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ABSTRACT

The studies described in this thesis aimed to examine some of the mechanisms
underlying the lower levels of muscle strength and power in older women, who are at
higher risk than men for age-related disability, and some of the adaptations in
response to resistance training.

The initial study showed that it is not only a smaller contractile muscle volume,
estimated separately from the intramuscular non-contractile tissue, which accounts
for differences in quadriceps muscle strength, expressed as torque, between young
and older women, but also a higher level of coactivation of the antagonist muscles.

Lower limb explosive power, which depends on both strength and speed of
movement, and is more predictive of functional difficulties than strength per se, was
then compared between young and older women during a single leg-press action after
optimisation of load. The older women could not even move the resistance at which
the young women achieved maximum power. Their lower levels of power, which
appear to be more affected by ageing than isometric strength, were due to lower
levels of both force and velocity at which maximum power was measured.

In the third study, the neural adaptations to a short-term resistance-training
programme were investigated by analysing the time and frequency-domain
characteristics of the surface electromyogram measured on the biceps-brachii muscle
during constant-force sustained-isometric contractions. Older women responded to
the same training programme with a lower increase in strength than the young
women. This was accompanied by a different electromyographic response in the two
groups.

Finally, three modalities of resistance-training, which were carried out for 16
weeks on a cycle-ergometer at either high-resistance and low-speed, low-resistance
and high-speed, or a combination of both, were shown to be equally effective in
improving power, strength and selected functional abilities in a healthy population of
65-74 year-old women.

The findings of these studies are discussed in relation to the current knowledge on

mechanisms and adaptations of muscle strength and power in the older woman.
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CHAPTER 1

INTRODUCTION



Human muscle strength, which can be defined as the maximum force generated by
an individual, reaches its peak between the second and third decades, shows a slow
or imperceptible decrease until about 50 years of age and then begins to decline
thereafter at the rate of approximately 12% to 15% per decade, with more rapid
losses above the age of 65 years (Asmussen and Heeboll-Nielsen, 1962; Larsson et
al., 1979; Viitasalo et al., 1985; Vandervoort and McComas, 1986; Borges, 1989,
Narici et al., 1991; Metter et al., 1997; Lindle et al., 1997). Since this trend has been
measured 1n studies with cross-sectional design, it would not be appropriate the use
of words such as “decrease”, “decline”, “drop”, etc., which imply that the strength of
the older participants in their younger age was the same as that of the younger
participants. This 1s a dangerous assumption, because the older people are of a
different generation, with a lifetime of physical activity, health and nutrition that is
probably unlike the habits of their young counterparts. However, as it is common
practice in the literature, words such as “decrease”, “decline”, “drop”, etc., will be
used throughout this thesis even if inappropriate. There are few investigations with a
longitudinal design that have determined how strength changes with ageing and, to
the best of the author’s knowledge, the same individuals were followed for no longer
than 12 years (Aniansson et al., 1986; Kallman et al., 1990; Bassey et al., 1993; Greig
et al.,, 1993; Winegard et al., 1996; Rantanen et al., 1997a; Frontera et al., 2000a).
Most of the studies indicate that the decline in strength occurs at a higher rate than
reported in cross-sectional investigations (Aniansson et al., 1986; Kallman et al.,
1990; Bassey et al., 1993; Winegard et al., 1996; Frontera et al., 2000a), although no
change (Greig at al., 1993) or even a slight increase in strength (Rantanen et al.,
1997a) have both been measured. Direct comparisons between groups of young and
older individuals have shown that the quadriceps muscles of older people aged
around 70 years have approximately 60% of the force generating ability of young
individuals aged 20-30 years (Young et al., 1984; Young et al., 1985; Klitgaard et al.,
1990; Hikkinen and Hikkinen, 1991; Overend et al., 1992a; Frontera et al., 2000b),
ranging from a minimum of 56% (Klitgaard et al., 1990) to a maximum of 706%
(Hikkinen and Hékkinen, 1991; Overend et al., 1992a). It is likely that this variability
of strength differences reflects different study populations, levels of physical activity,

muscle groups investigated and testing methodologies. Moreover, Short and Nair



(1999) pointed out that the decline of muscle function 1n the whole population may
be even greater than that reported, because many older individuals are excluded from
research studies for the presence of disease. Finally, further evidence of this
inevitable process of decay is given by measurements performed on master athletes,
whose performance inexorably decline as they age, although 70 year-old athletes can
have levels of strength, power and other functional capacities equivalent to 20 year-
old sedentary individuals (Moore, 1975; Meltzer et al., 1994, Pearson et al., 2002).
The loss of strength with ageing is apparently true for both men and women
(Danneskiold-Samsoe, 1984; Vandervoort and McComas, 1986; Borges, 1989;
Frontera et al., 1991; Lindle et al., 1997). The early study of Asmussen and Heeboll-
Nielsen (1962) reported that women began to decline at an earlier age than men, but

this observation was not confirmed in further studies. However, it is evident that
women are weaker than men in absolute strength of various muscle groups in all
stages of life (Danneskiold-Samsoe, 1984; Vandervoort and McComas, 1986:
Borges, 1989; Frontera et al,, 1991; Lindle et al., 1997). For example, Frontera et al.
(1991) reported that women had 60 and 59% the strength of men in the lower
extremities when they were tested at slow and fast isokinetic speeds, respectively (the
term isokinetic indicates that the movement of the displaced body segment is
performed at constant angular speed). Similarly, Borges (1989) found women in
different age groups to have 66% and 53% the isokinetic peak torque of men in the
knee-extension and knee-flexion, respectively. Although males and females appear to
show comparable age-related trends when maximal strength is referred to the unit of
muscle cross-sectional area (CSA) (Vandervoort and McComas, 1986; Winegard et
al., 1996; Lindle et al., 1997), in the latter stages of life absolute values of maximal

strength in women can approach the minimal levels necessary to accomplish daily
activities, thus suggesting that women should be the first target group in intervention

and rehabilitation studies (Skelton et al., 1994).

Regional anatomical differences in the loss of strength have also been reported in
the literature (Viitasalo et al., 1985; Frontera et al., 1991: Rantanen et al., 1997a;
Lynch et al., 1999). The proximal muscles of the lower extremities are more affected
by strength losses than those of the upper extremities, which in older people has been

ascribed to a decreasing use of lower compared with upper limb muscles (Viitasalo et



al., 1985; Frontera et al., 1991; Lynch et al., 1999). This is supported by the fact that
age-related morphological changes are more pronounced in the quadriceps than in the
biceps brachii muscle (Aniansson et al.,, 1986). By contrast, longitudinal data of
Rantanen et al. (1997a) showed that older men and women slightly increased their
knee extensor strength from 75 to 80 years, as opposed to a decrease in upper
extremity and trunk strength. The investigators suggested that everyday activities at
low intensity might have provided sufficient stimulus to the knee extensor
musculature. This is in contrast, however, with the evidence that activities of daily
living require little quadriceps strength, as during normal walking when quadriceps is
activated only briefly at the beginning and end of the gait cycle (O’Toole, 1997).
Moreover, individuals with weak quadriceps tend to supplement knee extensor
movements with other muscles, such as arm muscles to get up from a chair, or alter
their behaviour to avoid activities such as climbing stairs.

Muscle strength can be tested using three different modalities: isometric, dynamic
or isokinetic (Frontera et al.,, 1989; Abemethy et al., 1995). Isometric or static
strength is the maximum force that can be exerted against an immovable object,
which corresponds to the maximum that can be measured in humans. Dynamic
strength 1s the heaviest weight that can be lifted, whilst isokinetic strength is the
maximal torque that can be exerted against a pre-set rate-limiting device. Maximum
strength 1s measured during isometric contractions, in which there is no change in
muscle length, whilst power is generated in actions that involve movement and is
calculated as the product of force and speed at which movement occurs. In this thesis,
muscle power will be considered as that generated in a single explosive movement,
lasting a fraction of a second, where muscle metabolism does not limit the
pertormance. This is different from “sustained power”, which describes the ability to
maintain a submaximal level of power output in activities of longer duration such as
cycling or running (Sargeant, 1994). Fewer studies have been conducted on muscle
power as compared to strength, possibly due to methodological difficulties, as will be
discussed later in this chapter.

Lower levels of strength and, to a greater extent, power, are associated with
functional limitations in daily living activities (Aniansson et al., 1980; Avlund et al.,

1994; Skelton et al., 1994; Foldvari et al., 2000). In addition, muscle weakness is



associated with an increased risk of falls (Tinetti et al., 1988; Campbell et al., 1989;
Wolfson et al., 1995), hip fractures (Aniansson et al., 1984; Langlois et al., 1998) and
adverse physiological changes such as loss of bone mineral density (Sinaki et al.,
1986), which may predispose to osteoporosis.

The introduction of this thesis begins with a systematic examination of the main
causes of muscle strength loss in old age. This is then followed by a review of the
few studies specifically investigating muscle power, with power being more related
to daily functional activities than strength per se. Finally, the focus is on how these
age-related changes in muscle function can be improved through appropriate training
programmes. Some of the studies on strength training in older people will be
critically scrutinised, followed by the more limited number of investigations

specifically aimed at improving muscle power and the few works looking at the

effects of training on selected functional abilities.



CAUSES OF MUSCLE STRENGTH LOSS IN OLD AGE

Muscle size and morphology

Muscle size is reduced with ageing and this quantitative loss of muscle, referred to
as “‘sarcopenia” (Evans, 1995), affects the generation of force. Sarcopenia has been
measured using various techniques, which include measurements of total body
potassium (Allen et al., 1960) or creatinine excretion (Tzankoff and Norris, 1977),
histochemical analysis of muscle fibres, in either biopsy (for example Larsson et al.,
1979) or autopsy (Lexell et al., 1983; Lexell et al., 1988) specimens, and imaging
methods such as ultrasonography (Young et al., 1984; Young et al., 1985; Hikkinen
and Hakkinen, 1991), computerised tomography (CT) (Rice et al., 1989; Klitgaard et
al., 1990; Overend et al., 1992b) and, more recently, magnetic resonance imaging
(MRI) (Jubrias et al., 1997; Kent-Braun and Ng, 1999; Kent-Braun et al., 2000).

In the early study of Allen et al. (1960) muscle mass was reduced by 23% in
individuals from 20 to 80 years, as estimated from measurements of total body
potassium. Similarly, Tzankoff and Norris (1977), at the end of the seventies,
reported that the active muscle mass, as revealed by creatinine excretion, was 35%
less in 80 year old individuals as opposed to those in their twenties. Grimby and
Saltin (1983) later pointed out that the loss of muscle mass, which had been reported
in the studies of Allen et al. (1960) and Tzankoff and Norris (1977), was in the same
order of magnitude as the decline of strength in leg, back and arm muscles, thus
relating weakness of older people entirely to muscle wasting.

Starting in 1977 with Tomonaga, many investigators have carried out a
quantitative histochemical-analysis of muscle samples, obtained either by biopsy (for
example Larsson et al., 1979) or autopsy (for example Lexell et al., 1983; Lexell et
al., 1988), and have attributed the loss of muscle mass in older people, at microscopic
level, to a reduction in the number and size of muscle fibres. An extensive review of
these studies is beyond the purposes of this thesis and therefore the reader is referred
to the work of Lexell (1995). According to the traditional histochemical

classification, which is based on the differential sensitivity to an altered pH of the



enzyme ATPase, two distinct fibre types have been identified and classified by their
contractile and metabolic characteristics, slow-twitch fibres (type I) and fast-twitch
fibres (type II). The type II fibres’ speed of shortening and tension development i1s
three to five times higher than type I, with type II depending almost entirely on
anaerobic metabolism for energy, as opposed to acrobic metabolism in type L. In turn,
type II fibres are further classified into Ila and IIb, with type Ila being considered
intermediate, in that their fast speed of shortening and tension development is
combined with a moderately well-developed capacity for both aerobic and anaerobic
energy transfer. The loss of muscle tissue in older people has been attributed to
reduced number of both slow-twitch fibres and fast-twitch fibres, plus a reduction in
the CSA of single fibres, especially of type II. Fast-twitch fibres are intrinsically
stronger than slow-twitch fibres and therefore muscles with the same area, but
occupied by a relatively smaller area of fast-twitch fibres, will be able to generate
less force (Jones and Round, 1990).

With the introduction of modern radiological imaging techniques, it has been
possible to estimate muscle mass more directly. Sarcopenia has been documented
with ultrasound imaging in the works of Young et al. (1984, 1985), who measured a
25% and 33% smaller quadriceps CSA in older men and women, respectively, (age
range 70-81 years) than in young individuals (age range 20-29 years). Also Hékkinen
and Hakkinen (1991) have shown a 27% smaller mid-thigh CSA of the quadriceps in
older women aged between 66 and 75 years, as compared to the young, aged between
20 and 35 years. In these studies, however, muscle CSA may have been
overestimated, particularly in older people, due to the presence of fat and connective
tissue within the muscle belly, which cannot be detected and separated in the
ultrasound scan. This problem has been overcome by the use of CT and MRI (Rice et
al., 1989; Overend et al., 1992b; Kent-Braun et al., 2000), which enable not only to
outline the muscle compartment area on each scan, at different levels of section, but
also to estimate the muscle contractile component separately from the intramuscular
non-contractile tissues (i.c., connective and fat tissue). The correlation coefficient
between cadaver sections of human skeletal muscle and corresponding CT or MRI
scans approached the unity, with the relative difference between cadaver and imaging

measurements being 1.3% for both techniques (Mitsipoulos et al., 1998). The use of



both these advanced imaging techniques has given further evidence of the wasting of
contractile muscle occurring in older people with a substantial increase of fat and
connective tissue, both within the muscle and in the overall body (Rice et al., 1989;
Overend et al., 1992b; Jubrias et al., 1997; Kent-Braun and Ng, 1999; Kent-Braun et
al., 2000; Janssen 2000). In particular, the recent data of Janssen et al. (2000), which
present reference values for whole body skeletal mass of 468 individuals from 18 to
88 years, show a decline after the end of the fifth decade of 1.9 and 1.1 kg/decade in
men and women, respectively, with a preferential decrease in the lower body.
Comparing the time-course of the decline in muscle mass with that of the decline

in force indicates that the decline in force with ageing is generally greater and starts

sooner than that of muscle bulk (Bruce et al., 1997). Similarly, Kallman et al. (1990)

have shown that there is no relationship between how quickly subjects lose muscle
mass, as indicated by the slope of creatinine excretion versus age, and how fast they
lose grip strength, as indicated by the slope of grip strength versus age. This suggests
that there may be other causes contributing to the decline in strength, other than
muscle wasting, which are specific to the remaining muscle. In further support of this
observation, some investigators have shown that muscle strength of the knee
extensors is highly correlated with muscle size, but this relationship is higher in
young than older populations (Hikkinen and Hikkinen, 1991; Overend et al., 1992a).
In most of the research studies, however, it is the ratio between muscle strength and
CSA, referred to as specific strength, which has been compared between young and
older people, or examined across the life span, in order to determine whether strength
losses could be attributed entirely to reduced muscle mass or other factors had to be
taken into account (Young et al., 1984; Young et al., 1985; Klitgaard et al., 1990;
Hikkinen and Hékkinen, 1991; Phillips et al., 1993; Jubrias et al., 1997, Kent-Braun
and Ng, 1999; Frontera et al.,, 2000b). The results of these studies are still
controversial. Young et al. (1985) and Klitgaard et al. (1990), have reported that the
isometric specific strength of quadriceps muscle was 19% and 27% smaller,
respectively, in young than older sedentary men. Similarly, other studies have
observed a drop of isometric (Phillips et al., 1993) and isokinetic (Jubrias et al.,
1997) specific strength of adductor pollicis and quadriceps muscles, respectively, 1n

older subjects of both genders. Conversely, Kent-Braun and Ng (1999) and Frontera



et al. (2000b) have reported no age-related differences in isometric strength of the
ankle dorsiflexors and isokinetic strength of the knee extensors, respectively, after
adjusting for CSA. Young et al. (1984) and Hikkinen and Hikkinen (1991) have also
Indicated that the quadriceps weakness of healthy women in their seventies can be
adequately explained by the similarly smaller size of the muscle group. All of these
investigators (Young et al.,, 1984; Young et al.,, 1985; Klitgaard et al., 1990;
Hédkkinen and Hékkinen, 1991; Phillips et al., 1993; Jubrias et al., 1997; Kent-Braun
and Ng, 1999; Frontera et al., 2000b) have used the area of muscle cross-section at
right angle to the long axis of the limb, referred to as anatomical CSA, to interpret
data on muscle strength relative to muscle size in ageing muscle. However, in
pennate muscles, such as the quadriceps, fibres run obliquely to the force-generating
axis and insert into the tendon with an angle, referred to as “angle of pennation”
(Naric1 and Capodaglio, 1998). Therefore, the anatomical CSA cuts a limited number
of fibres, whilst it is the sum of the cross-sectional areas of all the muscle fibres
within the muscle which should be used. This has been referred to as physiological
CSA (PSCA), which can be calculated by measuring, with a combined use of MRI
and ultrasonography, three parameters: muscle volume, fibre length and pennation
angle. It has been recently found that pennation angle and fibre length in the human
gastrocnemius were 13% and 8% less in older than young individuals, respectively
(Narici et al.,, 1999). Therefore, PCSA is expected to decrease with ageing at a
different rate than anatomical CSA, which may lead to a misinterpretation of the ratio

between force and CSA (Narici, 1999).



Muscle excitability and contractility

Narici (1999), in his influential review of studies on the changes of muscle
contractile properties with ageing, has attributed the loss of strength in older people
not only to reduced muscle mass but, more exhaustively, to reduced excitable muscle
mass. Therefore, it 1s suggested to take into account only the amount of muscle that is
functionally active, as indicated by the term “excitable”. This is strictly dependent, in
turn, on the integrity of both the muscle fibres and the nerve cells that control them,
namely the motoneurons. Neural and muscular system cannot therefore be separated
and it is appropriate to consider muscle fibres and motoneurons as a whole. A single
motoneuron and its family of innervated muscle fibres have been defined by
Sherrington (1929) as the motor unit (MU). Fast-twitch MUs are composed by
relatively large motoneurons with fast conduction velocities, which generally
innervate between 300 and 500 muscle fibres (McArdle et al., 1996). On the contrary,
slow-twitch MUs are composed by smaller motoneurons with slow conduction
velocities, which innervate a smaller number of fibres. There are at least nine
electrophysiological techniques of MU estimation in humans, most of which involve
applying electric shocks of varying intensity to a peripheral nerve and measuring the
evoked responses in the muscle (for review see McComas, 1998). The number of
MUs is obtained by comparing an average parameter of the single MU, usually its
action potentials, with the corresponding parameter of the whole muscle. The relative
size of MUs is determined by comparing their mechanical responses to single or
maximal repetitive stimulation, which are referred to as twitch or tetanic
contractions, respectively. MUs have been shown to be reduced with ageing in both
number and size, thus affecting the capacity of skeletal muscles to produce force
(Brown et al., 1988; Doherty and Brown, 1993; Doherty et al., 1993). This is in
agreement with previous evidence of a reduced number of limb motoneurons, in the
human lumbosacral cord, by approximately 25% from the second to the tenth decade
(Tomlinson and Irving, 1977). Consistent with this observation is the reduction in the
number and diameter of motor axons in the ventral roots (Kawamura et al., 1977a;
Kawamura et al., 1977b), which is accompanied by slower axonal conduction

velocity (Metter et al.,, 1998; Wang et al., 1999). In animal studies, the selective

10



atrophy of fast-twitch fibres, which has been reported earlier in this chapter, has been
ascribed to the progressive loss of motoneurons in the spinal cord with initial
denervation of fast-twitch fibres and reinnervation of these fibres by axonal sprouting
from adjacent slow-twitch MUs (Brooks and Faulkner, 1994). This phenomenon of
remodelling is supported, at the microscopic level of muscle analysis in humans, by
morphological changes similar to those occurring in motoneuron diseases and
chronic neuropathies, which include the presence of larger groups of muscle fibres of
the same histochemical type, referred to as fibre type grouping, small and dark fibres
with a peculiar geometrical shape, referred to as angulated fibres, and group atrophy
(Jennekens et al., 1971; Lexell et Downham, 1991). Recent results of increased
coexpression of myosin heavy chain (MCH) isoforms in the same fibre, as measured
with electrophoretic techniques, which will be presented later in this chapter, are
further evidence of this process of ongoing denervation and reinnervation (Andersen
et al., 1999).

Results of Galea et al. (1996) suggest that the reduction of excitable muscle mass
in the upper limbs is of neuropathic origin, i.e. denervation of MUs due to loss of
peripheral motoneurons, for distal muscles, but of myopathic origin, i.e. atrophy of
muscle fibres, in proximal muscles. The neuromuscular excitability has been
evaluated by measuring the muscle electrical response evoked by the electrical
stimulation of the motor nerve. M-wave is the result of the direct depolarisation of
the motoneurons that innervate directly muscle fibres, with its area and amplitude
being a measure of their excitability. The number of MUs has been estimated by
comparing the average area of a sample of MU action potentials, which are obtained
by incremental stimulation of the peripheral nerve, and the area of the maximum M-
wave, which is the compound action potential of a muscle. The authors studied the
number of MUs and the maximum M-wave of both the thenar muscle, a distal
muscle, and the biceps brachii, a proximal muscle, in individuals in their eighties as
compared to those in their twenties. In the thenar muscle, older individuals showed
the maximum M-wave area and amplitude 22% and 33% lower, respectively, than
young subjects, with a 50% lower number of MUs, thus revealing a loss of MUs with
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