 45-74 years [70]. Moreover,
higher levels of vigorous PA were associated with a lower
annual relative decline in FEV, during a subsequent follow-
up [70]. Pelkonen et al. [71] observed in individuals aged
40-59 years that those who performed the highest levels of
PA during a 25-year follow-up lost less pulmonary function
than those who remained less active. More recent research
has shown that, although age was inversely associated with
pulmonary function in both masters athletes (35-86 years)
and age-matched inactive controls, the former had a 9%
higher FEV, [72]. However, these results were not explained
by differences in maximal ventilatory pressure (i.e., ven-
tilatory muscle strength), which suggests that other ‘non-
muscular’ factors might account for the better pulmonary
function observed in masters athletes. Thus, maintaining
high levels of physical exercise in the long-term appears
to overall attenuate—albeit not prevent—the expected age-
related decline in pulmonary function, which in turn would
have a beneficial effect on VO,,.,.. In this regard, however,
it must be noted that exercise-induced arterial hypoxemia
(EIAH), which is overall rare in older adults [73], is quite
prevalent among not only elite masters athletes [74] but also
older adults with very high cardiorespiratory fitness [69].
Together with other factors (such as aging-induced reduc-
tion in capillary blood volume or perfusion heterogeneity),
relative alveolar hypoventilation is a potential contributing
factor for very fit old individuals [73, 74].

4.1.3 Key Areas Where More Information is Needed

The relationship between pulmonary function and VO,,,.
in healthy individuals remains unclear, and future studies
should confirm if the reductions observed with aging in the
former can negatively influence VO,,,., especially in those
in whom pulmonary function deterioration does not reach
pathological limits. Assessing the effects of specific venti-
latory muscle training—which has been proven to increase
inspiratory muscle function in older adults [75] —on EIAH
and VO,, ., could shed some light on this topic. Evidence
is also still warranted to elucidate the effects of lifelong
physical exercise on pulmonary function, particularly at the
most advanced ages. In this regard, even centenarian athletes
might improve their pulmonary function (maximal ventila-
tion, respiratory frequency and tidal volume) and VO,,,.
with proper training [47]. Thus, although previous studies

have suggested that some degree of deterioration in pulmo-
nary function is inevitable with aging, future research should
assess if factors such as training frequency or intensity can
influence the benefits of physical exercise on pulmonary
function, with higher training loads potentially preventing
pulmonary functional decline.

4.2 Cardiovascular System
4.2.1 Aging Effects

Together with pulmonary function, the cardiovascular
system and particularly maximal cardiac output (Omax)
has been traditionally proposed as one of the major limit-
ing factors of VO, [76]. The two factors that determine
Omax are maximum stroke volume (SV,,,,) and heart rate
(HR,,,,), and although some controversy exists, SV .. is
usually viewed as the main limiting factor of VO, , at least
in healthy young individuals [77].

Several age-related changes at the cardiovascular level can
explain, at least partly, the aging decline in VO, [55, 78].
With regard to cardiac structural changes, aging is associated
with increases in left ventricular (LV) wall thickness, which
results from an accumulation of interstitial connective tissue
and amyloid deposits as well as from myocyte hypertrophy
(albeit there is also a progressive loss in their number, par-
ticularly in the sinoatrial node) [78]. These changes result in
lower LV compliance and end-diastolic filling compared to
younger individuals, which in turn reduce SV, [29, 79].
On the other hand, aging is associated with a reduction in
HR, ., which seems to be the consequence of an impaired
B-adrenergic responsiveness and neurodegeneration [80].
Although as mentioned above SV, is usually identified as
the main limiting factor of VO,,,,, at the heart level, a reduc-
tion in HR,,, could also potentially reduce Qpax and conse-
quently VO,, .. [3]. Aging is also associated with increases
in fibrosis and calcification of the cardiac valves, stiffness of
peripheral and central arteries, and the number of sites for
lipid deposition at the vascular level, which leads to a reduced
laminar blood flow and thus to a lower O, supply to other tis-
sues (e.g., contracting muscles) [78, 81]. Moreover, in young
individuals the increased sympathetic vasoconstrictor activ-
ity that occurs with exercise is counteracted (a phenomenon
known as functional ‘sympatholysis’) to redistribute blood
flow to contracting muscles [82]. By contrast, older adults
have a reduced vasodilatory capacity and an impaired func-
tional sympatholysis during exercise, which might compro-
mise O, supply and reduce VO, [83]. It has been recently
reported that the impaired vasodilatory capacity and func-
tional sympatholysis observed in the older people might be
due, at least partly, to a reduction in the deformability of red
blood cells, which is associated with an impaired release of

max
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ATP—a vasoactive molecule that stimulates vasodilatation—
in response to hemoglobin deoxygenation [84].

4.2.2 Training Effects

There is strong evidence that lifelong exercise can attenuate
the age-related deterioration of many of the cardiovascular
properties that influence VO,,,.. Meta-analytical evidence
shows that masters athletes (mean age > 55 years) present
with Opax Vvalues that are higher than those of non-athletes
of similar age and similar to those of young healthy con-
trols [35]. Some authors have reported that masters athletes
aged 68—70 years present with a preserved LV compliance,
diastolic function (i.e., myocardial filling and relaxation)
and SV compared to age-matched inactive peers, with these
variables being similar to those of young healthy controls
[29, 30]. Howden et al. [85] recently reported that, although
there were no age- or training-related differences in LV ejec-
tion fraction, older adults (~ 68 years) who had performed
lifelong endurance exercise showed a preserved LV systolic
longitudinal strain (a marker of systolic function) compared
to their inactive peers. Interestingly, these differences dis-
appeared when variations in LV end-diastolic volume were
taken into account, which suggests that lifelong exercise pre-
vents the normal age-related reduction in LV systolic func-
tion by improving LV diastolic filling [85].

Although lifelong endurance exercise is overall beneficial
to attenuate the decline in LV compliance and diastolic func-
tion, research has demonstrated that there is a dose—response
relationship—and a threshold—for these benefits. Bhella
et al. [31] observed that those older adults (> 64 years)
who had exercised more frequently during the past 25 years
(i.e., >4 to 5 sessions/week) showed a higher LV compliance
and distensibility than their inactive peers. Interestingly, no
differences in LV compliance and distensibility were found
between individuals who had exercised less frequently (<3
sessions per week) and the inactive group, but VO, values
rose linearly with increasing exercise frequency [31]. The
same research group showed that those who had performed
4-5 sessions/week during the past 25 years—but not those
who had exercised <3 times per week—presented with a
more favorable ventricular-arterial coupling (i.e., dynamic
Starling mechanism) and a higher LV end-diastolic volume,
SV .x 20d O ax than those who had remained inactive [32,
33]. Following the same trend, only those subjects who had
exercised >4 times per week showed a higher VO,,,. than
their sedentary counterparts [32].

In contrast to its aforementioned benefits on LV com-
pliance, lifelong exercise does not appear to counteract
the decline in HR,, that typically accompanies the aging
process. For instance, Heath et al. [42] suggested that age-
related reductions in HR,, were the factor mediating the
differences in VO, between trained endurance masters

athletes and young athletes; indeed, both groups presented
with similar values of LV volume and mass (both being
larger than in untrained individuals) but an age-related
reduction in HR,, was observed in the former. Similarly,
Hagberg et al. [86] found that although trained masters ath-
letes presented with a preserved SV, ., compared to young
competitive athletes, the Qyax and thus the VO,,,. of the
former were lower due to areduced HR,, (with a reduction
rate similar to that of their inactive counterparts). Research
in masters athletes has shown that HR . decreases with
aging regardless of training volume, although this reduction
does not seem to be related to the change in VO, [87].
Carrick-Ranson et al. [32] also observed no differences in
HR,,, between masters athletes who had performed lifelong
exercise (> 25 years with 4-5 sessions/week) and inactive
individuals. Nybo et al. [88] observed a yearly reduction in
HR, . of ~ 1 beat-min~! in an Olympic athlete who was fol-
lowed for 20 years since he was a 19-year-old. However, this
reduction in HR,,, was compensated for by a proportional
increase in O, pulse (i.e., the ratio of VO, (mL-min™")
to HR,,,, (beats-min~") which expresses the volume of O,
ejected from the ventricles with each cardiac beat) at maxi-
mal intensities, resulting in a steady VO, and performance
level [88]. Thus, exercise does not seem to exert an influence
on the HR . decrease that commonly occurs with aging.
On the other hand, lifelong physical exercise can pre-
vent the age-related decline in endothelial function. Some
authors have found that trained older adults had an impaired
endothelial function compared to their younger counterparts.
Proctor et al. [89] observed a lower leg blood flow and vas-
cular conductance during exercise in trained older adults
(55-68 years) with ~ 18 years of experience in endurance
exercise (~6 h per week) compared to young trained individ-
uals. However, the authors did not assess an additional group
of inactive older adults. In this regard, several studies have
found that although aging is associated with an increased
arterial stiffness, those individuals who perform lifelong
exercise present with a lower arterial stiffness and a more
preserved endothelium flow-mediated dilation compared to
their inactive peers, both being markers related to VO,,,.
[81, 90]. The aforementioned benefits are supported by meta-
analytical evidence that masters athletes present with an
increased flow-mediated dilation compared to age-matched
controls [91]. Shibata et al. [92] recently reported in indi-
viduals aged > 60 years that those who had trained >4 to 5
sessions/week at high intensities during the last> 25 years—
but not those who had trained less—had a lower central arte-
rial stiffness than their inactive counterparts, although lower
training doses (2-3 sessions/week) were enough to observe
benefits in carotid artery stiffness and central blood pressure
[92]. Moreover, Mortensen et al. [83] showed that lifelong
endurance exercise (> 5 h of training per week during the last
30 years in individuals aged ~ 66 years) preserved functional
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sympatholysis and attenuated the age-related deterioration
in endothelial function and vasodilatory capacity, which
could result in an improved blood flow and O, supply to
working muscles. Groot et al. [93] observed that older adults
(mean age of 71-72 years) who performed more than either
30 or 60 min/day of moderate-vigorous PA, respectively,
had a preserved vasodilatory capacity compared with their
sedentary age-matched controls. Moreover, the VO, of
both active groups was higher compared not only to their
sedentary age-matched peers but also to a group of sedentary
young subjects [93]. In line with these benefits on vasodila-
tory capacity, it has been reported that the bioavailability
of nitric oxide is reduced in inactive older adults whereas
lifelong exercise prevents this aging-induced change [94].
In summary, lifelong exercise attenuates the degeneration
that occurs in inactive people with aging at both cardiac
and vascular level, with subsequent benefits in O, supply
and VO,,,,.. However, lifelong exercise does not seem to
attenuate the normal age-reduction in HR ..

4.2.3 Key Areas Where More Information is Needed

Evidence on the benefits of lifelong endurance training on
SV hax and vascular health is quite clear, suggesting that it
may attenuate or even prevent the deterioration in LV dias-
tolic filling, LV systolic function, and endothelial function
provided a sufficient training frequency/load is applied.
There is, however, scarce evidence on whether these benefi-
cial effects are also present at advanced ages (e.g., in those
aged 80-85 years and above). There is also controversy on
the influence of HR,, on VO, ., with some studies in
young subjects suggesting that the former is not a limiting
factor [95] while others conducted in older individuals sug-
gesting that the age-related reduction in HR,, is the main
factor mediating the corresponding VO, decline [42, 86].
In this regard, by replicating the protocol of Munch et al. in
older adults [95] it could be analyzed whether increasing
HR,,.. above physiological values via atrial pacing could
help to increase VO,, .., which would shed some light on the
actual role of HR,,, on VO, in this population.

4.3 Blood Characteristics and Oxygen Carrying

Capacity

43.1 Aging Effects

Convective O, transport in blood from lungs to muscles is
another major step in the oxygen transport cascade. The abil-
ity to carry O, to working muscles, which is mostly medi-
ated by the hemoglobin concentration of the blood, plays
a major role in VO, . . Reductions (e.g., in blood donors
or anemic patients) or increases (e.g., blood transfusion) in
hemoglobin concentration result in an almost proportional

change in VO, [96, 97]. Changes in total hemoglobin
mass have been suggested to influence VO,,,,, through an
increase in the O, carrying capacity of the blood, but also
through the associated rise in blood volume and subsequent
increase in Opax [97]. On the other hand, aging is inversely
associated with hemoglobin levels [98], and indeed there is
a high prevalence (>20%) of anemia among older adults,
particularly in the ‘oldest old’ [99]. Although the causes
of anemia are multifactorial, iron deficiency, renal insuf-
ficiency, chronic inflammation and drug interactions have
been proposed as potential factors for impaired erythropoie-
sis with aging [99].

4.3.2 Training Effects

Controversy exists regarding the effects of exercise training
on blood O, carrying capacity, and the evidence available on
its effects in older adults is scarce. However, considering the
existing evidence in healthy younger adults, physical exer-
cise might also improve O, carrying capacity at advanced
ages. Exercise training interventions have been reported to
stimulate erythropoiesis, reticulocytosis and blood volume
expansion in young individuals—mainly because of an
increased plasma volume—and although hemoglobin con-
centration decreases during training due to hemodilution,
total hemoglobin mass increases [100]. Later studies have
also reported increases in total hemoglobin mass, red blood
cell count and total blood volume with endurance training
both at sea level and at altitude in young subjects [101].

On the other hand, it can be hypothesized that lifelong
physical exercise might be indirectly beneficial for O, sup-
ply in older adults by virtue of its protective effects against
chronic inflammation and oxidative stress, both of which are
prevalent among inactive older adults (a phenomenon known
as ‘inflammaging’) [102] and can negatively affect eryth-
ropoiesis [99]. Chronic physical exercise has indeed been
proven to attenuate systemic inflammation in older adults,
as reflected by decreases in pro-inflammatory markers such
as interleukin-6 and C-reactive protein [103]. Although the
mechanisms underlying the relationship between inflamma-
tion and anemia remain to be elucidated, it has been pro-
posed that excessive levels of inflammation might reduce
erythropoietin release, the sensitivity to this hormone, and
consequently the proliferation and differentiation of eryth-
roid precursors, also promoting hepcidin synthesis (which
reduces iron absorption) and decreasing erythrocyte survival
[104, 105].

4.3.3 Key Areas Where More Information is Needed

Although there is biological rationale to support a poten-
tial beneficial effect of lifelong endurance training on O,
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carrying capacity, longitudinal studies similar to those ana-
lyzing the effects at the cardiovascular level are needed. The
documented benefits of endurance exercise training on the
hemoglobin mass of young healthy subjects must be cor-
roborated in older people, and particularly in the oldest old,
who have an increased risk of anemia [99].

4.4 Muscle Capillary Density and Aerobic Enzyme
Activity

4.4.1 Aging Effects

Once in the muscle, the ability to extract O, (i.e., diffusive
O, transport from blood to mitochondria) and to be utilized
by mitochondria has been suggested to be the last but essen-
tial step for an optimal cardiorespiratory capacity [106]. In
this respect, aging is associated with a reduced muscle capil-
lary density [107] as well as with an impaired mitochondrial
biogenesis and function [108]. Coley et al. [109] observed
that the reduction in muscle oxidative capacity—as reflected
by an impaired recovery of muscle creatine phosphate con-
tent after exercise—in older adults occurred along with a
reduction in the muscle mitochondrial content and oxidative
capacity. A reduced local blood flow to contracting muscles
was also observed in older adults compared to their younger
counterparts, which seems to be partly due to functional
impairments in microvascularization [110, 111]. Classical
studies reported a relationship between muscle capillary
density, mitochondrial density and ‘relative’ VO, (i.e.,
expressed relative to body mass, in ml-kg™!-min~!) [112,
113], with increases in the latter occurring along with an
enhanced capillary density and oxidative enzyme activity
[113, 114]. More recently there has been debate on whether
the diffusion rate of O, from micro-vessels into skeletal
muscle is actually a limiting factor of VO, [115, 116].
Gifford et al. [117] suggested that among untrained individu-
als VO,,,,, would be limited by mitochondrial O, demand
whereas among trained individuals VO, would be lim-
ited by O, supply despite the presence of a larger mitochon-
drial respiratory reserve capacity [117]. It has been how-
ever recently reported that muscle oxidative capacity was
strongly related to relative VO, in individuals with a wide
range of VO,,,, values (from 9.8 to 79.0 ml-kg~'-min™"),
including both trained individuals and patients with chronic
heart failure [118]. In the same line, Esposito et al. observed
that improvements in muscle capillary density and mito-
chondrial density lead to an increased VO,,,,, in patients
with low physical fitness even in the absence of changes
in Omax- [119]. Other authors have found a relationship
between muscle oxidative capacity—as assessed through
the determination of mitochondrial volume density and cit-
rate synthase activity-, and relative (ml-kg~'-min~") but not
‘absolute’ (I-min~') VO, . [120, 121]. Thus, the delivery

of O, to skeletal muscle and its utilization by muscle mito-
chondria should perhaps be viewed as an integrated system,
with changes in any step potentially affecting the function of
the others [122]. For instance, it has been recently reported
that the reductions in VO,,, observed with aging are asso-
ciated with a reduction in muscle oxidative capacity, but
this association seemed to be mediated by the level of rest-
ing muscle perfusion [123]. Layec et al. observed that in
sedentary older adults ischemic exercise-induced reactive
hyperemia resulted in a greater muscle capillary blood flow
and convective O, delivery, which led to an improved tissue
oxygenation and mitochondrial function [124]. These find-
ings were in line with those reported by Wray et al., who
observed that increasing muscle perfusion in elderly sub-
jects through the ingestion of an antioxidant cocktail led to
a concomitant increase in muscle oxidative capacity [125].
Of note, no improvements in muscle perfusion or muscle
oxidative capacity were observed in young subjects [125].
Thus, impairments in both muscle oxidative capacity and
muscle perfusion together with a potential deterioration of
previous steps in the O, transport cascade seem to play a role
in age-related VO,,,,, reductions [123]. Particularly, these
impairments at the muscle level would result in a reduced
arteriovenous O, difference (a-vO,diff) with aging and con-
sequently a lower extraction and utilization of O, by the
muscle tissue [126, 127].

4.4.2 Training Effects

Endurance exercise has been reported to increase muscle
capillary density and oxidative enzymatic activity [114].
Although there are many overlapping pathways involved in
these benefits, a key player is the peroxisome proliferator
activated receptor y coactivator 1o (commonly abbreviated
as ‘PGC-1a’), which promotes mitochondrial biogenesis
[128, 129], together with increases in the levels of vascular
endothelial growth factor, a signal protein that stimulates
angiogenesis [130]. Moreover, lifelong exercise can help to
prevent the reduction in muscle capillary density and oxi-
dative capacity that occurs with aging in inactive people.
Iversen et al. [131] observed that trained older adults aged
65-75 years who had been engaged in endurance sports
for the last 20-50 years had a 40% higher muscle oxidative
enzymatic activity and 27% higher muscle capillarization
than their untrained counterparts. In line with the aforemen-
tioned findings, a recent study [27] showed that older adults
aged ~72 to 74 years who had performed lifelong exercise
(~5 days/week during the previous~ 52 years) had similar
levels of muscle capillarization and aerobic enzyme activity
in the vastus lateralis to trained individuals aged ~ 25 years
(which in turn were 20-90% greater than those of inactive
older adults). Other authors also reported a very minor



712

P.L.Valenzuela et al.

degree of age-related decline in muscle properties (including
mitochondrial protein content) in cyclists aged 55-79 years
who had been training for the last~26 years, although a
small inverse relationship was found between aging and
capillary density in male, but not female, subjects [132];
of note, capillary density was related to training volume in
both female and male participants. The benefits of lifelong
physical exercise on muscle oxidative capacity seem to be
present even at the most advanced ages, as reflected by the
42-54% higher activity of muscle oxidative enzymes found
in octogenarian athletes who had performed endurance exer-
cise for > 50 years compared to an age-matched group of
inactive individuals [28].

The abovementioned training benefits on muscle capillary
density and muscle oxidative capacity would overall result in
an attenuated decline of a-vO,diff with aging. Some studies
have indeed reported a higher a-vO,diff in endurance-trained
older adults than in their sedentary counterparts, with the
former in fact presenting similar values to those of young
individuals [32, 127]. For instance, Carrick-Ranson et al.
observed that subjects aged ~ 68 years who had performed
endurance exercise regularly during the previous 25 years—
and in fact even those doing less than 3 sessions/week—
showed a higher a-vO,diff than those who had remained
inactive during an equivalent time period [32]. Thus, life-
long exercise helps to prevent the age-related deterioration
in skeletal muscle capillary density and oxidative capacity,
which would result in an enhanced extraction and utilization
of O,, and consequently in an improved VO, ...

4.4.3 Key Areas Where More Information is Needed

Lifelong endurance exercise seems effective to prevent or
at least attenuate the age-related decline in muscle capillary
density and oxidative capacity. However, as with other fac-
tors affecting VO,,,,., evidence is lacking on whether these
benefits are also present at the most advanced ages. Moreo-
ver, despite the potential important role of capillary den-
sity and oxidative capacity in VO, as the last step of the
oxygen transport cascade, some debate has been raised on
the actual influence of these factors [115]. In this respect, a
systematic review of 70 studies found that relative increases
in VO,,,,, with training were overall associated with the
changes observed in muscle oxidative capacity [121]. This
association, however, was not significant when analyzing
older subjects separately, which suggests that there might
be other confounding factors (e.g., impairments in previous
steps of the O, transport cascade) affecting VO, in old
people [121].

5 Limitations and Perspectives

The evidence about the benefits of exercise at the most
advanced ages (> 80 years) is rather scarce. Although anec-
dotal data in very old masters athletes would indicate that
it is possible to retain a remarkable physical function with
proper physical training, these preliminary findings should
be confirmed in adequately-powered studies with large
cohorts—including also non-athletes in order to assess gen-
eralizability to the general population. On the other hand,
further research is needed to elucidate the main training-
related variables driving exercise benefits on VO, . . Indeed,
most reports refer to training frequency (i.e., days per week)
as a modulator of these benefits, but other less studied vari-
ables such as training volume or intensity are likely to play a
major role. Of note is also the fact that we have consistently
used the term VO, throughout our review even though a
less valid surrogate, peak oxygen uptake (VOzpeak, that is, the
peak value of VO, recorded during maximal exercise testing
even when an actual plateau in VO, values or other criteria
of maximality were not fulfilled) was the parameter that was
actually reported in numerous studies discussed here. Using
VO, peq might lead to an underestimation of actual VO,
values in some individuals, particularly those who are naive
to the test, less motivated, or who are less fit (such as, e.g.,
patient populations) [133]. Future studies should optimize
methodological procedures to ensure an appropriate assess-
ment of VO,

Finally, the bulk of scientific evidence in the field comes
from studies conducted in men only. Preliminary evidence
suggests that oldest old women can also retain high VO,
levels with lifelong exercise training [46]. Women usually
present with lower values of relative and absolute VO,, ..
than men [134], and although they might also show some
different physiological adaptations (e.g., lower rates of
increase in cardiac mass, SV, or VO,,... after one year
of endurance training) [135], evidence suggests that the
age-related reduction in VO, observed in women is also
modulated by reductions in training volume [21]. Research
is nevertheless warranted to determine potential between-sex
differences in the effects of lifelong exercise on the age-
related VO, ., decline.

6 Conclusions

Although aging has been traditionally associated with an
exponential decline in VO, and overall physical function,
this association might be confounded by many factors, nota-
bly the increasingly inactive lifestyle that often accompanies
the aging process in the general population. Although more
longitudinal studies are needed, particularly in non-athletes,
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current data from masters athletes suggest that the rate of
age-related decline in VO,,,, might be modulated by the
amount of physical exercise performed over life, with higher
levels exerting a marked protective function against the ulti-
mately inevitable aging-induced deterioration in most of the
physiological mechanisms that influence VO, ., (i.e., pul-
monary and cardiovascular function, blood oxygen trans-
port capacity, skeletal muscle capillary density and oxida-
tive capacity) (Fig. 2). Future longitudinal studies should,
however, confirm this hypothesis as well as the actual role of
age-related, non-pathological reductions in some physiologi-
cal factors (e.g., pulmonary function and HR,,,) in VO,, ..
decline. Overall, given the clinical importance of reaching
an advanced age with a preserved functional capacity, the
evidence available supports the need for maintaining high
levels of physical exercise across all ages, including at an
advanced age.
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