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Abstract

 

Senile sarcopenia, the loss of muscle mass associated with aging, is one of the main causes of muscle weakness

and reduced locomotor ability in old age. Although this condition is mainly driven by neuropathic processes,

nutritional, hormonal and immunological factors, as well as a reduction in physical activity, contribute to this

phenomenon. Sarcopenia alone, however, does not fully account for the observed muscle weakness, as the loss of

force is greater than that accounted for by the decrease in muscle size. As a consequence, a reduction in the force

per unit area, both at single fibre and at whole muscle level, is observed. We recently suggested that at whole muscle

level, this reduction in intrinsic force is the result of the combined effect of changes in (1) muscle architecture,

(2) tendon mechanical properties, (3) neural drive (reduced agonist and increased antagonist muscle activity) and

(4) single fibre-specific tension. Whereas several studies support the role of the last two factors in the loss of intrinsic

muscle force with aging, alterations in muscle architecture and in tendon mechanical properties have also been

shown to contribute to the above phenomenon. Indeed, sarcopenia of the human plantarflexors, represented by

a 25% reduction in muscle volume, was found to be associated with a 10% reduction in fibre fascicle length and

13% reduction in pennation angle. These architectural alterations were accompanied by a 10% decrease in tendon

stiffness, attributable to alterations in tendon material properties, as suggested by a 14% decrease in Young’s

modulus. Most of these changes may be reversed by 14 weeks of resistive training; both fibre fascicle length and

tendon stiffness were found to be increased by 10 and 64%, respectively. Surprisingly, however, training had no

effect on the estimated relative length–tension properties of the muscle, indicating that the effects of greater

tendon stiffness and increased fascicle length cancelled out each other. It seems that natural strategies may be

in place to ensure that the relative operating range of muscle remains unaltered by changes in physical activity, in

old age.
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Introductory historical remarks

 

The muscle wasting and weakness that occur with aging

have been a preoccupation of mankind since early Greek

and Roman history (e.g. Diogenes 3rd century 

 

BC

 

; Cicero

1st century 

 

BC

 

). Classic Greeks notoriously abhorred

aging as it represented corruption of their highly prized

youthful vigour, as narrated by Socrates in book one of

 

The Republic.

 

 The desire of maintaining bodily vigour

is indeed epitomized by a statement of Diogenes (3rd

century 

 

BC

 

) who, speaking against the common pre-

dicament that one should slow down when reaching old

age, compares himself to the last runner in a relay race

and argues ‘would you have me slow down as I near the

finish line?’. The widespread expectation among most

members of the society that older men, because of their

physically frailty, should refrain from any activities,

including those not requiring bodily strength, is clearly

despised by the Roman philosopher Cicero (44 

 

BC

 

) in his

treatise ‘Cato Maior de senectute’ as he states: ‘…
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Grant that old age is devoid of strength; none is even

expected of it. By law and by custom men of my age

are exempt from those public services which cannot be

rendered without body strength. Therefore, we are not

only not required to do what we cannot perform but

we are not required to do even as much as we can’, but

a few passages later argues ‘it is our duty, my young

friends, to resist old age; to compensate for its defects,

to fight against it as we would fight a disease; to adopt

a regimen of health; to practice moderate exercise;

and to take just enough food and drink to restore our

strength’. This concern of combating physical frailty in

old age while maintaining an active role in life is indeed

a fact as we have entered the second millennium with

the proportion of elderly citizen exceeding that of

young people.

If the problem of physical frailty in old age is to be

effectively mitigated with the final goal of maintaining

mobility and independence until the individual limit of

chronological age, a full understanding of the aetiology

of the mechanisms leading to muscle weakness must be

achieved first. Hence, the aim of this paper is to review

the mechanisms leading to muscle wasting in old age,

the anatomical alterations and functional consequences

of muscle wasting, the interactions of these changes

with those of tendinous tissue and their effects, and

the reversibility of these changes in response to increased

loading.

 

Sarcopenia

 

Senile sarcopenia, the loss of muscle mass associated

with aging, is a main cause of muscle weakness in old

age. This process has an onset at around the 6th decade,

and by the 8th decade muscle mass attains a value

approximating to 60% that of the 2nd decade (Lexell

et al. 1988). The aetiology of sarcopenia is rather

complex and involves multiple factors (Fig. 1), but

there is general consensus that it is mainly driven by

neuropathic changes leading to motoneuron death

following alterations in superoxide dismutase activity

and cell apoptosis. This process may also affect directly

the muscle cell itself independently of the neuropathic

processes as there is increasing evidence that apoptosis

of skeletal myocytes contribues to sarcopenia (Dirks &

Leeuwenburgh, 2005). Muscle cell apoptosis seems to

be caused through the activation of specific signalling

pathways, initiated by ligand binding of tumour necrosis

factor alpha (TNF-

 

α

 

) to a cell membrane receptor,

involving a cascade of caspases (endoproteases), which

lead to the activation of an effector caspase responsible

for the proteolytic events resulting in cell breakdown

and death. In addition, the mitochondrion, commonly

regarded as the ‘main regulator’ of apoptosis (Dirks &

Leeuwenburgh, 2005), may provoke apoptosis via several

different pathways, by releasing cytochrome c into the

cytosol leading to the activation of effector caspases,

but also through the release of pro-apoptotic proteins

leading to DNA fragmentation. Stress to the endoplasmic

reticulum may also lead to apoptosis, following the

release of calcium into the cytosol, eventually leading

to the activation of effector caspases.

As a result of the loss of motoneurons and of muscle

cell apoptosis, the number of muscle fibres considerably

decreases with aging (Lexell et al. 1988). Fibre size also

decreases with age (atrophy) and this is probably due

both to a decrease satellite cell proliferation due to an

age-related decrease in the level of growth factors such

as IGFs (Barton-Davis et al. 1998), as well as to a reduction

in physical activity. In fact, recent evidence suggests that

even ‘physically active’ septuagenarians (individuals

aged 70–79 years) are about 20% less active than their

vicenarian (individuals aged 20–29 years) counterparts

(Morse et al. 2004). Besides, reduced physical activity

may also lead to muscle fibre apoptosis as it has been

found after hindlimb unweighting in rats (Allen et al.

1997). In addition to these neuropathic and physical

activity-related changes, nutritional, hormonal and

immunological factors are also known to contribute to

sarcopenia. Malnutrition in aging is quite common, and

this is due to a progressive a loss of appetite, a reduction

in food intake and also to vitamin D deficiency, largely due

Fig. 1 Scheme summarizing the present concepts on the 
aetiology of sarcopenia.
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to skin atrophy (Tawa & Goldberg, 1994). Furthermore,

low vitamin D, in association with high parathyroid

hormone levels, has been found to increase the risk of

muscle wasting in old age (Visser et al. 2003). In addition,

sarcopenia has recently been shown to be associated

with vitamin D receptor genotype (Roth et al. 2004).

The hormonal and immunological alterations contri-

buting to sarcopenia are represented by the withdrawal,

or resistance, to those factors responsible for anabolism

(decreased levels of GH, IGF-1, testosterone) and by an

increased catabolic activity (increased levels of IL-1,

IL-6, TNF-

 

α

 

, myostatin) (Doherty, 2003), and may also

be due to vitamin D deficiency as vitamin D is known to

protect muscle and bone from inflammatory cytokines

(Schach, 1999). Despite the fact that sarcopenia is a

major determinant of muscle weakness in old age, the

loss of muscle strength exceeds that of muscle size and,

as a consequence, there is a decline in force per unit of

muscle cross-sectional area (Young et al. 1985; Klitgaard

et al. 1990; Phillips et al. 1993; Jubrias et al. 1997;

Macaluso et al. 2002; Morse et al. 2004). Several factors

contribute to this phenomenon, frequently referred to

as a deterioration in ‘muscle quality’. These factors can

be grouped under two main categories: neuromuscular

and tendinous. Each of these factors is discussed

separately in the following sections.

 

Neuromuscular alterations in old age

 

Among the muscular changes, a reduction in single fibre-

specific tension is one of the major factors contributing

to the decline in intrinsic muscle force, and recent

evidence suggests that this is tightly associated with

a decrease in the number of actomyosin cross-bridges

rather than in the force exerted by each cross-bridge

(D’Antona et al. 2003). A reduction in excitation–

contraction coupling may also contribute to the decrease

in specific tension in old age (Delbono et al. 1997;

Payne & Delbono, 2004). Other contributors include a

reduction in neural drive to the agonist muscles and an

increase in neural drive to the antagonist muscles.

Several investigators have found a reduced activation

capacity in older individuals (Winegard et al. 1996;

Harridge et al. 1999; Yue et al. 1999; Scaglioni et al. 2002),

whereas others reported no differences (Vandervoort

& McComas, 1986; Phillips et al. 1992; De Serres & Enoka,

1998; Kent-Braun & Ng, 1999), although it is generally

agreed that a considerable heterogeneity in activation

capacity exists among muscles (Dowling et al. 1994).

Both motor unit recruitment and firing frequency have

been found to be reduced in older adults (Kamen et al.

1995; Yue et al. 1999), although a lower firing frequency

may not necessarily lead to a decrease in activation

capacity as motor unit fusion frequency is reduced with

aging because of prolongation of twitch contraction

time (Narici et al. 1991; Connelly et al. 1999). An increased

co-activation of antagonist muscles, probably necessary

for joint stabilization, has also been suggested as a

possible mechanism for the loss of force with aging

(Klein et al. 2001; Macaluso et al. 2002). However, no

differences in co-activation were recently observed

in the plantarflexor and dorsiflexor muscles when

septuagenarian and vicenarian males where compared

(Morse et al. 2004).

In addition to the above changes, aging also leads to

marked alterations in muscle architecture that poten-

tially contribute to the force loss (Klein et al. 2001; Narici

et al. 2003). Recently, we were able to demonstrate not

only that the gross size of muscle decreases with aging

(findings based on MRI scanning, Fig. 2 top; Morse et al.

2004), but also that muscle fascicle lengths and penna-

tion angles in older individuals (aged 70–81 years) were

significantly smaller, by 10 and 13%, respectively, than

those in younger adults (findings based on ultrasound

scanning, Fig. 2 bottom; Narici et al. 2003; Morse et al.

Fig. 2 Top: axial-plane MRI scans of the calf muscles of a 
young male aged 20 years and an older male aged 75 years 
matched for anthropometric characteristics and physical 
activity level. Bottom: sagittal-plane sonographs of the 
gastrocnemius medialis muscle in the same subjects. In the 
older individual (O) muscle fibre fascicle length and pennation 
angle are visibly smaller than in the younger adult (Y).
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2004). These later findings were based on ultrasound

scanning, a method that has been validated by compari-

sons with direct anatomical measurements on cadaveric

muscles (Narici et al. 1996; Kawakami et al. 1993). The

above modifications in muscle architecture are unlikely

to be associated with disuse, given that in one study

(Narici et al. 2003) we purposely matched the level of

physical activity of young and elderly individuals. Thus,

we believe that the differences between age groups

were caused by the process of aging 

 

per se

 

. The smaller

pennation angles and fascicle lengths found in older

individuals suggests that, with aging, sarcomeres both

in parallel and in series are lost. A reduction in fibre

length due to a decrease in serial sarcomere number, not

of sarcomere length, has also been observed in older

mice (Hooper, 1981). These observations raise the issue

on the mechanisms responsible for regulating sarcomere

number in skeletal muscle. Prolonged muscle stretch is

known to promote the addition of sarcomeres in series

and in parallel, whereas a decrease in tension, as caused

by immobilization in a shortened position, is known

to result in a loss of sarcomeres (Williams & Goldspink,

1971, 1973). 

 

In vivo

 

, however, a decrease in the passive

tension necessary for sarcomere removal is likely to be

induced not only by external mechanical constraints,

e.g. an aging-associated reduction in functional joint

range of movement (Grimston et al. 1993), but also by

a reduction in the internal load, which is known to

modulate myosin heavy chain and actin accumulation

in contracting cells (Simpson et al. 1996). For a given

muscle–tendon complex length, a reduction in the

passive force at the ends of the whole complex might

be achieved by decreasing the resistive force that the

cytoskeleton and tendon develop on tension. For tendons

at least, this indeed seems to be the case, as aging

increases their tensile compliance (Vogel, 1980, 1983;

Maganaris, 2001) as we will discuss in detail below.

Nonetheless, whatever the exact mechanism responsible

for the removal of muscle sarcomeres in parallel and in

series, it is likely to involve post-transcriptional processes,

as muscle growth, and hence atrophy, is not controlled

by transcription (Russell et al. 2000). From a functional

point of view, a loss of sarcomeres in parallel and in series

is expected to alter both the length–tension as well as

the force–velocity relationships (Lieber & Friden, 2000).

Indeed, from a comparison of torque–velocity data from

young and elderly men (Table 1), it emerges that the

estimated maximum shortening velocity (

 

V

 

max

 

) of the

plantar flexor muscles of the elderly is 16% lower that

that of the young (pers. unpublished data). However,

this difference is reduced to 9% once 

 

V

 

max

 

 values are

normalized for fascicle length, i.e. after accounting for

the different numbers of sarcomeres in series. Similarly,

maximum isometric plantarflexion force was found to

be 34% lower in the elderly, but only 18% lower once

force values were normalized for the physiological cross-

sectional area of this muscle group, thus accounting

for the difference of sarcomeres both in series and in

parallel. Hence, these findings suggest that differences

in muscle architecture may account for about 50% of the

loss in muscle function in the elderly. However, the actual

functional outcome of these architectural alterations

will also depend on tendon stiffness because, 

 

ceteris

paribus

 

, the force developed by the contractile compo-

nent (CC) is not only affected by muscle architecture

but also by the mechanical properties of the tendinous

structures in series with the CC. These changes and their

functional relevance are discussed in the following section.

 

Tendon alterations in old age

 

Aging affects not only the CC, but also all collagenous

structures, including tendons (for reviews see Butler

et al. 1978; Viidik, 1982; Tuite et al. 1997; Kjaer, 2004).

However, the results of experiments aimed to character-

ize the effect of age on tendon mechanical properties

are inconsistent. Some cross-sectional studies (Shadwick,

1990) show that aging may result in stiffer and stronger

tendons. However, others report opposite results (Vogel,

1980, 1983; Blevins et al. 1994; Nakagawa et al. 1996),

or that aging has no effect on most tendon mechanical

properties (Hubbard & Soutas-Little, 1984; Johnson

et al. 1994; Flahiff et al. 1995). An explanation for the

above inconsistency may relate to the population ages

considered. Careful examination of the mammals’ age

Table 1 Absolute (radians s−1) and relative (lengths s−1) 
maximum velocity of shortening (Vmax) estimated from Hill’s 
plots of isokinetic torque–velocity data in young adults and 
elderly individuals. The normalized Vmax values were obtained 
by dividing linear values of shortening velocity by fascicle 
length obtained by ultrasound
 

Vmax absolute 
(rad s−1)

Vmax normalised 
(lengths s−1)

Young 5.73 1.98
Elderly 4.83 1.80

% difference −16.0 −9.1
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range investigated reveals a great variability, with some

studies including very young animals (Shadwick, 1990;

Nakagawa et al. 1996). Comparative data involving

such populations may represent the effect of biological

maturation and development, which may be different

from that of the aging process, and should therefore

be examined independently to avoid potentially

confounding effects. In fact, when the effect of biological

maturation has been controlled for, a consistency emerges

across most comparative studies: excised tendons from

mature animals are stiffer, stronger and more rebound

resilient than tendons from older animals (Vogel, 1980,

1983; Blevins et al. 1994; Nakagawa et al. 1996). Refer-

ence, however, to 

 

in vitro

 

 quantitative results when

interpreting 

 

in vivo

 

 function in relation to the aging

process should be treated with caution. This is because:

(1) The forces exerted on a tendon under 

 

in vivo

 

 conditions

may be affected by age and differ from the force region

over which measurements are taken under 

 

in vitro

 

conditions. (2) To perform a tensile test 

 

in vitro

 

, clamping

of the specimen is necessary. Fixing a fibrous structure

with clamps is inevitably associated with fibre slippage

and/or stress concentration that may result in premature

rupture. These measurement artefacts might be expected

to be more profound in younger tendons because they

are usually thicker than older tendons. (3) Many 

 

in vitro

 

experiments have been performed using preserved

tendons, which may have altered properties, affected to

different degrees by aging. Moreover, 

 

in vitro

 

 method-

ologies require that the animal is then killed, which

means that human experiments can only be performed

if donor cadavers become available. Indeed, data on the

effect of aging on the mechanical properties of human

tendons are rather scarce (Blevins et al. 1994; Johnson

et al. 1994; Flahiff et al. 1995). Recently, quick-release

experiments have been used to estimate stiffness in

elderly individuals (e.g. Valour & Pousson, 2003; Ochala

et al. 2004). However, this technique provides a gross

index of stiffness, which reflects the series elastic com-

ponent of the entire group of the agonist–antagonist

muscles acting on a particular joint – not the free tendon

of a single muscle.

A method, however, has recently been developed

that allows examination of mechanical properties in

selected anatomically superficial single human tendons

under 

 

in vivo

 

 conditions, thus circumventing the above

problems (e.g. Maganaris & Paul, 1999; Kubo et al. 2001;

Magnusson et al. 2001; Maganaris, 2002; Reeves et al.

2003). This 

 

in vivo

 

 method is based on real-time ultra-

sound scanning of a reference point along the muscle–

tendon during an isometric contraction of the in-series

muscle. The limb is fixed on the load cell of a dynamometer

to record changes in joint torque during muscle activation

and subsequent relaxation. The muscle forces generated

by activation pull the tendon proximally and cause

a longitudinal deformation, which is measured by

the recorded displacement of the selected landmark

(see Fig. 4). From the 

 

in vivo

 

 torque–deformation plots

obtained, and additional measurements of the tendon’s

moment arm length and dimensions, and antagonist

muscle electromyographic activity if the contraction is

elicited voluntarily and not by isolated muscle stimula-

tion, all relevant mechanical properties can be calculated.

A number of versions of the above procedure have since

been applied for the study of several human tendons

and conditions, but the effect of aging has not been

fully and systematically investigated. One recent pilot

study examined differences in the mechanical properties

of the gastrocnemius tendon between six healthy men

aged 20–26 years and six healthy older men aged 69–

80 years (Maganaris, 2001). Contractions were produced

voluntarily and the gastrocnemius medialis myotendin-

ous junction was used as a reference landmark (Fig. 3).

The gastrocnemius tendon length, cross-sectional area

and moment arm length were obtained using ultrasound

and MRI scanning. The study showed that the older

tendons were 

 

∼

 

15% more compliant than the younger

tendons (Fig. 4), and that this difference was due to

changes in the material of the tendon, as evidenced by

the similarity in the tendon dimensions between the

two age groups. A more recent 

 

in vivo

 

 study, however,

showed that the tendon may change its cross-sectional

area with age (Magnusson et al. 2003). In contrast to

what might readily be assumed, the above authors

showed that the older tendons were thicker (22%

difference) than the younger tendons. In combination

with the aging-induced reduction in contractile force

potential in the in-series muscle, as evidenced by

measurements of ankle plantarflexion torque, the

above authors concluded that older tendons would be

subjected to smaller tensile stresses than younger ones

and they would therefore be less likely to rupture on

tension. Others, however, have shown using 

 

in vitro

 

animal preparations that aging decreases the collagen

fibril diameter (Nakagawa et al. 1994; Gillis et al. 1997;

Dressler et al. 2002). From the above studies it is appar-

ent that collagen fibril atrophy alone cannot account

for the deterioration of the mechanical properties in
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the entire tendon during senescence. The nature of the

exact mechanisms involved cannot be revealed without

analysing the miscrostructure and composition of

tendons, tasks impossible to tackle with the current 

 

in vivo

 

technology. Analysis of 

 

in vitro

 

 tendon material, however,

indicates that aging is associated with (1) an increase

in non-reducible collagen cross-linking, (2) a reduction

in collagen fibril crimp angle, (3) an increase in elastin

content, (4) a reduction in extracellular water and

mucopolysacharide content, and (5) an increase in type

V collagen (Viidik, 1982; Tuite et al. 1997; Kjaer, 2004).

Interestingly, factor 1 would stiffen a tendon if oper-

ated alone, but factors 2, 3 and 4 might bring about the

opposite result. Clearly, differences in tensile phenom-

enological response between younger and older whole

tendon specimens would reflect the combined ‘net’

effect of all the above independent factors.

The reduction in tendon stiffness by aging has at

least two important functional implications. (1) For a

given number of serial sarcomeres in a fibre, an older

tendon would stretch more on muscle contraction, thus

causing its sarcomere to shorten more than it would

do if attached to a younger, less extensible tendon. The

effect of this operating length change on the force-

generating capability of the CC will depend on the

portion of the length–tension relation over which the

CC operates. If the ascending limb of the length–tension

relation is used, as is the case in most human muscles

(Cutts, 1988; Herzog et al. 1991; Ichinose et al. 1997), a

reduction in contractile force would be expected owing

to a change in sarcomere working length to a new

length corresponding to less optimal myofilament

overlap. This force reduction would be additional to

any effect caused by muscle atrophy, reduced specific

tension and neural activation. (2) Also, a more compliant

tendon would require a longer time to be stretched

than a stiffer tendon (Wilkie, 1949). This would mean that

older tendons are less capable than younger tendons

of transmitting fast forces from muscles to bones,

which has implications for effectively reacting to avoid

a slip or trip. Evidence for the association between

tendon stiffness and speed of contractile force transmis-

sion is given by measurements of rate of force/torque

development (Davies et al. 1986; Narici et al. 1996), show-

ing that older individuals are ‘slower’ than younger ones

in effectively contracting their muscles, a phenomenon

Fig. 3 In vivo sagittal-plane sonographs of the human tibialis 
anterior (TA) tendon from rest to increasing intensity 
contraction (A to D) and back to rest by consequent relaxation 
(E to G). The white arrow points to the TA tendon origin, 
which was traced to obtain elongations. The shadow 
indicated by the black arrows is generated by a skin marker 
(from Maganaris & Paul, 2000).

Fig. 4 In vivo human gastrocnemius tendon force–elongation 
properties. Data show average values (n = 6 in each age 
group). At high forces, the ‘young’ curve is steeper than the 
‘elderly’ curve.
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which also encompasses the effect of aging-induced

changes in myosin heavy chain composition and myosin

molecule shortening speed.

 

Neuromuscular and tendon alterations with 
training in old age

 

In recent years, resistive exercise loading has been shown

by numerous studies (for a review see Macaluso & De

Vito, 2004) to be an effective method for attenuating,

or even reversing to a certain degree, the detrimental

effects of aging described in the above sections. Probably

of most significance from these studies is the finding

that older individuals can partly counteract muscle weak-

ness with resistive loading, which most likely results from

neuromuscular and tendinous adaptations.

Skeletal muscle still retains its capacity for adapta-

tion into old age. Enlargement of muscle size measured

using techniques such as computed tomography,

ultrasound and more recently magnetic resonance

imaging has been observed following resistive training

programmes (e.g. Fiatarone et al. 1990; Ferri et al.

2003; Suetta et al. 2004). When expressed in terms of

anatomical cross-sectional area, increases in muscle size

following strength training programmes of 

 

∼

 

3 months

duration can be expected to be in the region of 5–17%

(Brown et al. 1990; Ferri et al. 2003), which is comparable

with findings in young adults after similar periods of

training (Jones & Rutherford, 1987; Garfinkel & Cafarelli,

1992). It has been suggested that muscle hypertrophy

can largely explain the increase in strength with training.

However, the relationship between gains in strength

and muscle size depends greatly upon how these

two variables have been measured and/or expressed.

For example, strength gains may be reported as the

repetition-maximum performed on the same devices

that have been used for training. In this situation, the

relative training-induced increase would usually be

expected to exceed the gains in isometric strength, due

to the specific nature of the strength test (e.g. Harridge

et al. 1999). In order to assess the true maximum torque/

force-producing capability in response to training

programmes, the isometric strength may be the most

appropriate choice. In terms of assessing muscle size,

physiological cross-sectional area (PCSA, obtained by

dividing muscle volume by optimal fascicle length) is the

most appropriate parameter because skeletal muscle

fibres usually lie at an angle to the whole muscle line

of action. Furthermore, with aging there may be an

increased infiltration of intramuscular fat and con-

nective tissue (Kent-Braun et al. 2000; Macaluso et al.

2002), which means that the visible muscle area may be

an overestimate of the actual contractile capability of

the muscle. Both of the highlighted issues relating to

muscle size may be modified by resistive loading and

therefore should be considered when evaluating the

relative contribution of muscle size changes to the

increase in strength following such programmes. After

12 weeks of strength training in older men (Trappe

et al. 2000) and older women (Trappe et al. 2001), it

has been reported that the specific tension of single

muscle fibres remains unchanged. By contrast, at the

level of the whole muscle, it has recently been shown

that 14 weeks of resistive loading increased the specific

force of the vastus lateralis muscle (Reeves et al. 2004a).

The observed increase in whole-muscle-specific force was

independent of alterations in voluntary activation level

due to the measurement of all relevant parameters

during superimposed electrical stimulation, indicating

that alternative factors must therefore be responsible.

Thus, an increase in the force-producing capability of

elderly muscle per unit area is one factor contributing to

the observed strength gains following resistive training

programmes.

By using ultrasound imaging to study the internal

muscle structure, architectural adaptations have been

identified in elderly muscle following resistive loading.

We have recently shown in the vastus lateralis muscle

that following 14 weeks of strength training, the length

of muscle fascicles and their pennation angle increase

(Reeves et al. 2004a,b). These findings strongly suggest

an increase of sarcomeres both in series and in parallel.

A greater number of sarcomeres in parallel means that

the muscle would be able to generate a higher maximum

force. Although an increased number of sarcomeres in

series suggests that a greater excursion range may be

possible as compared with the pretraining situation

with fewer sarcomeres in series, 

 

in vivo

 

 this would be

limited by anatomical features that determine the range

of motion about a joint, such as joint and relevant

structure geometry. Relating to the production of force

across the joint angular range, we have found that the

relative increase in isometric knee extension torque

following training is not constant across the joint range

and that a training-induced shift in the optimal angle

occurs (Reeves et al. 2004b; Fig. 5). The significance of

this finding is that by testing isometric torque at just a

single joint angle, the actual training-induced strength
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gains may be under- or overestimated. To avoid this,

isometric torque should therefore be tested across a

range of joint angles pre- and post-intervention.

Although the muscular changes are recognized as

the main adaptations to resistive training, tendons are

also highly responsive to increased loading. Some

animal models (Woo et al. 1980; Buchanan & Marsh,

2001) have shown that when tendons are subjected to

loading levels above that normally experienced under

physiological conditions, they respond by increasing

their tensile stiffness. With the use of ultrasound imaging

to scan the patellar tendon, it has been shown that

resistive loading can increase the stiffness and Young’s

modulus of elderly human tendons (Reeves et al. 2003;

Fig. 6). The increase in the tendon Young’s modulus

suggests that the stiffness increase occurred to due a

change in the material properties of the tendon, and

this has certain functional implications. More precisely

(1) an increase in the rate of contractile force transmis-

sion, (2) a reduced likelihood of tendon strain injury

and (3) changes in the force–length relation of the

muscle would be expected.

With respect to the first effect, it should be emphasized

that the force-velocity characteristics of the muscle is

influenced not only by muscle fibre composition but

also by the stiffness of the tendon as this anatomical

structure is placed between muscle and bone. In fact,

Reeves et al. (2003) showed a training-induced increase

in tendon stiffness was associated with a 25% faster

development of joint torque. This finding implies that

certain functional activities requiring a rapid genera-

tion of joint torque may benefit, such as an attempt to

recover from a trip or slip. The second effect of a post-

training reduced risk for tensile tendon rupture reflects

the commonly reported finding that changes in colla-

genous tissue stiffness are accompanied by equivalent

increases in tensile strength (e.g. Yamamoto et al. 1993;

Majima et al. 1996; Matsumoto et al. 2003). The third

effect relates again to the anatomical location of the

tendon between muscle and bone. The extent of

tendon elongation will directly affect the shortening of

the in-series muscle. Thus, an increase in tendon stiffness

with resistive training would be expected to cause a

reduced shortening of muscle fibres and a change in

the muscle’s operating range. In the vastus lateralis

muscle, however, the estimated operating range

remained unchanged post-training (Reeves et al. 2004b).

This finding was attributed to the increased fascicle

length (and hence sarcomeric number) with training,

an effect with the opposite result to that caused by the

training-induced tendon stiffening. It seems that older

muscle and tendon may interact and adapt in response

Fig. 5 Relative knee extensor angle–torque relation 
normalized. Dashed and solid arrows indicate the optimal 
angle before and after training, respectively. Asterisks denote 
increased torque after training (*P < 0.05, ** P < 0.01). Values 
are means (n = 9).

Fig. 6 The patellar tendon force–elongation curves for the 
resistance exercise group (Ex, n = 9) and a non-exercising 
control group (Ctrl, n = 9). Values are means; an asterisk 
denotes reduced elongation after resistive exercise training 
(P < 0.01). (From Reeves et al. 2003).
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to training in a way such that the muscle’s operating

range remains the same.
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