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Age-related changes in the structug and function of skeletal muscles
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Summary lastly, if the load and force are equal or if the load is
) ) ) immovable, the fibres will remain “fied” at the same
1. For animals of all ages, during agdion of |ongth or isometric (Figure 1)Compared with the force
skeletal muscles and the subsequent contraction, tH@/eIoped by a maximally actited skeletal muscle during
balance between the forcevatoped by the muscle and the 5y jsometric contraction, the maximum forcevelieped
external load determines whether the muscle shortenfyring a lengthening contraction is 1.5- to 2-fold greater
remains at fied length (isometric), or is lengthenedith \ynile the force desloped during shortening isvadys less
maximum actiation, the force desloped is least during han the maximum isometric force (Figure 1). The muscle
shortening, intermediate when muscle length is fixed, apgh\y performs ‘work’ during a shortening contraction and
greatest during lengthening  contractionsDuring  the magnitude of the avk performed is a function of the
lengthening contractions, when force is high, muscles m@y;ce generated by the muscle and the amount of shortening

be injure‘d by th’e con‘tra_ctions. - (Figure 1). Following protocols of repeated isometric or
2. ‘Frailty’ and ‘failure to thrve’ are most fre(‘que_n,tly shortening contractions, or stretches without vatitin,
obsered in elderly physically inactve people. A'frail  force may be decreased dueatigue, but reczery of force

person is defined as one of small stature, with muscles that .ontrol values is fairly rapid and complete and no
are atrophied, weak, and easigtijued. Thecondition of oidence of injury is obseed?® In contrast, the
failure to thrve' is typified by a lack of response to well- yhenomenon of ‘contraction-induced injury’ occurs only
designed programs of nutrition and physical activity. after lengthening contractioR$.The injury is initiated by

3. With aging, skeletal muscle atrgplin humans e mechanical disruption of indilual sarcomeres,
appears to be m_&able. A gradual loss of muscl_e fibres tgl10wed by a sealing 6bf the focal injury? A more seere
begins at approximately age 50 years and continues sugfcondary injury is evidencedveeal days later due to the
that by age 80(50% of the fibres are lost from the limbjnyasion of the muscle by inflammatory cells and the
muscles that hee been studied For both humans and rats, generation of free radicat$:” Injury to skeletal muscle is
the observation that the timing and magnitude of the loss ﬁ’équently associated with either a singleese lengthening
motor units is similar to that for muscle fibres, suggests thgt 5 maximally-actiatled muscle, such as might occur
the mechanism responsible for the loss of fibres and the |%§ﬁing a &ll, or multiple smaller stretches of strongly-
of whole motor units is the same. The degree of ay@bh ,qtivated muscles, as encountered by thigh and knee
the fibres that remain is pely dependent on the habitualgyensors during a marathon rfiComplete receery from
level of physical activity of the individual. _ the injury caused by a protocol of lengthening contractions

4. ‘Master athletes’ maintain a highvi# of fitness requires a period of seral weeks, or if seere, aen
throughout their life spanEven among master athleFes,mngerft,eJ For a given protocol of lengthening contractions,
performance of marathon runners and weight lifterg,scles in old animals experience greater injury and
declines after about 40 yea(t)rs of age, with peakideof following a seere injury, recorery may be incompleté.
performance decreased B§0% by age 80The success of |ncomplete receery from contraction-induced injury may

the master athletes and of previously sedentary elderly WBR/e fise to a permanent loss of muscle mass and fdrce.
undertale well-designed, carefully administered training

programs preide dramatic evidence that age-associatefrailty and failur e to thrive
atroply, weakness, andafigability can be slowed but not

halted. BortZ identified the musculosketal system as the
‘entry pathway’ for ‘frailty’. Consequentlythe structural
Types of contractions and functional dictors responsible for the physical aspects

) ) of frailty are most @dent and consequently most
In animals of all ages and all specieselstal gffecively investigated directly in skeletal muscles of
muscles, when astited by action potentials, may performp,mang-12 Such studies ha established unequically a
three types of contractionslf the external load on the 3094 1o 509 decrease inedital muscle mass in both males
muscle is less than the forceveleped by the fibres within 54 females between the ages of 40 and 80 y&&r&or
the muscle, the fibres, and consequently the muscle, Wjlyst elderly people, the decrease in muscle &S
shorten. Coversely, if the load is greater than the forceaccompanied by at least an equal, but usuaiiy ereater,
developed by the fibres, the fibres will be lengthened, angbcrease in strengt®1617and paver1® and an increase in
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Figure 1. The three types of contractions that single fibres, motor units and whole skeletal muscles are abletmperf
are dependent on the interaction of the force developed by the muscle and the load againsttiehiouscle is attempt-
ing to shorten. A shortening contraction occsrwhen the force is greater than the loaduring a shortening conaction,

the velocity of shortening is load-dependent with tleaigr the load the lower the velocity of shorteniBgiring a short-
ening contraction, a muscle performs ‘workAn isometric contraction occsrhen the force developed by the muscle
equals the load, or under conditions when the load is waivle A lengthening contractionessults, when the load on the
muscle is greater than the force developed by the muAcl€he inteactions between force and load during lead the
three types of cordctions. B. Tracings of the displacements initiated by a servo motor lever arm and the fovedspeel

by a maximally activated muscle measured by a force transducer duringfehe three types of contractions.

muscle weakness [the strength per unit of cross-sectioffailure to thrve’ wherein the ‘frail elderly person’ does not
area of muscléf and ftigability?%21 The sum total of these respond to well-designed programs for conditioning and
effects is that age-related changes in the muscellest rehabilitation?*

system hee a gynificant impact on theveryday actvities The conditions of ‘frailty’ and ‘failure to thve

of the elderly The impact is ¥en more profound for a constitute tw of the most prominent manifestations of the
‘frail’ elderly person. For humans, the condition of sedentary elderly person. At yarege, frailty may be
‘physical frailty’ is typified by a person of small staturejnitiated by metabolic or muscle wasting diseases or by a
who displays seere impairments in strength, mobility long-term inactie life style® but for the younger person the
balance, and endurance due to muscles that are weak eoddition is usually neersible. Theincreased susceptibility
highly fatigable??23 The condition of frailty is obseed to and magnitude of contraction-induced injury constitutes
only rarely in the young, orven middle-aged personsub an additional risk factor for the eldefy Therefore,

is extremely preslent among the elderlyCommonly cited ‘frailty’ may lead to impaired mobility and balan€ea
causes of ‘frailty’ are: genetic, disease, injuifgstyle, and higher risk of &lling?®?” and increased incidence and
aging® Although the condition of ‘frailty’ is associated severity of contraction-induced injury The condition of
with a number of diseases, for the healiderly the frailty is invariably accompanied by declining fitness,
condition appears to be related primarily to life-séyle. health, and quality of 1ifé® Concomitant with the condition
addition, mawg frail elderly display the phenomenon ofof ‘frailty’, the condition of ‘failure to thrve reflects an
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inability of the frail elderly person to extricate him orto differences in the initial fithessvig of the indvidual
herself from the denward spiral of greater and greatersubjects, the intensity and supervision of the training
frailty even when presented with opportunities to do so.  program, as well as the aforementioned problem of

_ ) sampling only a f@ hundred fibres at each biopsy site in
Mechanisms responsible for atroply of skeletal muscles e large thigh musclég:3

Muscle mass is a function of the meawne of the
muscle fibres [fibre length multiplied by the fibre crosé—1
sectional area (CSA)] and the number of fibres present in a
given Keletal muscle. After maturityfibre length only 800 ° (P<0.001)
changes in conjunction with significantygertropty or
atroply of fibres, conditions that initiate decreases an
increases in fibre length, respeely.?® Furthermore, %
although under specific circumstances, branching of fibrés 4o -
may occuf® the number of fibres in a muscle does nok
increase’! Consequently for adults, a change in the mass §f 200 -
a gven muscle results primarily from either a change in the
CSA of indvidual fibres or a loss in the number of fibres. o , , , ,
In most humans, both factors contrieé to the decreased 0 20 40 60 80 100

°)

lgers (x10

600 -

of fi

muscle mass with aging, but the proportion of the Age (years)
contribution of each depends on heredity as well as;a

number of unknown factors in addition to habituakle of 350

physical actvity.'> For mary, the atroply of the sleletal o

muscles is first noticeable after 40 years of age, and fp?oo‘ . *

almost all by 50 years of ageAny earlier loss in muscle £ 250 -
mass is attributable to a loss in the CSA ofvitiial fibres
due to a sedentary life style, since nofeténce in the
number of fibres is obsesd between 20 and 50 years o
age (Figure 2a).Between 50 and 80 years of age, th§ 100 -
number of fibres in the Ige thigh muscle, theastus
lateralis, of men decreased by 50%, from 600,000 fibres to
323,000 fibres (Figure 2a)Although a comparable study  °
has not been undertk for females, the age-related
changes in muscle mass, suggest simifanot identical,
changes occurrin:18 The loss of &st type 2 fibres appears
to be immutablél'® but the impact of the fibre loss on
muscle mass depends to a substantigrede on the
regularity and intensity of the pkical activity in which
elderly people are eaged. Pisical activity impacts
directly on the CSA of the fibres that remain, such th
rather than atropfing, fibres may maintain CS¥%;% or
even hypertroply.1%1134The tendengis for the mean CSA
of the fast type 2 muscle fibres to decrease with aging wh
slow type 1 fibres tend to maintain their CSA/e in
elderly subjectd?1®

The large thigh muscles of humans consist
hundreds of thousands of fibf@sDespite the substantial
sampling problems associated with obtaining small needle-
biopsy samples from these large muscles and the impact\38chanisms responsible for loss of muscle fibres
the measurements of CSA, absolute and specific forces, and
absolute and normalized powers of single permeabilized A decrease in muscle mass and in the number of
fibores from the biopsies, these datavéhapoved muscle fibres has been observedvarg species in which
insightful 323335Studies of young and elderly persons, botlage-related changes e keen studied, which include
male and female, after carefully designed programs bfimansi:'® rats¥6-3° and mice’® Although may of the
weight lifting and equally state-of-the-art measures ahechanisms underlying the age-related changeseietak
structure and function of permeabilized single fibresnuscles remain of unkmm origin, progress has been made
demonstrateypertroply of both slav type 1 and fast type 2 elucidating the contriltion of muscle fibre denervation to
fiores$235and on other occasions no change in fibre 85A the loss of muscle fibrés the loss of motor unit&44and
The discrepancies among these data amdyliittritutable the remodeling of motor unifS. The major underlying

200 -

f motor

1)
150 1
3

Age (years)

Figure 2 A. The relationship between the total number of
fibres in the vastus lateralis muscles and tige & men
between 18 to 82 yemrof gge The aveage mumber of
fibores in the vastus lateralis muscle does nbange
&etween 18 and 50 yeapf gge, lut by aye &, the mean
number of fibres deeases to 50% of the number for
younger men. B. The relationship between the number of

otor units in the xdensor digitorum keis muscles and
the aye d men between the five and 88 yzaf ege The
number of motor units remained constaotirb yeas to 3
ofeass of age, lut then deazased linearly with a zerinter-
cept at ninety-five yearof age
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cause of the muscle fibre loss appears to be the lossHatbitual level and type of physical activity

motor units (Figure 2b). The phenomenon of a loss of )
motor units has been reported in muscles of both3r&ts’ For the past quarter of a centurgifferences of

and human248.49 Although in humans numbers of motorOPinion hae exsted rgading the relatie oles in the
units were measured in small #der thenat®4°muscles by development of frailty of _immutable age-related changes in
indirect techniques, whereas the number of fibres inge larthe Structure and function of aletal muscle$#24%and
thigh muscle of rats were counted direéfly. those attributable to a sedentaigw physical activity life
While obserations of age-related changes telskal Style!"” For adult men and women, the ‘master athletes’
muscles of humans are the most vari154248-50 typify the most physically aate in any age group.
investigations of the underlying mechanisms of age-relatebiroughout their life span, barring injury or iliness, the
changes in sHetal muscles of small, shortvéd, ™Mmaster at_hlet(_a maintains a hlghv_dle_ of f_|tn_es_,s and
mammalian species, such as A8 and rat<® provide competes in his or her sport or specialized individuahte

mary advantages. Thedwantages of rodent models areof running, thraving, or weight-lifting. Even among these
clearly evident for those aviables for which only less MenN and women, performance declines after about 40 years

precise, indirect measures are possible in hum&eh ©f age. By age 80, the decrease in peak performance is
variables include: whole muscle mdSdibre numbep®3° from 35% to 65% for differentvents (Figure 3). The
absolute and specific force of whole muséfeapsolute variability_ between eents is dependent Iargel_y on w_hether
pover and normalized power of whole musdgsand @an &entinvolves maing the body mass, as in running, or
motor unit numberinnenation ratio and remodelirf§:45-47 Moving a f|>_<ed mass as in yvelght-llft|ng, shot-putting, or
Taking into account the short, nto three year life span of discus thraing. Performancen all events and at all ages
rats, the timing of the onset as well as the rate af@'S been impked by the advent of ‘plyometric training®
magnitude of the loss of motor units in r&47the relave Plyometric training’ includes vigorous mements that
time course and magnitude of the losses in humans and #8¥9IVe €ch of the three types of contractions, shortening,
are in eceptionally good agreement for each of the twisometric and lengthening, as described in the first section.
variables (Figure 2).Furthermore, counts of the number ofoignificant, impreements in muscle mass, strengthwpa
motor axons innervating eletal muscles are decreased i"d endurance ke dso been achied in previously
both old rat§-4651and elderly human® The decreases in Sédentary men and womenreo 75 years of age through
the number of motor neurons and in the number of motBArticipation in conditioning programs that include: (i)
units in old compared with adult rats are of similaP@rticipation three times per week on alteneihys, (ii)
magnitude$® Despite this agreement, no causkeef muscle contractions wolving each of the three types of
relationship between the loss in the number of axons §entractions, (iii) continuous increments in loading based
motor nerves and the loss in the number of motor units 8f IMprovements in strength, andvji a duration of 12

muscle fibres has been established in either rats or hunfégeks or moré*3%:5657 The impravements in such
beingss? training programs hee been increased considerably by the

In addition to the loss of motor units as a majo'mclusion of lengthening contractions at >80% of one
contributor to muscle atroph denenation atroply of single ~ €X€cution maximum strength, but such programs require the
fibres independent of the motor unit loss is also $HPervision of professional trainers ant_j great care must be
possibility5455 In rats, the loss of motor units igatusively exerq_sed not to cause ‘contraction-induced injury’ to
from the pool of &st, powerful motor unit® The loss of participants”-°6:5" The success of the master athletes and
the fast motor units leas me fst fibres within a muscle Of Previously sedentary eldeyiwho hae wndertalen well-
denerated. Someof these fibres get incorporated intodesigned, carefully administered training programs indicate
remaining sla/ motor units by axonal sproutif§. The that the atrophy weakness, and afigability usually
result is an increase in the number of muscle fibres in thgSociated with advancing years, can beveib Although
remaining motor units, i.e. an increase in the inagon the loss in the number of fibres within muscles appears
ratio?® Fibres that do not become re-innervated, ugaler immutable!® the magnitude of the loss in muscle mass can
denenation atroply and are eentually lost. While the loss P& ameliorated to some degree lypértroply of the fibres
of motor units is roughly equalent between ratd*” and that remairi% _ _
humansi?48 the number of muscle fibres lost with aging In summary dearly both immutable changes in
does not she consistenyg between these twpecies. Br _skeletal_ muscle structure and function as well as an
large limb muscles of humans, a 50% decrease in fibfeFreasingly sedentary life style conutb to increasing

number occurs by 80 years of age, while hind limb muscl@&ilty among the elderly Young people andven edults
of rats shw only a 5% to 10% loss of fibresvar a @Ppear able to extricate themselves without difficulty from

comparable period of their life sp#%® The similar loss the temporary conditions of frailty induced by ypftal

of motor units between the species coupled with the mut}Rctivity, injury, _starvatlor;,soor iliness, whetheroluntarily
greater fibre loss from human compared with rode involuntarily inducedt>*® Although significant gins
muscles suggests that in the small muscles of rats {pve been realized in the quality and in the scientific bases
process of re-innervation is much moréeefive than in the for physical conditioning programs specifically for the frail

large muscles of human beings, although thipdthesis €lderly?*>*%the phenomenon of theaffure to thrve' for
has not been tested directly. mary of the participants continues to be an
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