4) AGING, EXERCISE AND SHORT TERM POWER
The effects of age and exercise on short term maximal

performance: A model based on physiological systems.
by Jim Martin Ph.D University of Utah, Salt Lake City

Maximal exercise of short duration is most often associated with sport
performance, but is also a factor in many daily activities. Climbing stairs,
hurrying across a busy street, or carrying a heavy grocery bag may represent
short term maximal efforts, and the ability to perform these types of activities
can have a major influence on the independence of older adults, and may
serve as an index of an individual’s ability to live independently. This type of
performance has rarely been studied in older adults, primarily due to safety
concerns. Therefore, we are limited to examining short term maximal
performance in the elderly by first determining the physiological systems that
limit such performance in general, and then examining the effect of aging on
each individual system. Since it is often difficult to separate the effects of
aging from those of disuse, we will assume that aging means sedentary
aging. Subsequently, we will consider the effects of exercise on these
systems.

Among the few studies of maximal short term performance in older adults,
Makrides et al., (1985) showed that maximal power output for 30 seconds
decreased with age. However, they also showed that lean thigh volume was
highly correlated (r = 0.84) with power. Therefore, it may be that power would
not have shown a decrease with age, if lean thigh volume had been
controlled for statistically. In a subsequent investigation, Makrides et al.,
(1990) showed that 12 weeks of high-intensity training produced greater
increases in total work accomplished in 30 seconds in old (60-70 year old,
12.5%) than young (20-30 year old, 8%) subjects. One interpretation of this
greater increase in work after training is that the older subjects were more
detrained at the beginning of the study, due to the effects of sedentary
lifestyle. Also, the fact that the older subjects adapted at least as well as the
younger subjects serves to refute the claim that aging alone reduces short
term performance, because these older subjects retained the ability to adapt
to a training stimulus.

General model of short term maximal performance

Maximal performance of short duration (i.e. 30 - 120 sec) is often thought of
as "anaerobic", or not relying on aerobic energy production. However, Medbo
and Tabuta (1989) have shown that aerobic processes accounted for 40% of
Cycling Articles: Physiology 1 4. Aging & Exercise



the energy produced in a 30 second maximal exercise bout, and 65% of the
energy produced in a 2 minute maximal exercise bout. Therefore, the
physiological mechanisms of both aerobic and anaerobic energy production
must be accounted for in order to properly model short term maximal
performance. Additionally, the ability to recruit muscular activity of high
intensity may be limited by central neural drive and neural signal
transmission.

Aerobic energy production is limited by VO2 max, the maximum ability of an
individual to take in and use oxygen. VO2 max is limited by both the amount
of oxygenated blood the cardiopulmonary system can provide to the working
muscles and by the amount of oxygen the working muscles can extract from
the blood. The delivery of oxygenated blood to the working muscles is limited
by cardiac output, which is the product of heart rate and stroke volume. The
ability of the working muscles to extract oxygen is characterized by the
arterial-venous oxygen difference (a-v O2 difference) and is limited by muscle
mass, capillary density, and mitochondrial density.

Anaerobic work capacity is defined as the maximum amount of work that can
be produced from anaerobic energy systems (Green, 1994). These systems
include provision and phosphorylation of ATP from 3 sources: (1) stored ATP,
(2) ATP that is resynthesized via the ADP+CP to ATP reaction, and (3) ATP
produced by anaerobic glycolosis. The limiting factors for anaerobic work
capacity are muscle mass, and muscle metabolic characteristics. There are
several critical or rate limiting metabolic characteristics for anaerobic energy
production, including catalyzing enzymes and substrates:

1. Resting levels of ATP
2. ATPase, which is rate limiting for hydrolysis of ATP,
3. Resting creatine phosphate (CP) levels, which limits the total energy
available via the ADP+CP to ATP pathway,
4. Creatine kinase (CK) which catalyzes and is thought to be rate limiting for
ADP+CP to ATP reaction,
5. Muscle glycogen as a substrate for glycolosis,
6. Phosphorylase (PHOS) and phosfofructokinase (PFK), which are thought
to be rate limiting for anaerobic glycolosis, and
7. Anaerobic work capacity may be indirectly dependent upon capillary
density which facilitates diffusion of metabolic byproducts out of the
muscle.
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Figure 1 below presents a general model for maximal short term performance
which is based on these physiological systems. At the center of the model is
the active muscle mass, which is supplied with ATP from both aerobic and
anaerobic systems, and which is recruited by neuromuscular signals. Next,
we will examine the effects of aging on physiological systems.
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Age related changes to the determinants of short term maximal
performance

Many of the determinants for aerobic and anaerobic capacity change with
age. Muscle mass, which is central to both aerobic and anaerobic capacity,
decreases with sedentary aging, as shown by several investigations (Lexell et
al, 1988, Coggan et al, 1992a, Gollnick et al, 1972, Larsson and Karlsson
1978, 1984, Grimby et al, 1983, Grimby et al, 1984, Lexell et al, 1983, Lexell
et al, 1986). These decreases appear to occur primarily due to the loss of
muscle fibers (Lexell et al, 1988), but are also due to atrophy of individual
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fibers, particularly fast twitch muscle fibers (Lexell et al, 1988, Coggan et al,
1992a). Some early research has suggested that there is a selective loss of
fast twitch muscle fibers with aging (Gollnick et al, 1972, Larsson and
Karlsson 1978). If true, this selective loss of fiber could result in a relative
decrease in anaerobic work capacity, greater than the amount of muscle
atrophy. However, more recent work has not confirmed this specificity of fiber
loss (Sato et al, 1984, Grimby et al, 1983, Grimby et al, 1984, Lexell et al,
1983, Lexell et al, 1986), and indicates a preservation of muscle fiber type
distribution with aging.

In healthy sedentary individuals, VO2 max decreases about 1% per year
(Heath et al, 1981). This decrease is related to decreased capacity in all of
the systems that determine VO2 max: maximum heart rate, stroke volume,
and a-v O2 difference. Maximum heart rate declines about one beat per year
with age (Shephard, 1987). Although results regarding stroke volume are
mixed, most investigations have shown that during exercise, stroke volume
decreases with sedentary aging (Hagberg et al, 1985, Ogawa et al,1992).
However, other investigations show that stroke volume is maintained or even
increased (Rodeheffer et al, 1984). Similarly, a-v O2 difference decreases
with age in sedentary people (Hagberg et al, 1985, Ogawa et al.,1992). This
decrease is related to decreased capillary density, mitochondrial density, and
muscle mass.

Early studies of mitochondrial density in skeletal muscle did not indicate any
age-related decrease (Oralander et al, 1978, Larsson et al, 1978a, Larsson et
al., 1978b, Grimby et al, 1982). These findings may have been influenced by
the effects of an active older subject population. More recently, however,
investigations of subjects that were truly sedentary showed a significant (25-
40%) age-related decrease in three mitochondrial enzymes (SDH, CS, and b-
HAD, Coggan et al, 1992a), and in in-vitro muscle oxygen uptake (Meredith et
al, 1989).

Parizcova et al, (1971), demonstrated that the number of capillaries per unit
of cross-sectional area did not change with age, but that, due to muscle fiber
atrophy, there was a significantly lower capillary to fiber ratio in the older
subjects. These findings were supported by those of Grimby et al, (1982).
More recently, however, Coggan et al, (1992a) has shown that in truly
sedentary subjects, both capillary density and capillary to fiber ratio decrease
with aging (Coggan et al, 1992a).
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Early studies of age-related effects on the anaerobic enzymes in skeletal
muscle showed that the maximal activity of PFK, MK, and ATPase did not
change with age, but that LDH decreased significantly (Oralander et al., 1978,
Oralander et al, 1980, Larsson et al, 1978a, Larsson et al, 1978b). These
findings were supported by Aniansson et al., (1981) except that they did not
find an age related change in LDH. Grimby et al, (1982) found no age related
decrease in the activity of HK and LDH. More recently, Coggan et al, (1992a)
found no age related difference in phosphorylase, LDH, or PFK. Additionally,
resting levels of ATP are not affected by age (Moller et al, 1980). Perhaps the
most thorough investigation of glycolytic enzymes and aging was performed
by Essen-Gustavsson and Borges (1986), who found no age-related change
in HK, LDH, CK, or MK. Aside from early findings that LDH was reduced with
aging, no age-related decrease in glycolitic enzyme activity or high energy
phosphates has been demonstrated.

The findings regarding metabolism of glycogen might indicate that older
individuals can metabolize muscle glycogen as well as younger individuals.
Unfortunately, Meredith et al, (1989) have shown that older people have less
muscle glycogen to metabolize. They showed that muscle glycogen in vastus
lateralis was 61% higher in sedentary 24 year old men compared with
sedentary 65 year old men.

Creatine phosphate concentrations have been shown to decrease slightly
with respect to aging. Moller et al (1980) found a slight (5%) but significant
decrease in creatine phosphate in skeletal muscle of men and women 52-79
years of age, compared with younger adults. McCully et al (1991) also found
a small decrease in the creatine phosphate to inorganic phosphate ratio using
magnetic resonance spectroscopy.

Neural activation of skeletal muscles may change with aging. Evidence to
support this hypothesis stems from the finding that specific tension (i.e.; force
per unit cross sectional area) is maintained with aging in muscle fibers in-vitro
(McCarter 1978), but not in whole muscles in-vivo (Phillips et al, 1992). Since
neural enervation is maintained (Phillips et al, 1992 and Walters et al, 1990)
with respect to aging, it is possible that "age-related deficiencies of motor
function are probably related to other factors, such as those associated with
neuromuscular transmission or propagation of nerve impulses" (McCarter and
McGee, 1987). Smith and Rosenheimer (1984) investigated neural
transmission velocity and found no age related effects in rats. They
concluded that "motor deficits during aging must be associated primarily with
changes in central pathways or at the muscular apparatus." To test that
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hypothesis, they examined architectural changes to the neuromuscular
junctions (Rosenheimer and Smith 1985), and found age-related changes in
nerve terminal branch number; the rate of changes in end-plate morphology
of all muscles studied increased after 25 months of age. In rats, 25 months is
equal to the mean lifespan, so it is unclear whether these changes occur as a
linear function of aging, or as an end lifespan event. In summary, the neural
signal to fire muscle contraction is maintained with age, but the ability to
communicate that signal to the contractile machinery of the muscle may be
compromised by changes at the motorneuron endplate.

Figure 2 below presents the effects of aging on the mechanisms of maximal
short term performance. The shaded portions represent those systems in
which maximal performance or function has been shown to decrease with

age.
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Next we will examine the effects of exercise on these systems in an attempt
to determine if exercise can help maintain short term maximal performance
with increasing age.

The age-related loss of muscle mass can be ameliorated with strength
training (Brown et al, 1990, Charette et al, 1991, Fiatarone et al, 1990,
Frontera et al, 1988). The subjects in the study of Frontera et al, (1988)
increased muscle cross sectional area by 11% after 12 weeks of intense
training, which is similar to the increases experienced by young adults for
similar training (Hurley et al, 1991). The subjects in the study of Brown et al.,
(1990) trained only one arm for twelve weeks, and increased CSA in the
trained arm by 17%. Charette et al, (1991) trained older women for 12 weeks.
These women increased CSA by 20%. In all these studies, cross sectional
area was increased due to hypertrophy of individual fibers, not by restoration
of lost fibers. In an animal model study, Klitgarrd et al, (1989) found that
weight training reduced the age-related decline in rat muscle.

In cross-sectional studies of VO2 max, older individuals who maintain
vigorous endurance training, experience a decrease of about one-half of one
percent per year, compared to younger adults (Heath et al, 1981, Ragers et
al, 1990), or about half the decline experienced by sedentary adults. Some of
this difference may be related to training between older and younger subjects.
To control for training differences, Hagberg et al, (1985) matched older (56
year old) runners for training volume, intensity and 10k performance, with
younger runners (25 years old) and still found a 9% difference, or 0.3%/year
decrease in VO2 max. However, in a longitudinal investigation, runners who
maintained their training over a ten year period did not exhibit any decrease
in VO2 max (Pollock et al, 1987). Several of the runners in this study stopped
training and they experienced a 14% decrease in VO2 max. This is
interesting in that it is similar to the decrease in VO2 max experienced after
only 56 days of detraining (Coyle et al, 1984). Taken together, these findings
suggest that the effects attributed to aging in sedentary individuals and
detraining in previously trained individuals may be difficult to separate.

With regard to the components of cardiac output, training has no effect on the
age-related decrease in maximum heart rate (Rodeheffer et al, 1984,
Hagberg et al, 1985, Shephard 1987). However, stroke volume is improved
significantly with endurance training (Levy et al, 1993, Stratton et al, 1994).
Specifically, training appears to enhance diastolic filling (Levy et al, 1993). In
one of the best conceived investigations of training and hemodynamic
function, Hagberg et al, (1985) studied older and younger runners who were
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matched for performance, training intensity and training volume. Their
findings indicate that the decreased VO2 max of the older runners was solely
a function of decreased maximum heart rate, and that stroke volume and a-v
O2 difference were similar to those of the younger runners.

The age related decline in mitochondrial density may be ameliorated with
exercise training. Early studies found little or no change in markers of
mitochondrial density (Aniansson and Gustafsson, 1981, Oralander and
Aniansson, 1980, Souminen et al., 1977). However, these studies used
exercise protocols that were relatively low intensity, and were maintained for
only a brief time. Also, the subjects in these studies may have been
moderately active rather than truly sedentary. More recently, Coggan et al.,
(1992b), screened carefully to obtain a truly sedentary subject population,
and employed a vigorous exercise regime for 9 to 12 months. They found that
this exercise significantly increased citrate synthase, the best predictor of
mitochondrial density (29% in men and 17% in women). Furthermore,
masters runners who were matched for training volume and intensity with
young runners had similar CS activity (Coggan et al, 1993). Also, the primary
cause of loss of mitochondrial function is thought to be the prolonged effects
of oxidative free radical stress (Ames et al, 1995 review), therefore it is
possible that chronic intake of antioxidants may preserve mitochondrial
density independent of exercise.

The results of investigations of capillary density are similar to those of
mitochondrial density. Exercise regimes that involve low intensity exercise for
a short period, and those that trained active older people did not increase
muscle capillary density (Aniansson and Gustafsson, 1981, Oralander and
Aniansson, 1980, Denis et al, 1986). However, Coggan et al, (1992b) found
significant increases in both capillaries per unit cross-sectional area (16% for
men and 25% for women) and in capillaries per fiber (26% for men and 38%
for women) when truly sedentary individuals performed more intense exercise
for a longer period. Furthermore, masters runners who were matched for
training volume and intensity with young runners had similar capillary density
in capillaries per mm2 and a greater number of capillaries per fiber (Coggan
et al., 1993). Interestingly, the strength training performed by the subjects of
Frontera et al., (1988) elicited an unexpected increase in VO2 max, capillary
to fiber ratio, and mitochondrial enzyme activity.

Muscle glycogen is increased in young people after exercise training, but has
apparently only been investigated once, by Meredith et al, (1989). They
showed that a relatively short (12 week), but fairly intense (70% of VO2 peak)
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training program produced significant (27%) increase in muscle glycogen
content. Even with this increase, the older subjects still had less muscle
glycogen than either the trained or sedentary younger men. It remains to be
determined if higher intensity or longer duration training would restore muscle
glycogen content to levels equal to those of younger people.

The small age related decrease in creatine phosphate may be eliminated with
training. Moller and Brandt (1982) showed that six weeks of cycle ergometer
training increased creatine phosphate levels of 61-80 year old men to those
of younger adults.

Although the joint effects of aging and exercise on motorneuron endplate
structure has not been specifically investigated, we may be able to
hypothesize on the effects based on other findings. Specifically, in the
strength training studies cited, the increases in strength are greater than the
increase in muscle cross sectional area, indicating an increase in specific
tension. It is known that specific tension in muscle fibers in-vitro is maintained
with aging (McCarter, 1978) but decreased in whole muscle in-vivo (Phillips,
et al, 1992), probably due to changes in motorneuron endplate structure
(Rosenheimer and Smith, 1985). Therefore, we can surmise that the apparent
increase in specific tension with strength training is due, at least in some
measure, to increased performance of the motorneuron. It should also be
mentioned that improvements in expressed strength after training may be in
part due to improved coordination and learning.

Summary

Many, but not all of the effects of sedentary aging can be altered with
exercise training. Figure 3 presents the combined effects of aging and
exercise on the mechanisms of maximal short term performance. The blue
shaded portions represent those systems in which age related decreases in
maximal performance or function has been shown to be minimized or
eliminated with exercise. The red shaded portions represent those systems in
which age related decreases in maximal function is not minimized by
exercise.

Muscle mass can be at least partially maintained with strength or endurance
training. Mitochondrial density and capillary density can be maintained with
vigorous exercise training. Stroke volume can be increased with exercise
training, but heart rate declines irrespective of activity level, resulting in an
age related decrease in cardiac output and VO2 max. Muscle glycogen
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content can be increased in older individuals, but the studies that have been
conducted to date have used low intensity or short term training programs
and have not increased muscle glycogen levels up to those of younger
people. Exercise probably enhances the function of the neuromuscular
junction, and allows better recruitment of skeletal muscle. Based on the
findings presented, our model predicts that sedentary older adults should
have dramatically lower short term maximal performance than younger
adults. However, an older adult who is trained at the same volume and
intensity as a younger adult should be capable of performances similar to
his/her younger counterpart. The unalterable decrease in heart rate and
consequential reduction in VO2 max may prevent the older individual from
training at the same volume and intensity as a younger athlete, and
consequently, performance of the older athlete will be limited by the reduction
in absolute training volume and intensity. However, the trained older adult
should almost certainly have performances superior to those of younger and
older sedentary adults, and therefore may have a better ability to cope with
the physiological demands of free living.
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