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Abstract
The results of recent studies indicate that, in healthy men and women beyond ~65 years of age, the
energy-producing pathways in skeletal muscle may combine with changes in motor unit behavior
and muscle contractile properties to provide a unique environment for resisting muscle fatigue.
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INTRODUCTION
Skeletal Muscle Fatigue

Muscle fatigue, generally defined as the loss of force- or power-producing capacity in response
to contractile activity, is a fundamental characteristic of skeletal muscle. Muscular endurance,
defined as the duration that a given target force can be maintained, is a related characteristic.
In the intact organism, a host of factors can influence the development of muscle fatigue.
Because the ability to maintain force output is a critically-important aspect of neuromuscular
function, an understanding of fatigue is essential to understanding the biology of senescence.

In humans, fatigue is typically expressed as the fall of maximal force or power relative to an
individual’s baseline. This approach is particularly important when comparing fatigue in two
populations who may have marked differences in muscle mass and strength, which is generally
the case with young and older adults. By expressing fatigue as a relative drop in force or power,
the confounding influence of differences in muscle size and strength can be eliminated, and
fatigue and its mechanisms can be examined in relative isolation. The goal of this review is to
provide an integrative perspective that suggests how changes in the senescent neuromuscular
system may act together to increase its ability to resist fatigue under some conditions.

Does Older Muscle Fatigue Less Than Young?
Given the aging of our population, and the advances in medicine that have extended the average
lifespan of humans tremendously over the past century, the study of whether and how older
skeletal muscle resists fatigue has become an important and active area of research. Studies
conducted in the past decade generally indicate that older muscle fatigues relatively less than
young muscle. Healthy older men and women have shown a greater ability to maintain maximal
force production under a variety of conditions, and in several muscle groups (4,7,19,22,27,
29,30). Likewise, endurance time is often shown to be longer in older compared with younger
adults (13).
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Despite substantial literature that suggests an advantage in terms of fatigue resistance on the
part of older muscle, this is not always observed. Several studies suggest that there is no
difference in fatigue between young and old (25,26), and some recent reports have observed
more fatigue in the elderly (1,26). The discrepant results across studies could be attributable
to differences in contraction mode, protocol, muscle group or subject characteristics. Older
adults may be more susceptible to fatigue during high-velocity dynamic contractions. Likewise,
there is emerging evidence that the age of the older subjects may be important in the fatigue
response (26). The health and habitual physical activity of the study groups are important design
considerations that also can affect the results. Full clarification of these discrepancies awaits
further study. This review will focus on a discussion of the circumstances that might allow the
aged neuromuscular system to be well-suited for maintaining force production during muscular
activity. Studies of muscle fatigue in the ankle dorsiflexor muscles, which are important for
locomotion and can be problematic in falls in the elderly, are highlighted.

MECHANISMS OF FATIGUE RESISTANCE IN OLD AGE
Determining the Mechanisms of Muscle Fatigue In Vivo

The study of fatigue and its mechanisms can be approached in vivo using a combination of
techniques that, together, provide a powerful means for quantifying changes in multiple
systems during muscular activity. A working model of the potential sites of failure that can
result in fatigue is presented in Figure 1. The strength of this approach is that it integrates
measures of central and peripheral activation, intracellular energy metabolism and contractile
function simultaneously, in vivo and, to a large extent, non-invasively.

Several methods have been developed to assess the completeness of voluntary activation of
muscle during maximal contractions. Some of these methods are more suitable to the study of
fatigue than others, as the ability to obtain the measure during and immediately following a
fatigue protocol is critical. Central activation failure, which constitutes a failure to activate all
motor units at optimal discharge rates, can be evaluated by comparing the fall of force during
a maximal voluntary contraction (MVC), which requires full functioning of the entire pathway
of force production, to the fall of electrically-stimulated force, which evaluates changes distal
to the point of stimulation. Due to their greater reliability than twitch forces, which are more
variable and can disappear during fatigue, tetanic trains are the measure of choice for assessing
force-producing capability in the periphery. Obtaining a tetanus has the additional advantage
of providing information about the rates of force production and relaxation.

Another approach to quantifying the completeness of central activation is the central activation
ratio: [MVC/(MVC + superimposed stimulated force)]. While we and others have successfully
used the central activation ratio to detect central fatigue during isometric protocols, its
application to dynamic contractions can be problematic. At this time, the best measure of central
activation failure during dynamic contractions may be a comparison of the fall of dynamic
MVC and that of a separate measure of dynamic tetanic force. Other techniques, such as twitch
interpolation and transcranial magnetic stimulation, can also be very useful under the right
conditions. In general, studies of fatigue that employ high-intensity contractions are most likely
to result in central activation failure in vivo.

Peripheral activation failure is generally observed as a fall in the amplitude or area of the
compound muscle action potential, or m-wave, which is elicited in response to a single,
supramaximal stimulation of a peripheral motor nerve. A fall in m-wave amplitude suggests a
loss of excitability at the neuromuscular junction or along the muscle membrane, while an
increase in the duration of the negative peak of the m-wave in response to fatiguing contractions
suggests a slowing of neuromuscular propagation. Comparisons of changes in the H-reflex to
changes in the m-wave provides additional insight as to changes in spinal vs. peripheral
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excitability during fatigue. Peripheral activation failure typically does not play an important
role in fatigue during voluntary contractions in humans.

Skeletal muscle energetics can be quantified non-invasively and continuously during various
fatigue protocols using phosphorus magnetic resonance spectroscopy (MRS; (19,21). In studies
of fatigue, it is especially useful to monitor those metabolites, such as inorganic phosphate (Pi),
proton (H+) and diprotonated inorganic phosphate (H2PO4

−) that have been shown at the
molecular, cellular and whole-muscle (6,8,19,24) levels to inhibit force production. The
synthesis rates of intracellular adenosine triphosphate (ATP) by the creatine kinase reaction,
glycolysis and oxidative phosphorylation also can be determined using MRS (16). In all but
the most exhaustive contraction protocols, [ATP] is conserved through buffering by
phosphocreatine (PCr), via the creatine kinase reaction. Thus, ATP production matches its use,
which allows the cost of contractions to be determined from changes in PCr and H+ (21).

An adequate blood supply is vital to the maintenance of force production, both for the delivery
of oxygen and the removal of the by-products of metabolism. Elimination of blood flow by
cuff ischemia results in greater fatigue than during free-flow conditions. Transient occlusion
of blood flow due to intramuscular pressure on the vasculature during contractions has been
suggested to be one mechanism by which stronger muscles might fatigue more than weaker
muscles.

In vivo, whole-muscle contractile properties are assessed indirectly from the rates of force
development and relaxation, as well as from the total force produced during an electrically-
elicited contraction. In unfatigued muscle, slower force development and relaxation are
observed in muscles with greater type I myosin heavy chain content. The key observation is
whether these rates, and the total force produced during the stimulated contraction, decrease
during fatigue. Changes in the rate of force development can reflect slower calcium release or
slowing of cross-bridge cycling due to elevated levels of Pi or H+ (8). Slowed force relaxation
can also occur as a result of the effects of metabolite accumulation on cross-bridge kinetics
and the resequestration of calcium by the sarcoplasmic reticulum. It is common to observe
slowing of force relaxation in response to fatiguing contractions in humans.

Baseline Alterations in the Aged Neuromuscular System That May Affect Fatigue
There are many long-term changes in the unfatigued neuromuscular system of older adults that
may affect their ability to resist muscle fatigue. In the central nervous system, lower maximal
motor unit discharge rates have been observed during MVCs in the unfatigued muscles of older
compared with young adults (5,15). In contrast to the decrease in maximal motor unit discharge
rates (MUDR), the ability to recruit all motor units during an MVC appears to be unperturbed
in healthy older adults. This preservation of full voluntary activation is important, as the
assumption of recruitment of all motor units is critical to the accurate interpretation of fatigue
and its mechanisms during contractions.

Comparable deficits in baseline MVC and electrically-stimulated force in old compared to
young, along with similar specific strength (MVC · cross-sectional area−1) across age groups
(17), are consistent with the concept that most of the isometric strength differences in young
and old arise from differences in the periphery, mainly muscle size. Indeed, fat-free muscle
cross-sectional area (CSA, cm2) was shown to explain ~66% of the variation in ankle
dorsiflexor strength in healthy older subjects (17), highlighting the dominant role of sarcopenia
in the muscle weakness of old age. It is notable, however, that recent longitudinal studies (9,
10) reported decreased specific strength during dynamic contractions as the participants aged.
The observations that single-fiber specific tension was not decreased at the older time point,
along with the greater loss of specific strength at higher contraction velocities (9), suggests
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that, while muscle mass is clearly important, neural factors also may be important in any age-
related changes in specific strength during dynamic contractions.

In the periphery, there is a small (~8–10%), but potentially significant shift in fiber type number
toward more type I fibers in older compared with younger adults (14). The magnitude of this
shift, which is thought to arise from a loss of type II motor units with some reinnervation of
muscle fibers by type I motor neurons, is roughly similar across several muscle groups, and
appears to be accompanied by a relatively greater atrophy of type II fibers. The net result is a
slowing of whole-muscle contractile properties in older adults (19,28), which manifests as a
left-ward shift in the force-frequency curve (27,28). While type I fibers are generally more
fatigue-resistant compared to type II fibers, differences in functional characteristics between
type I and type IIA, the dominant type II isoform in human muscle, may be related more to
contractile speeds than to fatigue resistance, per se.

Despite the shift to a slower, theoretically more oxidative muscle, lower activities of oxidative
enzymes have been reported in older muscle (12), likely reflecting lower mitochondrial content
in the elderly. However, in studies in which subjects’ habitual physical activity levels are
addressed (3,18), similar oxidative capacities have been found in young and old, suggesting
that healthy older muscle can maintain its capacity to generate energy by oxidative
phosphorylation. Likewise, a preserved vascular bed is generally observed in older muscle
(11), which helps ensure an adequate supply of oxygen and clearance of metabolites during
fatiguing contractions.

During dynamic contractions, older adults exhibit decreased power production that becomes
more pronounced as contraction velocity increases, an effect that may be more apparent in
some muscle groups than in others (23). This velocity-dependent loss of power may result both
from central and peripheral changes in older adults. The impact of slowed voluntary
contractions on muscle fatigue in older adults has recently become an area of intense interest
(1,26), and will no doubt provide important new information about the malleability of this
characteristic in the aging neuromuscular system.

Mechanisms of Age-Related Fatigue Resistance
The integrative approach described above and illustrated in Figure 1 was first applied to the
study of muscle fatigue in aging using an incremental protocol designed to progress from
steady-state conditions to the onset of fatigue, quantified as the fall of MVC (19). Healthy,
relatively sedentary men and women aged 21–40 or 65–80 years were recruited, and the groups
were matched for similar physical activity levels using accelerometers. Following 16 minutes
of dorsiflexor contractions during which force, activation, contractile properties and energetics
were measured, the older group had fatigued less than the young group (Figure 2). Central and
peripheral activation failure were not sources of fatigue in either age group during this protocol.
Likewise, while the older adults had slower contractile properties at baseline compared to the
young adults, slowing in the rates of force development and relaxation did not differ across
age groups during fatigue. Rather, the difference in fatigue across age groups had a metabolic
basis. The older men and women had a smaller decrease in intracellular pH (Figure 2), and
accumulated less Pi and H2PO4

− compared with the young. In both groups, the fall of MVC
was strongly associated with [H2PO4

−]. The smaller degree of acidosis in the older group
suggested that they relied relatively more on oxidative metabolism to provide energy for
contractions, which allowed them to avoid the accumulation of fatigue-inducing metabolites
and thereby maintain force production more effectively than the young.

To pursue the possibility of a greater reliance on oxidative energy production by older muscle,
we next compared ATP production rates by the creatine kinase (CK) reaction, glycolysis and
oxidative phosphorylation in healthy young and older men (20). During an MVC sustained for
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60 s, the older group generated relatively more ATP (% total) by oxidative phosphorylation
and relatively less by glycolysis compared to the young group (Figure 3). In addition, the total
energy cost of the contraction was lower in the older group. Thus, these results provided novel
evidence of a relatively greater contribution to ATP production from oxidative metabolism in
the muscle of healthy older men.

The next question to address was whether this reliance on oxidative energy production in older
muscle represented a “preference” for oxidative phosphorylation or a limitation in glycolytic
function. To distinguish these possibilities, healthy young and older men and women performed
an intermittent MVC protocol (12 s on/12 s off) twice, once with blood flow intact and once
with flow occluded by a pressure cuff placed around the thigh and maintained at 220 mmHg
(21). The use of ischemic contractions enabled us to remove the muscle’s ability to generate
ATP oxidatively and determine whether older muscle was capable of generating sufficient ATP
via anaerobic glycolysis. While the expected difference across age groups in fatigue and
acidosis was observed during free-flow contractions, we were somewhat surprised to observe
that, despite removing the oxidative energy supply, the older group also showed less fatigue
and intracellular acidosis compared to the young during ischemic contractions (Figure 4). Once
again, there was a difference across age groups in the pathways of ATP generation during free-
flow conditions, such that the young group generated more ATP by glycolysis. However, there
was no difference between groups in glycolytic flux during ischemia, indicating that glycolytic
function was unimpaired in the older group, and suggesting that the greater reliance on
oxidative metabolism during free-flow conditions represents a “preference” rather than a
limitation in healthy older muscle. As in the earlier study that used submaximal contractions
(19), the accumulation of H2PO4

− was strongly associated with the fall of force during these
MVCs. Analysis of a subset of 16 young and 16 older subjects in whom maximal muscle CSA
was obtained by magnetic resonance imaging revealed that, overall, the older group had higher
metabolic economy (Ns · cm−2 · mM ATP) during the free-flow protocol than the young group
(Figure 5). These data provide the first evidence of an age-related difference in metabolic
economy in human skeletal muscle in vivo under conditions in which a difference in fatigue
was also observed.

Because intramuscular pressure can cause transient occlusion of the vasculature and thereby
interrupt oxygen delivery during strong contractions, it has been suggested that a portion of
the relative fatigue resistance of older adults may be related to the lower muscle forces they
produce compared to the young. To address the question of whether muscle strength or the
interruption of blood flow contributes to differences in fatigue during intermittent maximal
contractions, young and older men performed MVCs (50% duty cycle, 5 s on/5 s off) with
blood flow intact and during ischemia (4). Again, the older group had less fatigue during both
free-flow and ischemic conditions. When subgroups of young and old were matched for similar
baseline strength, these differences in fatigue remained. Notably, the greater fatigue exhibited
in the young during ischemia was accompanied by central and peripheral activation failure,
which were not observed in the older group. While it is generally accepted that metabolic
changes in the periphery during muscular work can influence central motor drive via afferent
feedback (2), little is known about this process in the aged neuromuscular system. Overall,
these results suggest that the smaller metabolic perturbation observed in older muscle (19–
21) may also confer an advantage by minimizing changes in central motor drive during
voluntary muscle contractions.

It is important to note that, as in all studies of muscle fatigue, the task performed will influence
the sites of failure. As a result, there may be a point at which the advantage older subjects may
have in maintaining voluntary activation is abolished. In a separate study using intermittent
MVCs with a 70% duty cycle, greater fatigue was again observed in young than old, but in this
case central fatigue was not different across groups (30). As in our study using a 50% duty
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cycle (4), baseline strength was not predictive of fatigue. Collectively, these studies suggest
that the source of the fatigue differences in healthy young and older adults resides mainly in
the muscle, and is independent of blood flow.

In summary, an age-related fatigue resistance has been observed during submaximal and
maximal voluntary contractions in the ankle dorsiflexor muscles of healthy older adults. This
has been the case for both isometric and dynamic contraction protocols (22), with and without
blood flow (4,21). Although cross-sectional study designs are not without their limitations, a
key design element in these studies has been the matching of habitual physical activity levels
in young and old study groups, all of whom consisted of relatively sedentary, un-medicated
volunteers. We have determined that fatigue during both sub-maximal (19) and maximal (21)
contraction protocols is associated with a greater reliance on oxidative phosphorylation, less
acidosis and lower accumulation of Pi and H2PO4

− in older compared to young muscle.

The results of these studies suggest a new hypothesis to explain this age-related fatigue
resistance, which is illustrated in Figure 6. We hypothesize that higher metabolic economy is
a critical mechanism of the enhanced fatigue resistance of older muscle, as it would allow older
muscle to meet its energetic needs with a smaller perturbation of intracellular metabolism. Both
muscular and neural factors could contribute to a difference in metabolic economy across age
groups. The small increase in the proportion of type I fibers, which have been shown to be
more economical than type II fibers (31), results in slower contractile properties and a leftward
shift in the force-frequency relationship, thereby allowing older muscle to produce similar
relative force with lower MUDR. Fewer depolarizations could translate to lower energy costs
for ion pumping, thereby decreasing the total ATP cost of contractions. These neural and
muscular factors could combine to reduce the energetic cost of contractions, allow relatively
greater use of oxidative metabolism, and delay because fewer byproducts of glycolysis would
accumulate in the muscle. Studies to test this novel hypothesis are underway.

The Paradox: Fatigue Resistance Despite Declining Physical Function in the Elderly?
There are at least two important reasons to study muscle fatigue in the elderly. The first is to
address the fundamental questions: Independent of sarcopenia, how does an aged
neuromuscular system respond to the demand for continued force production? Are the
mechanisms of fatigue different in young and old? A second reason for the study of fatigue in
the elderly is more pragmatic. While the inevitable loss of muscle mass is well-known, if not
yet fully understood, clarification of potential changes in the quality of old muscle, including
fatigue resistance, is equally compelling. Large-scale longitudinal data suggest a decrease in
whole-muscle, but not single-cell, quality (i.e., specific strength) in advanced age (9,10).
Additional in vivo markers of muscle quality, such as motor unit behavior, metabolic economy
and fatigue resistance may be acting to preserve physical function in the face of declining
strength.

The design of interventions that mitigate the loss of neuromuscular function in old age first
requires an understanding of how and why muscle fatigue is altered in healthy older adults.
Then the questions can be asked: To what extent do changes in lifestyle (e.g., decreased
physical activity), health and environment affect the various factors involved in muscle fatigue
in older adults? Further, how do changes in muscle fatigue in the elderly impact physical
function and the ability to live an independent lifestyle? Under what conditions might an age-
related fatigue advantage be lost? As the mechanisms of fatigue in healthy elders become more
clear, work has begun to systematically examine how poor health, various medications,
deconditioning, very old age and severe sarcopenia affect the ability of the aged neuromuscular
system to resist muscle fatigue in wide range of situations.
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CONCLUSION
An integrated approach to the study of muscle fatigue has provided an exciting opportunity to
examine the mechanisms of human skeletal muscle fatigue in vivo, and the effects of old age
on these mechanisms. By incorporating information from multiple systems, we can determine
how these systems interact to produce force, and under what conditions the various components
fail. The combination of lower maximal MUDRs, slower contractile properties, and relatively
greater reliance on oxidative metabolism suggests a scenario in which older muscle may be
better equipped to resist fatigue than young muscle. Thus, we suggest a neuro-energetic basis
for fatigue resistance in the elderly that is centered on higher metabolic economy in the older
neuromuscular system. Elucidation of the conditions under which this advantage is asserted,
as well as the factors that contribute to its loss due to disease, senescence or changes in lifestyle,
awaits further investigation.
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Figure 1.
Potential sites of failure during muscular activity. A model of the pathway of force production,
useful for studies of the mechanisms of fatigue in vivo. Impairment at any site could result in
a decrease in force or power output, indicating muscle fatigue. See text for details.
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Figure 2.
Target force, fatigue and intracellular pH in young (solid symbols) and older (open symbols)
groups during incremental contractions. MVC; maximal voluntary contraction, obtained every
2 min. While both groups attained target level through 12 min of contractions (top panel), the
older group had less fatigue (fall of MVC, middle panel) and acidosis (bottom panel) compared
to young. Modified from J Appl Physiol 93:1813–1823, 2002. Used with permission.
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Figure 3.
Relative contribution from the 3 pathways of adenosine triphosphate (ATP) production during
a sustained maximal voluntary contraction (MVC) in young (top) and older (bottom) groups.
Percentages of total ATP from the creatine kinase reaction (hatched bar), oxidative
phosphorylation (gray bar) and glycolysis (black bar) are shown. Older group generated
relatively more ATP from oxidative phosphorylation than young group. J Appl Physiol
99:1736–1744, 2005. Used with permission.
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Figure 4.
Fatigue (left) and intracellular pH (right) during intermittent dorsiflexion maximal voluntary
contractions (MVC) under free-flow (top) and ischemic (bottom) conditions. Open symbols
indicate older group; solid symbols indicate young group. Hatched bars indicate contraction.
FTI; force-time integral. Data are mean ± SE. Modified from J Physiol 583.3:1093–1105, 2007.
Used with permission.
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Figure 5.
Metabolic economy in young (solid bars) and older (open bars) groups during intermittent
maximal voluntary contractions (MVC). Older group had a higher metabolic economy (ME)
than young group. Data are mean ± SE. See text for details.
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Figure 6.
Hypothetical sources and impact of increased metabolic economy in older skeletal muscle.
Proposed scenario that may provide older muscle an advantage in terms of fatigue resistance,
with the mechanisms of this advantage residing in both the neural and muscular systems. See
text for details.
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