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Abstract Centenarians are an outstanding model of
successful aging, with genetics and healthy lifestyle
certainly being key factors responsible for their lon-
gevity. Exercise capacity has been identified to play an
important role in healthy aging, but a comprehensive

assessment of the limitations to maximal exercise in
this population is lacking. Following, health histories,
lung function, and anthropometric measures, eight
female centenarians (98–102 years old) and eight
young females (18–22 years old) performed a series
of graded maximal exercise tests on a cycle ergometer
that facilitated absolute and relative work rate compar-
isons. Centenarians revealed a dramatically attenuated
lung function, as measured by spirometry (forced ex-
piratory volume in 1 s (FEV1/forced vital capacity
(FVC), 55±10%) compared to the young (FEV1/
FVC, 77±5%). During exercise, although the cente-
narians relied heavily on respiratory rate which
yielded ∼50% higher dead space/tidal volume, minute
ventilation was similar to that of the young at all but
maximal exercise, and alveolar PO2 was maintained in
both groups. In contrast, peak WR and VO2 were sig-
nificantly reduced in the centenarians (33±4 vs 179±
24 W; 7.5±1.2 vs 39.6±3.5 ml min−1 kg−1). Arterial
PO2 of the centenarians fell steadily from the normal
range of both groups to yield a large A-a gradient (57±
6 mmHg). Metabolic cost of a given absolute work rate
was consistently lower, ∼46% less than the young at
maximal effort. Centenarians have significant limita-
tions to gas exchange across the lungs during exercise,
but this limited oxygen transport is tempered by im-
proved skeletal muscle mechanical efficiency that may
play a vital role in maintaining physical function and
therefore longevity in this population.
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Introduction

Centenarians are perhaps the best example of successful
human aging, living ∼50% longer than the world aver-
age. Many factors including genetics and health care
combine to yield the longevity of this population; how-
ever, the components of a healthy lifestyle such as
exercise capacity are still certainly important (Perls
and Terry 2003a, b; Stessman et al. 2009). Indeed, the
capacity to limit age-related diseases has been proposed
as one of the mechanisms responsible for successful
aging in extremely old subjects (Galioto et al. 2008),
and maintaining exercise capacity and subsequently
physical function likely play a significant role in this
process (Cress et al. 2010). Exercise capacity, defined
by peak oxygen consumption (VO2peak) in response to a
graded exercise test (Jette et al. 1990) is a strong predic-
tor of health and independence in older adults (Paterson
et al. 2004) and has been documented to decline by 10–
15% per decade between the ages of 50 and 75 years
(Hollenberg et al. 2006; Fleg et al. 2005). However, a
comprehensive assessment of limitations to maximal
exercise and VO2peak itself in centenarians is currently
lacking in the literature.

With progressive age, there is significant decline in
lung function, due predominantly to a loss of elastic
recoil (Knudson et al. 1983). This increase in lung
compliance with age results in reduced maximal expi-
ratory flow rates and an increase in resting functional
residual capacity (DeLorey and Babb 1999), which
during exercise translates into marked mechanical ven-
tilatory constraints and increased ventilatory require-
ments in the ninth and tenth decades of life (McClaran
et al. 1995). Thus, due to these mechanical constraints,
the strategy used to achieve an exercise-induced in-
crease in ventilation differs between the young and the
old (Johnson et al. 1994), with the very elderly being
likened to patients with chronic obstructive pulmonary
disease (McClaran et al. 1995). However, the impact of
these age-related differences in lung function on exer-
cise tolerance in centenarians remains unclear.

Skeletal muscle, toward the end of the oxygen
cascade, determines oxygen demand and therefore has
the potential to tremendously impact exercise capacity.
Aging is associated with sarcopenia or the progressive

loss of muscle mass. Indeed, thigh muscle volume is
typically reduced 24–27% between the second and sev-
enth decade (Janssen et al. 2000), and this decline in
muscle mass and lower limb power correlates well with
quality of life and activities of daily living (ADL) in the
elderly (Narici andMaffulli 2010). Interestingly, there is
evidence that sarcopenia is muscle fiber type specific,
with type II fibers being more susceptible to atrophy
than type I fibers (Lexell et al. 1988). Specifically,
Lexell et al. (1988) revealed that the type II fibers of
80-year-old subjects were ∼26% smaller than 20-year-
old controls, while type I fibers were not different in
size. This age-related loss of fast motor units (type IIA
and IIX fibers) causes a progressive shift toward a
slower phenotype (Lexell 1995), which, although as of
yet not clearly associated with the aging process, could
conceivably result in improved mechanical efficiency
(Hunter et al. 2001; Gibbs and Gibson 1972).

Consequently, this study was designed to examine
the limitations to maximal exercise and VO2peak itself
in centenarians compared to their young counterparts.
Specifically, the following hypotheses were tested: (1)
pulmonary function at rest, as assessed by spirometry,
will be diminished in the centenarians compared to the
young subjects, 2) this disparate lung function will
translate into diminished pulmonary gas exchange in
the centenarians during exercise, and (3) limited oxy-
gen availability will compromise skeletal muscle func-
tion during exercise in the centenarians compared to
their young counterparts.

Methods

Subjects Eight ambulatory female centenarians (98–
102 years old) without overt cardiovascular disease,
significant medications, a history of smoking, and severe
cognitive impairment (mini-mental state examination
(MMSE)>20) (Folstein et al. 1975) and eight young
females (18–22 years old) took part in this research.
Three of the centenarians were institutionalized, and five
were community dwelling, and although all were capa-
ble of independent walking, two centenarians were un-
able to climb stairs alone. All the young females were
physically active, performing some form of endurance-
type exercise 3.5±2.0 h per week. Study procedures
were approved by University of Verona Institutional
Review Board, and both subjects and/or family care-
givers gave written informed consent.
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General procedures The centenarians were assessed on
three separate days. On day 1, a health history physical
examination, an evaluation of ADLs (Mahoney and
Barthel 1965), a cognitive performance assessment
(MMSE) (Folstein et al. 1975), familiarization with
exercise procedure/devises, and spirometry were per-
formed. On the second day, muscle mass, maximal
handgrip, and blood pressure were measured, and a
blood sample taken. On the third and final day, subjects
performed a graded maximal cycle exercise test, with
indirect calorimetry. Young control subjects were
assessed on two separate days. On day 1, assessments
of muscle mass, blood pressure, maximal handgrip, and
spirometry were performed, and subjects performed a
graded maximal cycle exercise test, with indirect calo-
rimetry. On the second day, subjects repeated the graded
maximal cycle exercise test, but this time, work rates
were matched with that of the relative and absolute
capacities of the centenarians.

Spirometry Forced expiratory volume in 1 s (FEV1)
and forced vital capacity (FVC) were assessed using a
metabolic cart (Quark b2 Cosmed, Rome, Italy),
according to the American Thoracic Society standards
(Levy et al. 2009).

Muscle mass The anthropometric assessment of thigh
volume was assessed by determining a series of
length and circumference measurements and subcu-
taneous fat, as previously described (Jones and Pearson
1969).

Blood analyses A fasted venous blood sample was
analyzed for glucose, red blood cell content, hemoglo-
bin concentration, high- and low-density lipoprotein,
and iron by standard techniques.

Incremental exercise tests and gas exchange assessments
In the centenarians, workload was progressively increased
by 5 Wat 1-min intervals with the revolutions per minute
maintained at 50, until voluntary exhaustion (Monark
881e, Sweden). Peak pulmonary ventilation and gas ex-
change were calculated as the average of the last 30 s of
the highest completed work rate. The use of 1-min work-
load intervals for the incremental exercise test was selected
to maximize the metabolic responses in the periphery
while minimizing fatigue, as recommended for Clinical
Exercise Testing (Jones 1997). In the young controls, the
first graded exercise test was performed with 15-W

increments and the second with increments of 15% of
maximum work, allowing an absolute and relative work
rate comparison between groups. Heart rate and rhythm
were monitored by a three-lead ECG and automated ex-
ternal biphasic defibrillator (LIFEPAK20 Medtronic
Emergency Response Systems, Inc., USA). A pulse oxi-
meter (Vital test, Edan, China) was used to measure
arterial oxygen saturation. Ventilation and pulmonary gas
exchange (Quark b2 metabolic cart Cosmed, Rome Italy)
were measured continuously at rest and during the graded
cycle exercise test. Dead space (Vd), was calculated as:

PaCO2 � PeCO2

PaCO2

� �� �
Vt � Vds

where Vt is tidal volume, PaCO2 is the estimated partial
pressure of carbon dioxide in the arterial blood (5.5+
0.90·PetCO2−0.0021·Vt), and PeCO2 is the partial pres-
sure of carbon dioxide in the expired air (mean expired
CO2) calculated as FeCO2·(PB−47)/100. FeCO2 is the
fraction of expired CO2, PB the barometric pressure,
and Vds is the system dead space (50 ml) (Jones 1997).

Arterial partial pressure of oxygen (PaO2) was esti-
mated from arterial oxygen saturation by the Hill equa-
tion, assuming a normal HbO2 dissociation curve during
graded exercise at sea level, as previously reported by
Haseler et al. (2004). In this previous study, a high
correlation (r200.9) between arterial O2 saturation calcu-
lated from end-tidal O2 gas measurement and that mea-
sured with such an oximeter system was documented.
The exercise efficiency was calculated as the relationship
between oxygen consumption (VO2) and work rate
(WR), taking resting VO2 into account.

Handgrip strength: While lying in a supine position
with the arm resting at 90°of abduction and the elbow
joint extended at heart level, both the young controls and
centenarians performed three maximal voluntary con-
tractions (MVC) using a commercially available hand-
grip dynamometer (JAMAR BK-7498, Fred Sammons
Inc., Brookfield, IL). The average of the three MVCs
was recorded as grip strength.

Statistical analyses Subject characteristics and resting
data were analyzed with paired t tests. Repeated
measures ANOVA was used to determine differences
between groups during exercise, and Tukey post hoc
tests were performed where appropriate. Statistical sig-
nificance was set at P<0.05, and all data are expressed
as mean±SD.
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Results

Subject characteristics In addition to the 80-year age
difference between the centenarians and the young
controls, a comparison of subject characteristics is
presented in Table 1. An important component of this
research was the achievement of this assessment with
relative ease and no adverse events, including a lack of
arrhythmias or ST-segment changes on the ECG, in
this unique population. Thus, a precedent has been set
with respect to the feasibility of successful maximal
exercise testing in people of such great age.

Pulmonary ventilation, gas exchange, and metabolism
at rest At rest, pulmonary ventilation and its compo-
nents, breathing frequency and tidal volume, were sim-
ilar between the centenarians and the young controls
(Fig. 1). Calculated dead space was, on the other hand,
significantly greater in the centenarians than their young

counterparts (Fig. 1). The centenarians tended to have a
greater alveolar PO2 (PAO2), but a similar arterial PO2

(PaO2) to the young controls, which yielded a signifi-
cantly greater resting A-a gradient in the centenarians
(Fig. 2). Resting oxygen uptake (VO2) and carbon
dioxide production (VCO2) were significantly and
equally lower in the centenarians compared to the
young controls, and thus, the respiratory exchange
ratio (RER) at rest was not different between the two
groups (Fig. 3). Additionally, the ratio of dead space
to tidal volume (VD VT−1) was significantly elevated
in the centenarians.

Pulmonary ventilation, gas exchange, and metabolism
during incremental exercise Pulmonary ventilation
(Ve) was similar in the centenarians and young con-
trols from 5 to 25 W; however, at 30 W, there was a
divergence in Ve that achieved significance at 35 W.
This equated to maximal exercise for the majority of

Table 1 Subject characteristics

Centenarians (N08) Young (N08) P value

Mean±SD Range Mean±SD Range

Age (years) 100±1 (98–101) 21±1 (20–22) <0.001

Body mass (kg) 47±5 (42–54) 56±4 (50–64) 0.001

Height (m) 1.56±0.02 (1.53–1.61) 1.66±0 05 (1.54–1.70) <0.001

BMI (kg m−2) 19±2 (17–22) 21±1 (19–22) 0.123

Thigh volume (l) 4.2±0.2 (3.9–4.4) 5.7±0.7 (4.9–7.0) <0.001

SBP (mmHg) 136±5 (127–141) 118±5 (110–125) <0.001

DBP (mmHg) 89±4 (83–94) 78±5 (70–85) <0.001

Glucose (mg dl−1) 88±4 (84–96) 86±3 (82–90) 0.067

RBC (106 μl−1) 3.5±0 3 (3.0–3.9) 4.2±0.2 (3.9–4.5) <0.001

Hb (g dl−1) 11.1±1.2 (9.0–13.0) 13.6±0.5 (13.0–14.0) <0.001

Fe (μg dl−1) 23±1 (21–24) 83±10 (70–100) <0.001

HDL (mg dl−1) 53±8 (40–62) 51±7 (45–61) 0.539

LDL (mg dl−1) 109±12 (90–125) 95±8 (85–110) 0.014

FEV1 (l) 0.68±0 12 (0.52–0.93) 3.21±0.51 (2.32–3.80) <0.001

FVC (l) 1.23±0 09 (1.14–1.44) 4.16±0.59 (3.20–4.90) <0.001

FEV1·FVC
−1 (%) 55±10 (44–76) 77±5 (72–87) <0.001

Handgrip (kg) 9±1 (7–10) 32±4 (25–36) <0.001

ADL 72±8 (60–85) – – –

MMSE 26±2 (24–28) – – –

Data expressed as mean±SD

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, RBC red blood cells, Hb hemoglobin, Fe serum iron,
HDL high-density lipoprotein, LDL low-density lipoprotein, FEV1 forced expiratory volume in the first second, FVC forced vital
capacity, ADL activities of daily living (Barthel index), MMSE mini-mental state examination
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the centenarians but was still very light exercise for the
young controls (Fig. 1). The approach to attaining this
maximal exercise-induced Ve also differed between
the centenarians and the young controls, with the older
subjects exhibiting a significantly elevated breathing
frequency and a tendency for a reduced tidal volume
in all but the final 35-W work rate, where this too was
significantly attenuated in this group (Fig. 1). As
documented at rest, VD VT−1 remained consistently
higher in centenarians than their young counterparts
during exercise.

Across all work rates achieved by the centenarians,
PAO2 remained constant and elevated compared to the
young controls until the young subjects reached 90%
and 100% effort and their PAO2 rose to a similar level
to the centenarians (Fig. 2). At the onset of exercise
(15% of WRmax), PaO2 of the centenarians initially
fell to below 80 mmHg and then continued to decline
with progressively more intense exercise, falling be-
low 60 mmHg at maximal exercise. This was in stark
contrast to the PaO2 of the young controls, which
remained relatively invariant from submaximal to
maximal exercise (Fig. 2). Consequently, the A-a O2

gradient in the centenarians rose rapidly during pro-
gressive exercise, approaching 60 mmHg at maximal
exercise, while the young controls revealed a small
increase in this gradient, apparent only at 90% and
100% of WRmax (Fig. 2).

Both the centenarians and young controls exhibited
a significant increase in VO2 and VCO2 as the cycle
work rate was incremented. One centenarian achieved
a maximal work rate of 25 W, two achieved 30 W, and
the remaining five attained 35 W (Table 2). All cen-
tenarians reported stopping the exercise due to leg
discomfort and the inability to maintain 50 rpm on
the cycle ergometer. The young controls achieved a
maximal work rate of 179±24 W (range, 140–215 W);
the reason for the cessation of exercise in the young
controls was also the inability to maintain 50 rpm on the
cycle ergometer due to both whole body and leg discom-
fort. Centenarians achieved a significantly lower maxi-
mal work rate of 33±4 W (range, 25–35 W). Thus, the
VO2peak achieved by the centenarians was significantly

Fig. 1 Pulmonary ventilation at rest and during incremental cycle
exercise to maximum in centenarians and submaximum in young
controls. Ventilation (a), breathing frequency (b), tidal volume (c),
and dead space to tidal volume ratio (d). Data expressed as mean±
SD. § significantly elevated in the centenarians at rest. * signifi-
cantly elevated in the centenarians during exercise

b
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lower (7.5±1.2 ml min−1 kg−1) than the young controls
(39.6±3.5 ml min−1 kg−1) (Table 2). This was also the
case for maximal HR (102±4 and 178±10 bpm, in the
centenarians and young, respectively); however, when
both groups were compared at the same absolute work
rate (30–35 W), the young group exhibited a similar HR
to the old (99±9 bpm). Again, when compared at the
same absolute work rates (Fig. 3), the centenarians
exhibited a significantly attenuated VO2 and VCO2, but

as these were both proportionately reduced (below 1),
there was no difference in respiratory exchange ratio
(RER) between the groups.

Discussion

The principal finding of this study was that, as hypoth-
esized, centenarians have significantly attenuated pul-
monary function that translates into severe gas exchange
limitations across the lungs during exercise. However,
contrary to our hypotheses, this limited oxygen transport

Fig. 2 Pulmonary gas exchange at rest and during incremental
exercise to maximal effort in both centenarians and young con-
trols. Alveolar (PAO2) and arterial (PaO2) oxygen partial pres-
sure (a) and alveolar to arterial oxygen partial pressure gradient
(A-a O2) (b). Vertical lines indicate standard deviations. Data
expressed as mean±SD. § significantly reduced in the centenar-
ians at rest. * significantly reduced in the centenarians during
exercise. ⌘ significantly elevated in the centenarians at rest. #
significantly elevated in the centenarians during exercise

Fig. 3 Metabolism at rest and during incremental cycle exercise
to maximum in centenarians and submaximum in young con-
trols. Oxygen uptake (a), CO2 production (b), and respiratory
exchange ratio (c). Data expressed as mean±SD. § significantly
reduced in the centenarians at rest. * significantly reduced in the
centenarians during exercise

866 AGE (2013) 35:861–870



was tempered by profound improvements in skeletal
muscle metabolic efficiency. Therefore, the centenarians
were successfully able to perform submaximal efforts
that, when performed by their younger counterparts,
exceeded the maximal VO2 of the older group. Thus, it
is quite possible that in the face of failing lungs, this
until now unrecognized skeletal muscle metabolic effi-
ciency plays a vital role in maintaining physical function
and therefore longevity in this highly select and success-
ful population.

Maximal oxygen uptake in centenarians To our knowl-
edge, this is the first investigation to directly measure
VO2max in a cohort of centenarians. There are two
intertwined physiological and methodological con-
cerns regarding such data collection and interpretation
in this population: first, the recognized slowing of
VO2 onset kinetics with age (Murias et al. 2011; Bell
et al. 1999; DeLorey et al. 2004) and, second, the need
to balance this phenomenon with the goal of an attain-
able and valid incremental test to maximal effort,
while avoiding the confounding issue of peripheral
fatigue (Jones 1997). Although the 5-W increments
were significantly more challenging increases in effort
for the centenarians than the young, these increments
were still only increases of ∼15% of the maximum
work rate. A previous study utilizing 10%, 15%, and
20% of maximal work rate increments revealed that,
although subjects achieved a greater work rate with
the smaller increments, VO2peak was unaltered (Davis
et al. 1982), supporting both the validity of the current
data and the methodological approach. Additionally, the
current direct assessment of VO2peak in this population
(2.1±0.3 metabolic equivalents, METS) is in excellent
agreement with the extrapolation, beyond the upper age
limit (85 years), of the Gulati nomogram (1.96±0.15
METS) (Gulati et al. 2005). It is also interesting to note

that VO2peak and maximal handgrip strength, both rec-
ognized to be strong predictors of health and indepen-
dence in older adults (Fleg et al. 2005; Paterson et al.
2004; Cress et al. 2010; Rantanen et al. 1999), were well
correlated in the centenarians studied here (r00.8, P0
0.02) (Fig. 4a), but not in the young (r00.3, P00.4)
(Fig. 4b). This observation not only adds credence to the
maximal exercise testing results but also highlights the
potential use of handgrip strength assessment as a po-
tentially useful alternative to such whole body testing in
this population.

Impact of lung function at rest and during exercise in
centenarians At rest, although ventilation itself was not
different between the young controls and the centenar-
ians (Fig. 1), upon closer inspection of the open circuit
calorimetry data, even in this state of relatively low
metabolic demand, there was already a very important
distinction between these two groups. Specifically, the
dead space to tidal volume ratio was significantly ele-
vated in the centenarians, likely explained by an age-
induced increase in lung compliance (DeLorey et al.
2007). Such a conclusion is supported by the spiromet-
ric assessments that revealed a significantly reduced
FEV1, FVC, and the ratio of these two variables in the
centenarians compared to the young controls (Table 1).
These findings are typical of the increased lung compli-
ance associated with smoking-induced emphysema, al-
though none of these subjects had a smoking history.
The practical consequence of this pulmonary dysfunc-
tion was that even at rest, there was a clear A-a gradient
in the centenarians that was not evident in the young
controls (Fig. 2b). Interestingly, due to the limited pe-
ripheral metabolic demand, both because of the resting
conditions and the smaller body mass of the centenar-
ians (Fig. 1), this finding was more a consequence of a
greater PAO2 than a reduced PaO2 (Fig. 2a).

Table 2 Maximal work rate, oxygen consumption, and heart rate in centenarians and young controls at the end of a graded exercise test
to maximum effort

Centenarians (N08) Young (N08) P value

Mean±SD Range Mean±SD Range

Maximal work rate (watts) 33±4 (25–35) 179±24 (215–140) <0.001

VO2peak (ml min−1 kg−1) 7.5±1.1 (6.1–9.3) 39.6±3.5 (36.5–46.7) <0.001

HRpeak (beats min−1) 102±4 (97–109) 178±10 (166–190) <0.001

VO2peak represents peak of oxygen consumption, and HRpeak represents peak heart rate. Data expressed as mean±SD
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Upon the commencement of exercise, the significantly
elevated VD VT−1 of the centenarians was maintained,
but was now in addition to a significantly elevated respi-
ratory rate (Fig. 1) and a tendency toward lower tidal
volumes, both indicative of structurally induced altera-
tions in the approach to achieve adequate ventilation.
However, although not consistently attenuated, ventila-
tion tended to be lower at the penultimate level of graded
exercise and was significantly lower than the controls at
maximal effort (Fig. 1). The assessment of PAO2 indi-
cates that this ventilatory strategy was apparently suc-
cessful as PAO2 remained elevated compared to the
young controls across much of the graded exercise test.
However, this observation was undoubtedly assisted by
the apparent failure to move oxygen from the lungs to the
blood at an adequate rate (Fig. 2a) and the subsequent
development of a large A-a gradient across all exercise
levels (Fig. 2b).

Based upon both the exercise-induced hypoxemia
literature (Dempsey et al. 2008) and the evidence that
direct hypoxia itself (Roca et al. 1992) can severely
impact exercise performance, there is little doubt that
this large A-a gradient had a negative impact on the
maximum work rate achieved during cycle exercise in

the centenarians. The current findings are certainly in
agreement with previously documented decrements in
lung function during exercise with advancing age
(Johnson et al. 1994), although of greater magnitude
which may be explained by the approximate 25-year
age difference between the centenarians studied in the
current research and the subjects who were considered
old in the previous work. Unfortunately, the current data
cannot determine the cause of a large A-a gradient
which could be a consequence of limited lung diffusing
capacity, ventilation/perfusion mismatch, or, less likely,
a significant shunt. Thus, it would certainly be of inter-
est to re-assess such a group of subjects with and with-
out adequate supplemental oxygen to determine if such
an approach could avoid this arterial oxygen desatura-
tion, and, if this were the case, what the practical con-
sequence would be in terms of exercise capacity.

Metabolism at rest and during exercise in centenarians
Although pulmonary VO2 assesses whole body meta-
bolic demand, it is well recognized that during incre-
mental exercise, an increase in VO2 predominantly
reflects an increased metabolic demand at the muscular
level (Poole et al. 1992). Thus, the finding that the
centenarians had a significantly attenuated oxygen cost
when compared to the young controls, at all but the
initial work rate, indicates that this phenomenon is likely
a consequence of altered skeletal muscle metabolism
during exercise. Of course, the marked difference in
leg muscle mass between the two groups (36% lower
in centenarians) initially evokes concern that this atten-
uated oxygen cost of work may simply be due to rela-
tively severe sarcopenia (Woo et al. 2009). Specifically,
the weight of each leg, which contributes unmeasured
work, was significantly lower in the centenarians and
may have contributed to the apparently different oxygen
cost of cycling between the old and the young. However,
the evidence against this being a significant factor are
twofold. First, a direct assessment of the oxygen cost of
unweighted cycling was performed in both the young
controls (200±50 ml/min) and the centenarians (181±
90 ml/min) prior to the graded exercise testing, and there
was no discernable group difference. Second, if this were
a consistent factor which explained the significantly
attenuated oxygen cost of work in the centenarians, the
VO2/WR relationship of this group would be expected to
have the same slope, but a different intercept, which was
not the case. In fact, the intercept was similar, but the
slope was greatly attenuated (Fig. 3a). Instead, it is

Fig. 4 The relationship between VO2peak and maximal hand-
grip force in the centenarians (a) and young controls (b)
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possible that the age-related loss of muscle mass, pre-
dominantly caused by the loss of fast motor units, may
have had a positive effect on mechanical efficiency and
therefore the oxygen cost of performing work by the
adaptation to a slower muscle fiber phenotype (Hunter
et al. 2001; Gibbs and Gibson 1972).

An adaptation and subsequent improvement in me-
chanical efficiency with age have important implications
for the functional capacity of the centenarians. Specifi-
cally, the dramatically different slope of the VO2/WR
relationship (Fig. 3a) between the centenarians and their
young counterparts reveals a scenario in which the
young controls, exhibiting a slope typical of the literature
within the range of 9–11 ml/O2/W (Gaesser and Brooks
1975; Kamon et al. 1973), is already utilizing the same
amount of oxygen as the old group did at their maximum
work rate of 35 Wat only 15 to 20 W. This difference in
the oxygen cost of work may be of great practical sig-
nificance, as this means that the amount of work that
centenarians can achieve within the much attenuated
scope of their aerobic capacity, likely due to the limited
function of the failing lungs, is greatly enhanced. Such a
phenomenon is highly likely to translate into greater
physical function and the ability to perform ADLs that
otherwise would have been beyond the aerobic capacity
of a centenarian. Whether this potential for increased
activity is the cause or consequence of achieving such
a great age is certainly a very intriguing question, which
unfortunately cannot be answered by the current data.

Study limitations

Clear limitations of the current study were the absence
of men and the use of cycle exercise, which may have
accentuated the age differences due to sarcopenia in the
centenarians. Further limitations were the clear differ-
ences in habitual physical activity between the young
and centenarian groups, the lack of cardiac output meas-
urements, serum lactate assessments, and the direct O2

partial pressure measurement during the exercise. How-
ever, with respect to the latter issue, it was not deemed
ethically appropriate to subject members of this relative-
ly fragile population to undergo arterial catheterization.
Although there are uncertainties associated with the
conversion of arterial saturation to partial pressure with
the Hill equation, it should be noted that we have suc-
cessfully utilized this approach in the past (Haseler et al.
2004). Indeed, the large intergroup differences in

estimated PaO2 documented in this study are unlikely
to be the result of such relatively small inaccuracies
associated with this conversion.

Conclusions

In the face of the failing lungs, increased skeletal muscle
metabolic efficiency in centenarians may be an impor-
tant component of maintaining physical function. This
phenomenon may contribute to the longevity of this
population.
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