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ABSTRACT

» —_—,

\

In view of the importance of maintaining normal mcbility in. the
[

agi'ng population, the function of two opposing groups of leg muscles,

the ankle dorsiflexors and plantarflexors, was studied in a sample of

111 healthy men and wamen aged 20 to 100 yr. Three major questions
were asked in this investigation: (1) To what extent does muscle
strength decline with ‘age? (2) Can descending motor pathways be

optimally utilized by the elderly for activating lower motor neurons?

(3) Does the time-course of muscle contraction become prolonged with

- age? A

Sumarized results were:
1. Maximal volhntary isometric strength (MVC) of the dorsiflexor
arnd plantarflexor muscles showed a genera‘l pattern of decreased values

after'the fifth decade in both sexes. A similar decline of
approximatzly 13% per decade was observed in the two muscle groups. As

the plantarflexor muscles produced 4 times more torque than the )

- dorsiflexor muscles in young adults, the absolute loss of strength was

much greatar for pléntarflexor MVC.

2. The majority of subjects at all ages were able to utilize
their descending motor pathways optimally for full muscle activation.

3. - Contraction time and one-half relaxation time of the isometric

twitch were prolonged with increased age in both muscles.

4. An additional observation was that flexibility of the ankle
r -

joint was reduced with increasedseq€, although considerable rotation' of
e
the ankle was still possible in the oldest subjects.

. -

Evidence from ahalysis of the compound muscle action potentials,

idi




. peak twitch torques and musclé*cross-sectional areas supported the

. / '
conclusion that the decrease in strength with aging was due to a loss

of excitable muscle mass. It was hypothesized that fat and connective

" tissue replaced muscle in the elde:fy. The findings of this study add

to our knowledge about the aging process and its influence on
neuromuscular function. It is also anticipated the results will be
u_seful in geriatric clinics af)d ffor planning programs aimed at the
prevention and rehabilitation of neuromuscular disability in the

elderly population .

iv
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I. INTRODUCTION

A. Purpose and Scope of the Investigation

-

. Normal mobility is a sign of health in old age. Despite the.
importance of maintaining muscle strength and joint flexibility in the

legs of the elderly, there is a lack of comprehengive research -

regaxding the effects of aging on these parametefs. Most studies have

been limited to one muscle group and usually only men were tested. The
muscles which act at the ankle joint as integral compbnents of normal
balance and walking acti\'rity' have not been examined in persons over the
age of 70_years {yr). Controversy exists in the literature about the

‘J'
issues of when in adult life muscle strength begins to decline and why.

The aims Of this étudy were to answer the following questions:
1. What is theAre_l'ati'c:ms'hip between agimj ard strength of muscles
acting at the ankle joiﬁt in’ adult men and _wcme'n?' |
2. Can descérﬂipg rotor pa't:t;wa/YS be optimally utilized for muscle
activation by thg aged- ‘individual? o
3. Does the tirre;coﬁrse,of“msgle contraction become prolonged with
aging? |
This study was confined to the opposing muscle groups that act on
~ the ankle, broducing .dorsiflexion and plan?:arflexion respectively.
Healthy adult men and wamen between the ages of 20 and 100 yr of age
participated in the neuromuscular function t;sting program. Aall

subjects were living independently in the community and were able to

walk without physical aid.



B. Review of Literature

Changes in Huran Muscle Strength with Aging

A decre;se in muscle strength has often been reported as a
characteristic of human aging. The phenomenon of weakness in old age
has received attention since at least the middle 1800's when Quetelet
(1835) reported his observations on back and hand strength' of men and
wanen as old as 60 yr of age (quoted in Fisher and Birren, 1947).
Unforturiately, numbers and characteristics of subjects were seldoml
reported in these early studies.

In more recent investigations, individuals of various ages have
bgen compared with regard to their strength in maximal voluntary
contractions MVCs). Several muscle groups from the upper and lower
 limb have been exam;ned. Table 1 sumarizes studies of adults at least
as old as thel seventh decade with regard to changes in isometric
sérength with aging (isametric refers to constant muscle length). Six
much/le groups have been compared: ankle plantarflexors, ankle
dorsiflexors, knee extensors, knee 'flexors, elb/ow flexors and handgrip.
Several, ge?aeralizations can be made from an anélysis of the results.

Pirst, there is no clear-cut difference in the “effects of aging

between distal ard prox#ml muscles, or between muscles of the upper:

and lower limbs. For example, in the study by Potvin et al. (1980}, the

decline in MVC observed for handgrip with increasing age was exactly
the same as for '_ankle dorsiflexion., But McDonagh et al. (1984)

recently reported a greater reduction ‘a‘plantarflexor strength than in



- Table 1. Summary of Literature on Changes in Muscle Strength
with Aging i

Study Muscle Sex Oldest N % Decline in Mean Difference in Size
Action, Age Group Strength vs vs Young Adults
Young Adults Height(cm) Weight (kg)

ANKLE _ -

1. Plantar- M 60-65 8 21 -4 +9
flexion F 60-65 7 24 -2 +11

2. " M %= 69 9 43 -13 +0.2

3. Dorsiflex. M 70-80 10 20 - Not Reported
KNEE .

4. Extension M 60-69 16 25 -7.5 -4.5°

5. " M ' 70-86 24 45 Not Reported

6. " M 55-73 15 39 ! +2.2 +3.9

7. " F 50-80 15 40 Not Reported

5. Flexion M 70-86 24 36 Not Reported
HAND '

8. Handgrip M 53-68 20 17 Not Reported

9. " M 75-79 4 38 Not Reported

10. " M 60-69 10 7 18 Not Reported

11. " M 53-64 19 28 0 +8.5

11. " F 60-66 6 37 -0.5 -0.8

12, " M 51-62 27 3 -1.9 +6.4

13. " ~F - 50-65 22 28 -6.8 0

3. " M 70-80 10 20 Not Reported

14, " M « 60-90 30-40 47 ®  Not Reported

14. " " F 60-90 " 42 Not Reported
ELBOW ‘

15., Flexion M 67-72 5 31 * ° Not Reported

16. " M ¥=71 11 20 -4 +9

Authors: 1. Fugl-Meyer et al. (1980) 2. Davies et al. (1983)

3. Potvin et al. (1980) 4. Larsson et al. (1979) 5. Murray et al.
(1980) 6. Clarkson et al. (1981) 7. Johnson {(1982) 8. Fisher and
Birren (1947) 9. Burke et al. (1953) 10. Shephard (1969)

11l. Asmussen et al. (1975) 12. Petrofsky and Lind (1975) _
13, Petrofsky et al. (1975) 14. Agnew and Maas (1982) 15. Moritani
and deVries (1980} 16. McDonagh et al. (1984) -
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elbow strength when a group of 4 men, aged approximately 70 yr, were
compared to young men (average difference was 41% for the ankle muscles
vs 20% for the arm muscles). Customary activity could be an important
factor in these types of muscle group comparisoné and it is noteworthy
that the old men tested in Davies iaboratory by McDonagh and’ ¢o-workers
were retired manual industrial workers. Secord, ms;les ard fefmales
appear tp experience similar aging changes, although research on wamen
has been limited. A third observation is that by the seventh decade
average MVC is at ’least 20% lower than in yo@ adults (20-30 yr olds).
It should be noted that all studies but one used a cross-sectional
examination of Ehe aging population as the research design, but the
longitudinal ;study of Asmissen et al. (1975) temds to confirm the
cross-sectional observations of the other investigators.

There are several criticisms to be made of these studies. First,
there has not always been adequate consideration for size differences
between young and old adults. Muscle strength is positively correlated
to body size (Lamphiear and Montoye, 1976; O'Donovan and‘ Watson, 1977},
presumably because of differences in cross-sectional muscle area and in
lever arm. Thus, where differences in size exist, it is not clear how
much of the apparent aging efféct on MVC was. at,trib_utable to this
factor. 1In some of the studies cited in Table 1 information on size

was not reported.
1

Small numbers of subjects have been -studied in ‘'some cases,
particularly with advanced aged groups (e.g. Burke et al., 1953).
Other investigét_ors have grouped sexferél decades of age into one
category, thereby rrasking‘ the aging effect (e.g. Agnew and Mass, 1982).

Most of the studies have lacked representatives of the elderly v



population over 80 yr of age and ih some cases .the oldest subject was
only in the sixties. Females have been examined in few of the
investigations. Not all studies have reported whether there was c:? '
assessm:-_\nt or matching of daily dctivity patterns among the vari age
groups, despite the knowledge that muscle strength can strikingly
a].téred by "overload" resistance training or prolonged inactivity (Sale
et al., 1982).

There is a further methodological criticism which can be raised
with all of thé studies employing measurements of maximal voluntary
strength. A MVC requires the subject to make an intense mental effort,
ard it is not clear how mich of the difference between young and old
subjects can be attributed to lesser motivation on the part of the
latter. Maximum isometric muscle contraction can involve brief
discomfort due to several factors, suqh as internal muscle sensation,
pressure on the skin and joints, and chafing against the straps and
restraints of the measurement device. Also, some people may have an
emotional meilllingness to be i:hysically forceful (Ikai and Steinbhaus,

1961). Fortunately, this last factor can be evaluated by using the
s

' twitch interpolation technique of Belanger and McCamas (198l). With

this method, during the voluntary effort of a subject an attempt is
made to'producg an involuntary muscle twitch by electrical stimlatjon
of the appropriate motor nerve. This technique allows an assessment of
the extent to which the individual has activated the musculature with
his/her volition. If full voluntary activation has been achieved fhe

}
stimulus adds nothing more.

Muscle strength can also be evaluated by tetanically st.mulatmg

the appropriate motor nerve and comparing this output to the MVC.

LY
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Unfortunately, antagonistié muscle groups may be excited by the tetanic
stimulus and contaminate the force récord. This procedure is painful
when sufficiently high current to cause maximel muscle contraction is
used. R@ure of muscle and tendons is aiso a possibility in frail
subjects. Thus, while some investigators have used tetanic stimulation
in their testing protocol (e.g. Davies et al., 1983), subject selection
was biased towards highly—motivated people who wbuld submit to the
procedure. Only a few of the subjects tolerated tetanizing current in
McDonagh et al.'s (1984) study and it appears that this form of muscle
stimilation would not be suitable for a large survey of volunteers from
the community.

In only one of the studies smnnérized in Table 1 were the agonists.
and antagonists écfing at a joint compared to determine if a "
differential effect of aging was present. Murray et al. (1980) found a
slightly greater decline in the strength of knee extensors than in that
of knee flexors. These results were of added interest in that one of
the muscle groups, the knee extensors, had an "anti-gravity" role. Is
there a critical level of strength required in the extensors for normal
'mobility? Such an analysis is also relevant to t;hé muscles acting at
the ankle joint which are inv'olve‘d. in maintenance of the upright
posture and in locomotion. Even during walking, the anti-gravity
piant_arflexor; are kn/own to produce substantial torques (Winter, 1981).

The question arises whether ‘the relationship between muscle
strength and age is linear or curvilinear throughout the adult years.
-After post-pubertal increases in strength, which are particularly
striking in th_e male {Tanner, 1978; Sheghard,: 1982i ; the relationship

between MVC and age has been found to plateau for at least 30 yr in



many studies. This plateau has been observeé for -muscles of the upper
limb (Shephard, 1969; Shock and Norris, 1970; Petrofsky and Lind, 1975;
Montoye and Larnpﬁiear, 1977; Agnew and Maas, 1982) and for muscles of
the lower limb (Larsson et al., 1979; Fugl-Meyer et al., _1980; Belangel.;
et al., 1983). Other investigators have reported a gradﬁal linear
decline in MVC after about 30 yr of age (Fisher and Birren, 1947; Burke
et al., 1953; Asmussen and Heeboll-Nielsen, 1961, as quoted in
Asmassen, 1980; Asmussen et al., 1975; Petrofsky et al”.,(l/Q'TS, for
wamen) .

Sumary. Most résearch supports the.conclusion that there is
‘little change in adult strength until the sixth or seventh decades.
The concept of a linear décline in muscle function with age, |
popularized by Shock in a Scientific American article in 1962, is at
best fragile and cannot be‘ generalized to all musc¢le groups. Linea‘r ‘
correlations between MVC and age in the range of 20 to 60-70 yr have
been very low in terms of predictive value. The one longitudinal study“
cited provided an observation that handgrip strength decreased by an
average of 20% between the ages-of 24 and 50 (Asmusseh et al., 1975).
It should be noted that when first examined, these subjects were
physical education students with high activity and fitness levels.
According to measures of exercise capacity, this activity paftern was
.not maintained into middle age. Decreases in activity level due to
altered lifestyles may have therefore exaggerated the apparent effect

of aging.



Basis for Decline in Maximum Voluntary Strength with Aging

Several alternative explanations may be advanced for the
diminished strength obﬁerved in the elderly. In cross-sectional
studies, there may be extraneous factors such as body size and habitual
activity levels that differ between age groups. However, the age’
effect persisted when these factors were eliminated, either by matching
groups on the variables or by using statistical analyses that allowed
for control of group differences (e.g. Petrofsky and Lind, 1975a;
Clarkson et al., 1981; Johnson, 1982). The conclusion from these
studies was that the older subjects had less muscle cagacity for
tension generation amd/or older subjects were not performing optimally
when asked to make maximum efforts. The latter possibility has not -

been adequately evaluated to date, as discussed previously in the

literature review. ' . .

With regard to the first possibility, miscle tissue seems to be
lost with advancing age, according to investigations on the body
. composition of elderly individuals. A variety of assessment techniques
have been used in this research. Whole body examinations of non-fat
tissue proportions have been generated from anthropometr}c measurements
-such as densitometry, potassium—40 scanning or simply measuring
skinfold thickness. While a number of studieé in which these methods
were used have reported a loss of lean bodv mass with aging (Forbes ard
Reina, 1970; Parizikova et al., 1971; Steen et al., 1977; MacLennan et "
al., 1980; Dill et al., 1982), it was not clear how much of this was

due to loss of muscle mass or to loss of other fat-free tissue.

Tzankoff and Norris (1977) estimated total muscle mass specifically by



measuring 24 hour creatinine clearance. Their oldest 12 mé‘n, with a
mean age of 90, showed on average a 45% reduction in muscle mass

-

. compared with mature young adults. The group of men with a mean age of

-

50 showed only a.7% loss.

v

There are drawpacks to these whole-body studies. in all cases, an
‘index of lean body or muscle mass was derived from pr.edictér variables,
such as creatinine clearance, rather than by measuring the muscle
tissve itself. Additionally, differences in loss among individual
muscle groups could not be determined. An alternative has been to
compare the sizes of specific muscle groups in young and old subjects, .
using either radiographic imaging or cadervic material.

Recently, the technique of computerized axial tomography
(CAT-Scan) has been applied to the problem‘ of mafiring muscle mass in
the elderly. Borkan et al. (1983) have shown that men aged 59 to 76 yr
(mean=69.4 yr) had, on average, 12.4% less muscle cross—sectional‘ area
(CSI}) in the u.pper leg and 11.7% less in the upper arm, when compared
to a group of middle-aged men. This lgss was virtually the same as the
total loss of lean body mass (as determined by pdtassium—etO scanning) .
However, the loss of muscle cross-sectional area in the chgst region
was only 2%. Ultrasonic imeging of limbs has been promoted by Young et
al. (1980) .as a practical, alternative method to the elaborate CAT-Scan
equipment; they initially demo;xstrated that the technique can be used
to accurately assess quadriceps muscle wasting foilowing plaster cast
immobilization of the knee joint. They have also reported smaller
quadriceps CSAs in old men and wamen as compared to young adults (Young
et al., 1982; Stokes et al., 1983). | '



Musclée Histology ' 2

Is the-loss of muscle mass with aging due to a réduction in the
to'tal nurnbér of fibres and/for due to a:shrink.age in the sizes of
ir;diviéual fibres? Muscle biopsies have been taken fron_l healthy,
elderly individuals i:: an attenpf to answer this question. Larsson et
al. (1979) reporteé that their sample of 60-65 yr old men had smaller
vastus lateralis (VL) muscie fibres than young ;nen. This was true'for‘
both the Type I and Type II muscle f‘ibre types (Note : Type I and Type
II refer to staining characteristics of the my.osin ATPase g}resent in
the muscle- fibre: whether it is acid stable or alkaline stable; see
Engel (1962). Three basic fibre types are rlow recognized, Type I, 'I‘ypeo
IIa, and Type 11IB (Brooke and Kaiser, 1970), and this tem.inology i‘s
used in the present study. These three types generally correspond to
the classification scheme of Peter ‘et al. (1972.) based on functional
properties: slow-~twitch oxidative (S0) fibres, fast-twitch
oxidative-g}ycolytié {(FOG) fibres and f%\st-twitch ‘glyoolytic (FG)
fibres. Garnet; et al. (1979) have demonstrated that fibrés of thé
human medial gastrocnemius muscle which stained histochemically as Type

I, Type II, and Type IIB exnibited physiological characteristics
. mqsisten/t’ with the SO, FOG; FG classific;\tion schpme. However, these
aut.hors and others (see Bl;rke, 1981) have aiso noted that.oo_nsiderable
wvariation in twitch speed, capacity for post-tetanic potentiation , and
- fatiguability exists in each fibre type category).
Larsson et al. (1979) found the averaée‘ Tvpe II fibre,dianeter:' was

reduced by 42% in their older men, as compared to a 23% change in thé
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Typé I fibres. As well, it appe#fed that some ‘I‘y;ie 1I fibres had been
lost from old muscles because there was a lower percentage of the Type
II fibres in the aging VL. A co-author in the Larsson investigation,
Grimby, has since been‘involved in another‘étudy of aging VL muscles in
which Type I fibre size was not decreaseé in 80 yr old men and waren,
al though Type II size'was (Grimby et al., 1982). Furthermore, these )
authors found no cha in the proportions of Type II and Type I fibres
in the muscle. Aniansson et al. (198l) réported no change in fibre
size with aging in men énd wanen aged 67 to 76, except for the Type f?b
fibres. Larsson (1983) however, has c:i;iéized the work of Grimby et
al. (1982) for the inclusion of peréons.with disease in their sanplé

-

and for' their histological methods in which rather small biopsies were

-

6btained. Larsson quoted other déta of Scelsi et al. {1980) on 65 to
89 yr ﬁlds, which confirmed his observations of at Type II nuscle.fibré.
atrophy relative to Type I in the ;astus lateralis with aging (Larsson,
1983). Other investigators have also reported this as chafaﬁteristicl
of old human muscle (Tamonéga, 1977; Clarksén_et.al., 1981) .

| The technique of predicting an entire ﬁuscleﬂs characteristics
from a sinéle biopsy which is only a few millimeters square could lead '
to erroneous éonclusions (Elder et al., 1982; Nygaard and Sanchez,
1982). In an alternative approach, the entire vastus lateralisuwas
removed fiﬁm young and old (70 -to 73 yr) men‘who wege apparently in

good health before sudden, accidental death (Lexell et 21., 1983). .A

- slice through the mig-section of VL was obtained and then analyzed at

many different sites for fibre type distribution and size. On average, -
the older men -had 24% fewef muscle fibres, but there was no significant

change in fibre type distribution or fibre size. Griﬁby and Saltin
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(1983) also reported a similar finding of no change in the rﬁez;n size of
elderly ‘soleus muscle f.ibres. ‘Lexell et al. (1983} noted that |
variability be'twegn subjects was gfgater in the elderly, ;md this has
been reported in (;ther cadaverlc studies (Tamlinson et al., 1969;

Jennekens et al., 1971). Tl'xerefore,'the generaliiation that

"preferential Type II muscle fibre atrophy occurs with aging" is

questionable.

o

\

Electrophysioiog ical Investigations of Lower [.eg Muscles

-5

Muscles below the knee have not been studiéi,as extgnsively as the

quadriceps with regard to muscle-histology and aging, but more Qetailed
physiological -data_ is available _fo; the former. Carrpbéll.et“al. (1973)
obServed that the size of the iscxhetric't?citc'h of the éxtensor hallucis -
‘Sfe\;'\is-mus-c]'.e was lower:in a group of 'héali:hy old men arﬁ“wm-)en,, a§ ,
‘compared t:‘o young controls. - In addif: ion, the “cént:rac‘l':io_h time of the ~
twitch was found to be prolongéd .and compound muscle action potentials
recorded from-the extens_o!: digitorum br%vis {EDB) muscle were reduced
in the elderly. ‘Trése observations,- combined with thé%emqns‘tiration of
a 6ecr_ease in the maximal impulse condﬁction velocity of the motor
ner:zes and a decrease in the number’ of motor units in the EDB muscle
with éging‘-, suggested tﬁat some Type III motor units had been lost.
Altgmativeiy, some Tyf:e II wits may ﬁave become more like Type I
units with aging, thereby leading to a slower rate of muscle tension
developneht. 3 ‘

Davies et al. (1983) have reported that.the.plaﬁtarflexor muscles
al‘so had prolonéai twit_ches in older men l.(all aged close to 69 yr), as

. ’L) . o :
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compared to young adults. The peak twitch torque was lower in the
older men as well. Belanger et al. (1983) have confirmed in both men
and wanen that the plantarflexor twitch is prolonged in older

3>

ihdiv.iduals. The antagonist do;\siflexor muscle, tibialis anterior, dig ’\
ln;t show this effect in the age range studied (20-65 yr). No decrease

in peak tw&:h torque with advancing age was gbserved inseither muscle

by Belanger et al. (198'3)3.

I'sometric twitch analysis. It should be noted that the

time-course of the isometric twitch is governed by several \factors
including (cf. .Clbse, 1972; Garlson and Wilkie, 1974; Blink\;l.,
+ 1978) : o

{1) the regulétion of the ."active gj:ate" (Hill, 1949) period of
tension generation by the myofilaments. The calcium (Ca) co‘ntfolling
apparatus, the sarcoplasmic reticulum angl the cytoplasmic, proteins that
bind free Ca?' ions, regulate this period ‘bec_:ause Ca?t binding to
troponin releases the inhibitory influence of the latter on
actin-myosiﬁ interactions. . -
| (2) the tyce ogmyosin present: whether it is‘ Type I or Type II,
based on myosin ATPase staining.

. <
. {3) the.stiffness of the series elastic component, which transmits

' I} [ - /
the contractile force across the joint.

With regard to Ca?t regulation, Kugelberg and Thorneli (1983) have,
recently reported that some motor units from rat tibialis .anterior
muscle stained for Type I myosin ATPase, yet had the same contraction
time as units from ‘the soleus muscle that stained for Type 1I myosin

A’l}fase. It was observed that the volume of terminal cisternae was

equal in the -two types of muscle fibres, despite their different myosin

1
| | | /\
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ATPase sta}mtharacteristics. As they also fourd a high negative
correlation between the contraction time of motor units and the volume
. of terminal ;:isternae-in the corresponding muscle fibres, the authors
suggested that the capacity of the terminal cisternae to release and
_ then to take_up CaZt is the primary factor in regulating the isometric
twitch tizr;é course. However, it t;.ras also observed that in a given
muscle, a larger volume of terminal cisternae was associated with
fibres staining for Type II .myosin ATPase. Thus, there was a
felationship between type of myosin ATPase and twitch contraction time,
but it was only applicable to fibres within the same muscle. These
ok?servations may explain why muscles with similar proportions of Type I
and type II fibres may have_ .different isometric twitch time-courses
(Belanger et;_ual., 1983). | _
The isometric twitch of aged muscle could be altered due to
changes in one or more of the t':hree factors discussed above. Little
= quantitative work has been done, however, to determine whether aging
causes changes in the structure and function of the sarcoplasmic
reticublum. Tanchaga (1977) and Shafig et al. (1978) noted in a
descript_ive manner that t-tubule aggregations were occasionally
J observed in aged human muscle é’peciméns examined under the electron
;v, ‘microscope. As discussed earlier (seg un_der heading', Muscle .
Histolggx) , there are conflicting reports on whether muscles tend to.
lose Type II motor units preferer;tially. In relation ,to' the stiffness
, of connective tissue, tl'.lere are two.re‘;orts that.this is greater with
- aging, thus allowing for a more rapid transfer of tension developed by

the muscle; nevertheless, twitches were longer in elderly than in young

adults (Botelho et al., 1954; Campbell et al., 1973)'. These last

L
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observatic;ns indicate that the other factors, muscle fibre 'type and/or
regulation of intracellular Ca?*, mist have been mofe influential.

The amplitude of the isometric twitch is dependent not only on the
amount of excitable muscle mass present, but; al?c; on the same factors.
which influence the twitch time course. Following a single excitation
of the muscle the ampunt of time that the muscle actively generates
tension will influence how mach force is transmitted through the
tendon. This is because the muscle must stretch the tendon before any
tension is registered. across the joint (Carlson and Wilkie, 1974).
Furthermore, the stiffness of the termdon will alsec influence how much
of the contractile force generated by a single excitation of the muscle
is passed on. It has been observed that the twitchlsi'ze was smaller in
old msc}es, despite a prolongatioﬁ of the twitch duration (Campbell et
al:, 1973; Davies et al., 1983). Campbell et al. (1973) had also
chserved th‘at the tendon was stiffer with aging and hence more
effective in transmitting muscle tension. They concluded excitable
ruscle mass'wés considerably reduced in the elderly foot and 1-:his was
indiréctly confirmed by comparing the size of the compournd muscle

action potential between the young and old adults.

Imervation of Muscles

+

It is generally recognized that the motor neuron maintains the

differentiated state of the muscle fibres which it innervates, so as to

LY

form a uniform motor unit (Buller et al., 1960; Edstrom and Kugelberg,

AS

1968; Brandstater and Lambert, 1969). The strong possibility exists

that with acjing there is a disturbance of this "trophic" relationship,
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resulting in the eventual loss of function in that par.ticul'alr motor
unit (Campbell et al., 1973; McCamas, 1977; Caccia et al., 1979). The
way in which a nerve exerts its trophnic action on muscle fibres is -
poorly urnderstood but thefe is evidence that two mecllanisms are
involved: (1} impulse ‘acitivity ~ the frequency or total number of
excitations of ﬁuscle fibres (2) axoplasmic flow of messenger
substances that are manufactured in the nerve cell body and transported
along its axon, before crossing the neuromuscular junction into the
muscle fibre (see Guth, 1968 and Pette, 1980 for reviews). It is
possible that with aging decreases occur in both irrpulsé activity and
axoplasmic transport (Gutmann and Hanil_ikova, 1972; Sprott and
Eleftheriou, 1974; Stromska and Ochs, 1982).

'i‘here is evidence that the numbers of motor neurons are decreased
in elderly hummns. Gardner (1940) counted the number of myelinated
fibres in the eighth and ninth thoracic ventral roots of cadavers
between the ages of 34 and 85. When these data were combined with

those fram an earlier study (Corbin and Gardner, 1937), a 25% to 30%
‘ decrease in nerve fibre numbers was estimated to have occurred between
the third and eighth to ninth decades. However, the cases were
diseased, which makes for difficult§ in assessing how much the aging
influence alone was responsible for their findings.

Tanlinson and Irving (1977), in their study of aging and
lumbrosacral motor neuron cell body counts, selected only those autobsy
cases in which people had been healthy and died rapidly "from states of
activity mnsidéred ‘normal for the age." Their data seemed to show no
changes in cell body numbers through the adult years until the seventh

decade; then between the seventh and tenth decade, there was about a‘x'



30% ta 35% decrease. Both alpha and gamma motor neurons were included
in their cord sections; the latter type of cells innervate intrgfusal
fibres of the muscle spindle rather than extrafusal skeletal muscle
fibres and it is not clear hoy they are affected by aging (Tamlinson
and vaing, 1927).

McCanas and co-workers sought to estimete the number of-
functioning motor units in living, healthy elderly people using a
non-invasive electrophysiological technique (Campbell et al., 1573).

-With this method, the average size of an individual motor umit
potential was estimated and then divided in_to the compound muscle
action pc;tential to obtain motor unit counts.- Irdividuals of varying
ages were tested for counts in the extensor Qigitorum brevis muscle of
the foot, and the thenar and hyﬁothenar muscles ©f the hand (Campbell
et al., 1973; Sica et al., 1974; McCamas, 1977). In each muscle motor
unit counts were similar in adu{Fs up to age sixty but then were
decreased by at least 50% in older people in their seventh decade.
Other'investigators have supported this finding of a decrease in motor
uni;xpounts with aging (Brown, 1973; Hansen and Ballantyne, 1978;
Stalberg and Fawcett, 1982).

S Motor unit counts seemed to be considerably lower than expected
fram other aging studies of motor neuron number or of muscle strength.
However, McCanas (1977) has postulated that some motor neurons present

in the aged individuval are no longer functional. Id addition, through

the process of collateral reinnervation surviving motor neurons may

17

capture muscle fibres which have lost their original innervation; hence

neurons are lost but not muscle tissuve. ' In accordance with this

reinnervation process, motor unit potentials were larger in the
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elderly, which reflected an expanded motor unit size (Brown, 1973;

Campbell et al., 1973; Hansen and Ballantyne, 1978; Stalberg and

Fawcett, 1982).

Unfortunately, motor unit counting has

n limited to smll
distal muscles which may be particularly suscekltible to a‘E;;.J‘.-ng effects.
The long axon rec.;uired to innervate a distal limp muscle motor unit may
be especially prone to degenerative changes with aging (Cavanagh, 1964;
Campbell et al., 1973; Sabin, 1982), thereb; leading to excessive motor
unit losses. However, proximal muscles are not suitable for motor unit
counting, because of their sizes, complex innervation patterns and

inaccessible motor nerves.

Aging Studies in Animals

Changes in muscle structure with aging. Analysis of neuromuscular

systems from young and old animals of the same strain has permitted
quantiﬁication of aging effects on muscle morphology, histology and‘
innervation. Most of the studies have been performed on rats or mice,
and decreased numbers of fibres in rodent limb muscles have been
consistently observed in older animals (Rowe, 1969; Tauchi et al.,
1971; G:tmann énd Hanzlikova, 1972; Hooper, 1981). This decrease in
fibre number may be partially offset by fibre hypertrophy with aging
{Rowe, 1969; Hooper, 198l1). Armother findiﬁg of Hooper (198l) was that
fibre length was less in the biceps brachii and tibialis anterior
muscles of old mice due to a loss of sarcomeres, but no change was
observed in the average sarcomere 1éngth. The actual limb lengths were

not reported.
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It has been of particular interest to know whether the two v
functionally different muscle types, phasicalle and tonically actiwve,
vary in their susceptibility to aging effects. Tucek and Gutmann
{1973) vbserved in rats that the decline in fibre number was greater in.
the predominantly Type I (tonic) soleus muscle as c_:Ompared to the Type
II (phasic) extensor digitorum longus (EDL) . In rat EDL muscle there
is an overall increase in the proportion of Type I muscle fibres
{Cacéia et al., 1979), yet in the rat tibialis anterior, Tauchi et al.
(1971) reported a striking decrease in the proportion of "red" (tonic)
muscle fibres., In the young rat, the tibialis anferio£ had
approximately equal proportions of the two muscle fibre types; l;ut Qi'th
aging nyhite" fibres predominated. |

For the mouse, Banker et al. (1983) have' r:eported‘ that _the soleus
musc'lelfibres were significantly smaller i‘n olde;: animals, but EDL
fibres did not show any decrease. On the. other hand, Rowe (1969)
observed a trernd to increased socleus fibré si‘ze in their old miéé,
although the mean age of the animals was 25 months, versus ages of 28
to 33 months in Banker et al.'s (1983) study.

Gutmann (1977) has proposed that rat motor units uhdergo a process
of "de-differentiation" with aging$ in which some of their speciaiized
properties are lost. For exémple, highly differentiated muscles, su_cljl
as soleus and extensor digitorum longus, become more similar in very
old age (Gutmann and Syrovy} 1974; Caccia et al., 1979). In the adult
rat the soleus muscle appears to first go thfough a stage of aciditional
prolongation of the twitch concraction time (Wskecil and Gutmann,

1972; Gutmann and Syrovy, 1974), and an enhancement of Type I nyosin

ATPase activity (Syrovy and Gutmann, 1970; Caccia et. al., 1979), before
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this final de-differentiation.

A common generalization about old muscles, both animal and human,
is that there is an increase of fat and connective tissue to replace
lost or atrophied muscle fibres (Lowry et al., 1942; Verzar, 1959; |
Jennekins et al., 1971; Borkan et al., 1983; Ludastcher et al., 1983),
yet this has not been accurately quantified. In some muscles of the
mouse there does not appear to be an increase in non-contractile tissue
however, because muscle weight changes can be acc01£1ted for entirely by .
the decrease in fibre number (Hooper, 198l1). Discrepancies could exist
between different species and also because animals of various ages have
been used in studies of "aging" rodent muséle. For example, Gutmann et *
al., 1971 wsed three month old, immature animals as controls; in other
si:udies (e.g. Tauchi et al., 1971; Hooper, 198l) the aged animals were
actually middle-aged and very old animals were not included. It is
important to choose a healthy strain of mice or rats in which the

-

growth pattern and life span has been clearly documented.

Characteristics of the aging neuromuscular junction. Effects of
. [ 3
aging on the function of the neuromuscular junction (NMJ) have much

bearing on the maintenance of normal muscle properties. In a
comprehensive study of the effect of aging on the ultrastructure and
physzology of mouse NMJs, Robbins and co—workers have compared the
tonic soleus and phasic EDL muscles (Fahim and Robbins, 1982; Banker et
al., 1983; Kelly and Robbins, 1983). Presynaptic ultrastructural
changes ineluded decreases in nerve terminal area, rhitochondria and
synaptic vesicles and increases in smooth endoplasmic retieulmn, coated

vesicles, cisternae, microtubules and structures identified as



21

neurofilaments. Post-synaptic differences in old NMJs included
increases in the complexity of junctional folds, and also increases in
subsarcolaemmal vesicles and lipofuscin deposits (Fahim and ﬁRobbins,
1982) . These changes were thought to be signs of "an age-related form
of remcdelling and morpholoéi; adaptation.” Aging changes were
observed more frequently in the scleus than EDL muscle, but significant
. differences varying from 11% to 135% were found in both m‘uscles when
the numbers or sizes of various NMJ structures were compared in young
and old animels.

Fahim and Robbins (1982) found few areas of complete denervation,
but most of the old muscle fibres examined had post-synaptic changes.
Caccia et al. (1979) proposed that denervation of muscle fibres in
their old mice had occurred, but then the Ffibres had been reinnervated
by the surviving motor neurons. Evidence for this proces; was their
observations that the numbers of motor axons and motor units was
reduced, but not the sizes of the compound muscle action potential or
twitch tension. Fahim aﬁd Robbins (1982) criticized this work because
immature 2-3 month old mice had been used as controls.

In the aged rat, Gutmann and co-workers did not find any decrease
in motor neuron numbers, nor evidence of denervation, at a time when
muscle atrophy and disorganization was present (Gutmann and Hanzlikova,
1966; Gutmann et al., 1971). However, Fujisawa (1976) observed
detegi;ration in tbe distgl portion of old rat motor neurons and Caccia
et al. (1979) reported a decrease in the number of rat soleus motor "
units with aging. At least part of the explanation fbr these
discrepancies lies in the use of different animal models and strains by

the various investigators. As Fahim and Robbins (1982) have noted, the

-
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commenly used laboratory rat may be a poor model for studies of pure

aging effects because it becomes inactive, obese and has organ
rathology in late life. Aﬁ aéditional consideration is that some of
the old nerve axons observed under the microscope in anatomical studies
may have become non-functional.
' A detailed examination of neuromuscular transmission has been
}ndertaken by Robbins and co-invest-igafors in several muscles of the

~ crp-1 mouse; this strain maintains its activity and freedom from organ
pathology into advanced age. Miniature end-plate potentials’
(m.e.p.p.s.), caused by the spdntan’eous release of single acetylcholine
(Ach) vesicles, were of similar amplitude in young and old scleus ard
EDL preparations, despite an increase'in_. the input resistance of aged
muscle fibres. Another finding was that the frequency of m.e.p.p.s.
observed was decreased with aging (Banker et al., 1983). As the. evbked
end-plate potentials, recorded when the motor neuron was stimulated,
were markedly increased in the older animals, it was concluded that the
number of Ach vesicles released upon nerve stimulation was
significahtly greater with aging (e.g. estimated quantal conte'nt was
increassd about 2 to 3 times in older NMJs, depending on the method
used for determining the number of Ach vesicles released, see also
Kelly and Robbins, 1983).

Banker et al. (1983) found that the threshold level of
depolarization required for initiation of the muscle action potential
was unchanged in the ¢1d mouse .preparations_ 1:;ut end-plate potenfials
were increased; thus, the relative safety factor for excitation
(synaptic efficacy) was enhanced in old NMJs. This increase in

efficacy was also demonstrated by the observation that old NMIs were

-
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less affected when thé calciumy/magnesium ratio in the bathing solution
was lowered (this érocedure hampers Ach release) . In another study, |
Kelly and Robbins (1983) have shown that the ephancenent of synaptic
function took place in middle age for this strain and that the EDL ¢
muscle was affected at an earlier age than the soleus. Another
observation was that the diaphragnm slhowed less change with aging than
the soleus muscle. Vyskocil and Gutmann (1972) have also noted in the
rat that the frequency of m.e.p.p.s. recor_dad was much more reduced iﬁ
the soleus muscles of old rats than in their diaphragms.

The functional consequences of these aging changes at the NMJ are
two-fold. First, the reduction in m.e.p.p.'v frequency was indicative
of a dinlinislmed rate of spontaneous acetylcholine release . However,
the likelihood of excitation of a muscle fibre by the initial impulses
of its motor neuron was increased due to the enhanced Ach release and
hence erd-plate potential size. Kelly and Reobbins (1983) considered
thfls enhancement of neuromuscular transmission to be a compensatory
response, although it should be noted that during prolonged signalling
the aged synapse might be less able to prevent exhaustion of Ach
vesicles. The stimulus for this adaptation remeins undetermined, but
it was observed that the changes were present in middle-aged rats, at a
time when'there was no evidence of other pathology. One possibility is
that changes at éhe NMJ are part of a normal
developnentall/maturation/aging sequence that takes place™~independently

of changes in activity pattern or disease.
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Sumary of Literature Review

Strength in maximm volunt;—,\ry muscle contractions (MVC) is less in
old—adults than young men and wamen. Most investigations have
indicat_ed that isometric MVC is relatively constant thrc?ugh middle atje
and marked decreases take place in the sixth and seventh decades.
Muscles acting at the ankle; knee, hapd ard elbow appear to show the
same general pattern of change in the elderly. Extraneous variables
such as size ard acti-vity pat'tern have not always been controlled for
in these cross-sectional studies, but results fram a longitudinal st’udy
were consistent with the rest. Opposing muscles at a joint have been
compared in only one study of men. There have been few studies on wamen
and _ve;.y old individuals of either sex have seldom been included in
aging studies to riate. . . T

A loss of excitable muscle mass is the likelf,r explanation for
declines in MVC with aging, although a lack of motivation for tests
and/or a lack of nervous coordination have not been evaluated. McCamas:
and co-workers have reported that the healthy elderly. have a decreased
.nu:_tber of motor units in the smmll distal muscles of the hand and foot.
Although initially over-sized motor units, due to a collateral
re-innervation process, may compensate for the denervating process, a
loss of muscle fibres seems to be inevitabie. Atrophy of muscle fibres
does mot seem to be a g'eneral feature of aging. Controversy exists on
whether the pl;oportion of Type II and Type I muscle fibres changes with
aging, but it has been clearly demonstrated that the isometric muscle
twitch is prolonged. Other factors influencing twitch ti'rres, such as

L
the regulation of free calcium ions in the muscle sarcoplasm by the
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sarcoplasmic reticulum, and tendon properties, could also change with

' aging.

Observations on the effects of aging in animal tissue have shown

that muscle fibre loss occurs without generalized muscle fibre atrophy.

. There is no consistent trend to demonstrate greater aging effects on

"tonically active or phasically active muscles. Controversy exists over

whether old rodent -musc¥es undergo a denervation process. Robbins and

‘co-workers have presented evidence that adaptations at the mouse

neuramuscular junction take place in middle-age and increase the
likelihood of successful synmaptic transmission. The stimlus for suéh
adaptations could arise as part of a normal
developnentalﬁnéth:ation/aging progression, ‘which is independent of

changes in activity pattern or disease. K



II. METHODS

A. S@]‘ jects .b\

Thé subjects were 116 Caucasian_ men and wamen whose ages ranged
fram 20 té 100 years. Théy were diviéed ir;to 5 érwps on the basis of -
.age; eacl: group correspond’ing to approximately one decade (20-32,
40-52, 60-69, 70-79 and 8‘0+I‘ yr; see Table 2). 'Volﬁnteers were
recruited by :adv.ertising in the McMaster University and Hamiiton. media;
they cawe fram all parts of the Hamilton area. 'I'he- older subjécts were
still livipng in;iegerxiently in the community; most still maintained
their own homes and the rest came from other settings 'such aé senior
citizen apartments. ) _

The elderly subjects reported theylr were in good health at the time
of the test .\ All were mentally compei:erft and cooperative with the test
procedures. Everyone could walk-independéntly, without aids, and most

stated that daily walking was a part of their normal 'activity. Scme of

the subjects in their 60's and 70's also engaged in more strenuous

L3

activity pétterns such as jogging, swinming and sports/fitness programs
at local éXex:cisg facilities. Other évidence of the Héé,ltby state of
these subjects was that very few .reported taking daily medication (a
sn‘all number were on anti-hypertensive drugs). Volunteers- were not
considered for testing if they had dis‘eases known to influence . -~ '
‘peripheral nervé and muscle function such as diabetes, thyroid |
»disorders, ar.thritis, or activity-limiting cardiovascular disease. A

year'after testing most of the study participants responded positivelyA
\ , Vo
26
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Table 2. Subject Characteristics by Age and Sex Grougﬁ
Sex - Age Group (¥r) .
20-32 40-52 6069 70-79 B0-100
Number M. 14 . 10 13
F 13 .10 10
X ‘ . \FUJ
Age M x 27 .4 43.7 65.3 87.2
(Yr) SD 2.7 2.7 3.7 6.9
FTX 27 .0 44 .0 64.9 74 .2 88.6 )
SD 3.7 » 4‘.Q 2.9 3.5 7.2
Hei'g'ht M3T 176.7 176.8 - 172 .4 174 .7 167 .4
. {cm) sD 6.9 5.9 5.6 3.4 37
Range 165-186 167-184 164-180 158-194 162-175
FX . 160.2 17162.9 159.7 162 .4 155.4
sD 5.7 6.5 " 7.6 ) 5.5 6.1 -
Range 143-170 155-174 151-173 156-170 144-164
.- Weight M X 72.3 77.5 73.8 71.5 65.8
) 5D 8.2 ~ 12.4 12.0 - 9.3 5.9
nge $‘00_82 .‘2 59 -4_99-9 57 -5-94 l7 60 01-94 00 57 c8_78 -2
F¥ 54.4 66.0 - 60.5 58.8 53.5
SD 6.0 10.3 . 7.8 8.9 8.2

Range 45.0-67.0 46.8-79.5 50.6-75.6 38.9-68.8 42.4-63.8

~i
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to a requeeit/fxxyéeir involvement in another, unrelated research

project. E\t\\was thus learned in this indirect manner that survival rate

was' very higi'l in the elderly subjects for the year after investigation.
Healthy younger subjects were selected on the basis of their
having comparable acti'vity patterns to the old adults. None of the
young adults were engaging in strenuous endurance tfaining or in a
"resistance™ type of training that would lead to muscle hypertrophy.
Youngér. subjects’' occupations wer;e'sedentary,'involving sitting at a
desk for most of the time with some standing and walking. Subjects of

various sizes were chosen for the study, excepting obese individuals

{see Table B). |

- .
\J. Experimental Procedures

I. Subject Orientation. The test bégan with an orientation of

subjects to (1) the purpose of the study, (2)' the procedures of the
test, and (3) any risks or discomfort involved. They were assured of
their confidentiality in the research program and asked to sign a

written consent ;orm (see Appendix 1l). Subjects were then questioned

o, . - . _
about their health_history, including daily activities, and height and
—)

body weight were measured.

II. Apparatus for Measuring Tension Produced at the Ankle Joint.

Subjects were fitted in the leg-holding apparatus pictured in Fig. 1.
They sat on a modified chair in which the seat could be raised or
lowered accordi.ng to the subject's leg length. Normally, the right

foot was fixed in place on the padded foot-plate of the leg-holding



Figure 1. Apparatus for measuring neuromuscular function at
the ankle joint. Note the fixation of the foot
and leg in the isometric test position. The
subject, a 100 year old man, was observing his

voluntary torgue output.
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device by securing velcro straps over the top of the foot-. A clamp
over the knee was used to prevent raising of the heel. The knee joint
angle was set at 909 by adjusting the height of the chair seat.
Subjects were made as comfortable and as stable as possible in the
chair; this, stability ensured that they could relax their muscles
completely. Finally, the leg was warmed by a heat lamp to maintain
lower leg skin temperature at 34 to 37°C.

Both passive tension about the ankle joint and muscle contractile
properties were measured by registering the torque produced on the
steel foot-plate. The horizontal axis of rotation of the foot-plate '
coincided with the axis through the subject's ankle joint. The plane
of the foot-pl_ate‘ could be set at up to 40° from the horizontal in
either direction. Pressure from torques acting on the foot-plate was
sensed by strain gauges mounted on a rigid bar, this bar being attached
perperdicularly to the foot-plate (see Fig. 2). The electrical signal
from the strain gauges was preamplified before being passed to a
variable-persistence cathode ray storage oscilloscope (Hewlett-Packard
" type 141B);.the frequemy'reséonse of the device was.85 Hz.
-Calibra;tion of the system with known torques of up tc 250 N.m (Newtcn
metres) demonstrated that it was accurate for the range of tofques

measured in this study and that distortion of the foot-plate was

minimal.

III. Main Test-Protocol. A total of 111 subjects, 63 men and 48
1

wanen, participated in the procedures of the main test protocol, which

are outlined in Table 3 and detailed below:

. -
(i) Passive tension. Prelimiwmary experiments were done to determine



Figure 2. The rotatable fodt—plate. Strain gauges attached
to the metal .tongue underneath the féotfplate
recorded torques generated about the ankle joint.
Joiﬁt position’could be varied 40° from the

horizontal plane in either direction.
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List of Experimental Procedures.

1. Subject Orientation

2. Main Test Protocol

-

(1)
{ii)
(1ii)
{iv)
(v)

(vi)

(vii)
(viii)

Passive tension

Passive range of ankle joint movement

Resting isometric twitch properties of the dorsiflexor
miscle group .
Potentiated isometric dorsiflexor twitch properties
Isometr ic dorsiflexor maximam veoluntary contraction,
including assessment of the extent of motor unit
activation by using the interpolated twitch procedure
Resting isometric twitch pr0pertles of the plantarflexor
muscle group

Potentiated isometric plantarflexor twitch propertles
Isometric plantarflexor maximum voluntary contraction,
including assessment of the extent of motor unit
activation ly using the interpolated twitch procedure

3. Sub-protoocol for Assessing Reliability of Measures

4. Sub-protocol for Measuring Twitch Times in the Lateral
Gastrocnemius, Medial Gastrocnemius, and Soleus Muscles

Irdividually

+

5. Sub-protocol for Measufing Cross—sect\onal Areas of the
Gastrocnemius and Scleus Muscles
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that the average resting position of the ankle joint in the foot-holder
was at 10° of plantarflexion (that is, 10° of downward rotation of the
foot-plate from the horizontal). Thus, 'passive tension was measured as
the torques created about the ankle joint by stretches from 10° to
209,309 an;il 40° of plantarflexion (P), and from 10°P to 0°,10° and 20°
of dorsi.flexion (D). The foot-plate was fixed in these positions in a
random order. Readings were taken only after the subject had relaxed
his or her muscles mmpleteiy, as determined by a silent
ele::tronyographical (EMG) signal (see description of EMG recording in
Part iii below). Passive tension values were reported for the two test
positions used during isometric strength and twitch measurements, |
namely, 10°D and 30°P (test positions for the plantarflexor and
dorsiflexor muscles reépectively). Correction was made for the -
gravitatio‘nal torque created by the weight of the foot and foot-plate

at these position's.

(ii) Passive range of ankle‘ioint movement . Ankle joint
flexibility was assessed by measuring the extent to which the ankle-
could be dorsiflexed with the subject's foot placed in the foot-holder
(due to the design of thé foot-holder, the limit of plantarfiexion
could not be assessed in the same way). The value recorded was the
highest deg;:ees of dorsiflexion reached during 3 'at:'tfenpts to rotate the
foot-plate upwards as far as possible from the neutral position (sole
of foot perperﬁicular _Eo tibia). .

(iii) Resting isometric twitch properties of the dorsi flexor

-

muscle group. A position of 30°P was used to test the dorsiflexor

muscle group in this part of the protocol. This position was chosen

- because the dorsiflexor group was stretched to an optimum length for



36
active tension development. Furthermore, confounding effects arising
from act-:ivity of the antagonistic plantarflexor muscles were minimized
when the ankle was placed in this posbf..tion. Eiimination of the effects

,%c:f antagonistic muscles was particularly i{tportant during elec_trical
stimulation of the leg (Marsh et al., 1981; Sale et al., 1982).
Stimulating electrodes for evoking twi-tches were two strips of aluminum
foil, approximately 3X5 cm in size, cnnnec£ed to a Deviées Ltd constant

 voltage stimulator (Type 3072) . The cathcde was attached to the skin
overlying the common percneal nerve near the head of the fibula; the
anode was situated on the uppermost part o.f the tibialis anterior

muscie. This electrode arrangement was chosen over others because it
féquirec; lower stimulus voltages and was less likely to activate the
tibial nerve. Although the ancde was distal to the cathode, the
stimilating pulses were tao brief (50-100 us) for anodal block to
interfere with impulse propagation from the cathode to tibialis
anterior. l

For these’ and 'all other electrodés, the skin was prepared by
cleansing with rubbing alcohol , glectrod;—skin contactrwfa?s further
Vfacilitated by application ?f _s:tarrcl.ard electrode gel. Singlé pulse§ of
current, lasting 50 or 100 iniérosecong]s , were triggered from a Devii:es-
Ltd digitimer (Type 3290). The stimulus __intensity' was gradually raised
to a level sﬂpranaxinai to that required 'for maximal twitch tension;
this level ensured that muscle excitation remained coméleté throughout
the test. The effective impedance of the stimulating electrodes varied
from subject to subject, but ordinarily, &e max_imum stimulator
inténsit:y setting was between 200 and 300 -\.rolts.

When a maximel twitch had been obtained, recordings were made of:

-
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(1) the peak-to-peak amplitude of the compound muscle action potential
(M-wave), (2) the twitch contraction time (CT), (3) the cne-half

relaxation time (1/2 RT) and (4) the  peak level of
. ——\\
the twitch torque (peak twitch torque, P.), The respective measurement

procedures are illustrated in Fig. 3. M-waves were Lal off from the
dorsiflexor muscle group by placing a stigmatic recording electrode on
the skin over the belly of tibialis anterior. A reference electrode
was attached over the distal tendon of tibialis anterjgt. The
recording electrodes were Beckman silver cups with 7 mm diameters. A
silver strip ground electrode was placed between the stimilating anode
and the stigmatic recording electrcde (see Fig. 4). The EMG signal was
preanplified before being sent to the variable-perSistence storage
oscilloscope for measurement. ¥

Twitch times were measured on a d_igital analyz‘ér (Hewlett-Packard
Type 5480B). The torque-time signal of the twitch was differentiateé
by an electronic cii:c_:uit to facilitate accurate identification of the
onset of the twitch and the mOl.'hent-: when it reached its maxlrrum torque;
peak twitch torque was measured on thé variable—-persistance storage
oscilloscope.‘ Subjects were taught to relax their muscles by lis_tening
to a loudspeaker connected to the BMG amplifier. If the muscles had
been active, adequate rest was allo_wéd before stimulating, b_ecause‘ even
brief activity has been shown to have effects on the twitch response
(Vandervoort et al., 1983). |

(iv) Potentiated isometric dorsiflexor twitch properties. Subjects

were instructed to make isometric maximal voluntary contractions (MVCs)
of their dorsiflexor muscles for 5 seconds, in response to a timer
lig_tit mounted in front of them. Several practice attermpts weré taken

w
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Figure 3. Analysis of the isometric muscle twitch.
M-wave = compound muscle action potential,
CT = twitch contraction ti_me, 1/é RT = one-half
relaxation- time and P, = Ipeak level of the

twitch torque. See text.

-
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Figure 4. Location of the stimulating and recording electrodes

-

on the dorsiflexor muscle group. See text.

S: stigmatic electrode

A o

R: reference electrode

(Diagram from Fitch, 1983) - N

)
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to familiarize subjects with the tagk. They then made a 5s MVC,
relaxed immediately afterwards, and r?eived a twitch stimulus. This

stimulus, timed to elicit a twitch 3s post-exercise, was of the same

.strength® as that for the resting twitch. M-wave, contraction time,

one-half relaxation time and peak twitch torque values were recorded
for the potentiated twitch.

(v) Isometric dorsi flexor maximum voluntary contraction. Subjects

were given several attempts to achieve as high & torque recording as
pgsible. during voluntary contraction of the dorsiflexors. MVCs were

5s in duraticn and were timed by a light as in the potentiated twitch

-

procedure. Duringrﬁves, a single tv}itch stimclus was db;}ed to assess

whether the subject was able to activate his o}“her_muscles optimally

for maximum dorsiflexor tension development (see Fig. 5). If a subject

' had achjeved foll motor unit activation, then. the stimilus produced no

~
increase in the torque output. This technigue of twitch interpolation

during MVC was modified slightly from that used by Belanger and McCamas
(198l) ; in the present investigation the entire dorsiflexor muscle
group was stimulated, rather than just the tibialis anterior,muscle.
The technique proved Lrse‘fql‘és a means for motivating subjects if
incomplete muscle activation was presént. -Additional forms of

encouragement for the subject to exert as strong an effort as possible

-were: (1) the biofeedback obtained frém the EMS signal da_rected through a loud-

speaker, (2) the visual feedback of the torque record on the

oscilloscope, and (3) the examiner's verbal support. Attempts at MVC

were_continuyed until either no interpolated twitch was present or, in

the case of incomplete muscle agtivai!ion, the tor‘que output became
constant after several additional trials. Adequate rest was allowed

™~
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Figure 5. Use of the ---.4- ’ed stimulus technique to
- assess completeness of motor unit activation

during MVC. The stimulus did not increase the
"torque record if full voluntary activation was

. present.
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between trials. The highest torque achieved was reported as the
subject's maximum voluntary strength.

(vi) Resting isometric twitch properties of the plantarflexor

muscle group. Initially, the back of the lqer leg was hea until

skin temperature over the plantarflexor muscle group reached 34-37°C.
The foot-holder was placed at 109D to optimize plantarflexor muscle
tension generation and to minimize any confounding action of the
antagonists during stimulation. Maxin'a'l twitches of the plantarflexor.
lmLiSClQe/group were evoked via ;Eln electrode-holder designed to fit snugly
in th_e popliteal fossa. The cathode and anode were aluminum foil
electrode surfaces, approximately 10 cmzl in area. lProcedures for skin
preparation were similar to, those used for the dorsiflexor muscle
group. Maxiﬁal plar_)térflexor twit_c‘nés were Usulally ‘achieved with
stimulus puls'e dﬁqgations; of 50 or 100 microsiaconds, and with intensity
settings of 260 to %00 volts. Stimlation intensity was made
| supramaximl to. ensure complete‘mustle, exc."itation throughout all test
procedures.

The plantarflexor M-wave was recorded with 51lver cup elgctrodes
lq/ those used for the dorsiflexor group. The stlgnatlc electrode was .
placed ¢ver the soleus muscle, Just below the point wbere the two
~ gastrocnemii muscle bellies separate. reference'electrode.was placed

over—the Athilles tendon and the ground was located on the tibialis

anterior muscle. Isometric twitch prbperties weére measured with the

"
~

same methods as those used for the dorsiflexor muscle group.'

(vii) Potentiated isometric plantarflexor twitch properties.
: 5 —
(viii) Isometric plantarflexor maximum voluntary contraction. The

<
. procedures for sections vii and viii were similar to those for the

‘ ' L
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dorsiflexor muscle group. First, subjects practiced voluntarily
contracting the piantarflexh—or muscle group as strongly as possible.
Belanger a_;)d McCanas (198l) had demonstrated previously that the
plantarflexor muscle group was more difficult to fully activate in a ’
MVC thgn the dorsiflexor group. Therefore, the dorsiflexor group was
examined first in all. subjects, -becalxse this order of testing allowed
familiarization with the ap;paratl.s beforé plantarflexor MVC triéls were
done. As geported in ‘the Results section, ali subjects achieved

;:omplete dorsiflexor activation during MVC, so this order of muscle

testing was not detrimental to dorsiflexor MVC values.

-

IV. Sub-protocol for Assessing Reliability of Measures. On another

day, measurements of passive tension, passive range of ankle joint
movement, dorsiflexor MVC, plantarflexor resting and potentiated

isometric twitch properties and plantar flexor WC were repeated on 4
-males, aged 69-85 yf; and 3 females, aged 62—82 yr (note: one waman did
not complete the ‘poteliltiation of plar;tarfléxor twitch measurements).

In addition, dorsiflexor and plantarflexor MVC were measured on 2
separate ddys for' a 98 yr old waman and a 100 yr old man. See Appendix C.

1

v. Sub—protocbl for Measurinq Separate Twitch Times in the Lateral

Gastiocnemius, Medial Gastrocnemius and Soleus Muscles Individually.

Contraction times and onefhalf rela;:ation times were measured for the
lateral gastrocnemius, medial gastroomemius and soleus muscles éf 8 ‘
older males, aged.69—100 yr, and 7 oldér females, aged 62—?2 ¥r. In
most céses this procedure was done 4in combination with the reliab‘ility

sub-protocol. ' For a few subjects, however, this tésting was done
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during their first visit-to the laboratory, in conjunct_:ion. with the
main test protocol. Si;niiar twitch analyses of the lateral
&
gastrocnemius, medial gastrocnemius and soleus muscles wé::eu per formed
for 6 young men and 6 young wcmén. This was the only protocol in which
3 of these younger men and 2 of the younger women participated. .
Twitches were elicited by stimulating the inaividual calf muscles
sukmaximally via pairs of aluminum foil electrodes, 2X2 am in
dimension. Electrodes were placed over the respective muscle belly in
a position where stimulation threshold was lowest. Other muscles were
monitored by visual inspection and EMG recordings to ensure that
stimulation was isolated to oqu the muscle under study. It was found
that separate, rreasuréable twitches of at leaét 0.5 N.m could be
c?btained with this method (Vandervoort and M¢Camas, 1982); the maximal
twitch of the entire plantarflexor group was also measured in this
" protocol. The order in which muscles were examined was randomized. The
method of twitch time anai?sis has been described before in the
sub-section on "Resting isometric twitch properties of ‘the dorsiflexor

1 3
muscle group".

"(VI) Sub-protqcol for Measuring Cross-sectional Aréas of the

Gastrocnemius and Soleus Muscles. Cross-secfcional areas {CS8As) of the
gastrocnemius and soleus muscles were obtained for 10 young'(23—3l yr)
and 10 very old (&- 100 yr) males and females (Slper age/sex group). .
Ultrasourd films showing cross;segtions of the lower leg were made with
the use of the B-Scanner ultrasound imaging technique (Picker model).-
‘CSAS of' the gastrocnemius and soleus musélés were then measured qn' a
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computerized digitizing board (Numonics Clinical Analyzer) in a random,

blind manner. The highest values fraom a series of films on each

’

" subject were reported. Five of the y‘oung adults (3 males, 2 females)

 had ultrasounds repeated on another day for the purpose of assessing

measurement reliability.

C. DATA MANAGEMENT and STATISTICAL ANALYSIS

A complete set of dat;'-.l for the main test ing.protocol we;s obtained
on 111 individuals. In a few instances data was missing, due to
teghnical failures during the testing procedures or due to subject
non-compliance (e.g.,‘rsbme subjects could not completely relax for
passive teﬁsiori measure;nents) . In these cases, values were predictad
fram known relationshiés td other®variables. Same of the subjects
'participated in additional sub-protocols after being selected for
extrem;: age and/or willingness to retumn. An additional 5 young adults
participated only in '\'agpilot study on the individua]_;.confractile
properties of- the lateral gastrocnemius, medial gastrocnemius and

soleus muscles (Vandervobrt and Md'_‘.cinas, 1983), and their data was’

included with that for other subjects tested in this sub—protoéoii.

Statistical analyses were done via BMDP computing packages
(Biomedical programs, University of'California, Los Argeles) storad on
the HPBOOO computer of the Md“!aster Medical Centre' S Ccmputatlonal

Serv1ces Unit. The data were examlned w1th an analys.‘.ls of var1ance to

: deterrmne the éffects of the two grouping factors, age group and sex.

Group means apd one standard_dewatlon (SD) were calculated to allow

+
Eabh ‘ "

for assessment of wi*thin'-group variance and for the analysis of trends
ot ) )
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in the data. 1In so;i'e cases dafa were‘ normalized with respect to young -
adults' values to clarify change with age. Significant intex‘.'actions
between the two grouping variables were.investigated further with the
Newman-Keuls' multiple-range test of significance for différca;rx:es

between several means.



ITI. RESULTS

A. Relat ionship between Age and Voluntary -St'rength

.Volunfcary strength of the young and middle-aged adults was
similar, bu£ with advanced ade clear decreases were observeﬂ'_(/sjee Table
4; age group was a significant factor for both the dorsiflexor and
plantarflexor muscles, (p<.000l). The mean values for strength of
- maximal voluntary contraction (MVC) of men and women in each age group
are contrasted for the two muscle groups in Fig. 6; men were
significantly stronger than wamen for both muscles (p<.0001. in eac\h
case). In both se:ées the absolute decrease in MVC across age gro_ups
was mach g:.;éate'r for the plantarflexor muscles than the dorsiflexor
muscles (Table 4) '

© The in_f}uenc_e of age on strength was compared between the two
nu;scle.grpués in another way, by normalizing the data with fespect to
young adult values. The means of each age group of men and wamen are
presented as per_cé-ntages of the corresponding_ youﬁg adult vélue in Figq.
7. The normalized decreases in strength in the older age groups were
generélly the same for the dorsiflexor and planta‘r;fl'exor muscles,  Men
and waren in their seventh decade had mean strength values which ranged
from 80% to 90% of those.of-young adults; in the 80 to lOO‘yf olds, the
éorrespénd'ing perc'entages were from 47% to 63%. Mén showed larger

decreases than wamen, with the exception ¢f plantarflexor MVC in the

oldest subjects.

As noted above, the general tremd.in the data was for MVC to

decrease after middle-agu_\(see'ﬁ‘ié. 6). To illustrate this trend more

a 50
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Table 4. Maximal Voluntary Strength of Males ard
Females in the Different Age Groups

Variable Sex " Age Group (Yr)
20-32 40-52 '60-69 70-79  80-100
N M 11 10 13 16 13
F 11 10 10 9 8 .
DF MVC MX  43.5 37.2 36.2 31.6 24.2
(N.m) SD 6.5 4.3 7.6 8.6 7.0
FX 26.6 25.8 23.8 21.5 16.7
SD- 4.5 6.3 3.1 3.9 4.9
PF MVC M¥  171.1° 171.3 136.1 121.1 93.6
(N.m) Sb 33.5 34.0 24.7 30.5 30.4
F¥ 113.3 126.8 96.0 93.6 53.6
SD 34,7 28,2 25,1 26.8 22.7

ANOVA-Results

DF muscle: .

Sex Effect,F=93.93, df=1,101,p<.0001

Age Group Effect, F=16.43, 4f=4,101, p<.0001
PF muscle: . .

Sex Effect, F=54.09, df=1,101, p<.000l

Age Group Effect, F=21.14, df=4,101, p<.0001
Interaction effects were not significant.

——



;Eﬁgure 6. Maximal voluntary strength of the dorsiflexor

(DF) and plantarflexor (PF) muscles in men and
women age-d 20 to 100 yr. " Effects of sex and

age group were significant in both muscle g-roups
{(p<.0001 for every variable). Means and 1 SD

are shown; N=63M, 48F, range of B to 16 per 'gr_oup.

Open bars = males.
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Figure 7. Normalized mean MVC values. Percentages were

derived from data of Fig.

+ by dividing into
the appropriate male or female young adult
\QEZ:

. Inean. bars = males.
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clearly, individual w?éfxlues have all been normalized with respect to®

the apprépriaté youné; ;dult means and then plotted'agai:nst age of the

qq\\\ =2 subject (Fig. é) . Inspéction of the data suggested dividing the
su@mts into tv[:;c;roups for analysis,, 20 to 52 yr olds, amd those aged

?60 to 109 There was' in fact no geiat'ionship between normalized -

~ strength and age .in the grouﬁa of subjects between 20 and 52 yr,r r=

-0.043. In the 60 to 100 yr olds, tlu_gregression of strength on age

was ~‘st:atistica'\lly signif%'car'lt; a linear correlation coefficient of

-.604 was obtained '(p<.‘001;‘ and the regression line equation was:

Notkalized MVC = -1.295 (lag? in years) + 169.2. However, excéptioﬁal

individuals were prgsent in the '60_to 80 yr old age -range whose values
_ .wére equal to or greater than the average young adult.

~

Carmpleteness of~Mbtor Unit Activation during MVC™

As described in thé Methods section, an intetpolated stimilus,
delivered to the appropriate m;Jtor nerve, was used to test the
conpletéhess of motor uni activation during volunparf effort. All the
yount_; Subjects (aged 20--'32) proved. capable of fully activating their
dorsiflexor motor units and thé same was tﬁ'}e for th.e clalder adults. . As

- regards the plantarflexor muscles, 3 of the 22 young adults could not
completely activate their motor units, nor could 14 of the 63 subjects

» aged 60 yr. or more. The proportions of such.sﬁbjects did not differ
-' . | .. _'significantly in the yourg and élderly groups.. P:ll of the middle-aged

subjects achieved full activation of their plantarflexor motor units.



Figufe 8.

Lol

Individual normalized MVC values. Percentage
values wére derived by dividing each pefson's DF
and PF maximal voluntary strength into the
appropriate male or female young adult mean.
N=lll.subje§ts X 2 muscles. For thg regression

f normalized MVC on age in the 60 years and over
group, r= —-.604 (p<.00l) and the equation was
Y = -1.295 (X) + 169.2, N = 138 points. For results

in subjects aged 52 or less, r= ~.043, N= 84 points.
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. B. Cross—sectional Areas-of the Plantarflexor Muscles in Young and 01d

- . area of the gastrocnemius a

(—’_".i

-

Adul*ého | R ' d

The striking loss of plantarflexyg!:le strength was

e .
investigated further by measuring cross-sectional areas of the

P

géstrocnemius and soleus muscles in young a d adu . As shown in
Tabié 5, the effect of aging was similar on the ‘two musc‘:les, hence the
data was pooled for furfher analysis. rThe combined cross-sectional .

. *A/Q\eus muscles was significantly greatét
in males then females (p<.005, see Table 5). Old men (aged 85 to 100

yr) and old wamen (aged 82 to 98 yr) had 51gn1f1cantly smaller
cross-sectlonal ‘areas ‘g‘lan thelr young adult counterparts (p<. 001) An
exanple of an ultrasourxi comparison of the legs of a young and an-old
man can*be seen in.Fig. 9. O)zentatlon to landmarks created by the ~
highly reflect.ive interfaces between different types of tis_sue e.qg. |
nmscle/connéctivc? tissﬁe) allowed for tracing of miscle outlines with
acceptable reliability of neasﬁrenent (see Bpperdix C). b

The difference in plantarflexor strength between young and old
adults was greater than that for plantar flexor cross-sectional areas
(note Fig. 9). Herx:é, fﬁe strength per qross-sectional area of mééle
was significantl‘i; less in the old (p<.01, Table 5}. These ratios did

not differ significantly betwczﬁn the sexes (see"f-‘ig. 10). =
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. Table 5. Cross-sectional Area (CSA) of the Gastrocnemius

and Soleus Muscles and Ratio of PF MVC to CSA in Young
and OWults
o -
Variable Young Adults . Q14 Adults
. M - F .M F
/- ] .
CSA (am?)
. Gastr % 17.7  15.6 1302~ 9.7
. SD 2.8 1.6 2.5 2.4
A Soleus X 18.8 15.7 14.8 11.1
SDh 3.0 2,0 2.8 1.6
X.Cambined b 36.5 31.3 28.0 20.9
SD D 5.3 2.0 5.1 3.8
’-.‘.\ .
PF MVC % 168.8 121.1 8l.1  64.7
(N.m) sb . 20,2 44.0 24.0 22.3
PF MVC/CSA '3 4.7 3.93 2.88 3.05
{N. m/cn ) SD 0.82, 1.58 0.67 0.73
N . 5 -5 5 5
Ages (Yr) , 23-30 23-31 85-100 82-98

ANOVA Results |
- Combined CSA: ‘e
Sex Effect, F=10.68, df=1,16, p<.005
Age Effect, F=24.68, df=1.16, p<.001
PF MVC/CSA:
Sex Effect, F=. 433 af=1,16, p>.25
Age Effect, F= 8.81, df=1,16, p<.0l

Interaction effects were not s1gn1f1cant

3
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Figure 9. Ultrasound images of the lower leg of men

aged 90 and 31 years. Both ima?ge.é have the

F Ry
- ~

same reduction factor; actual leg circumferences
\

re.32.0 cm and 35.0 am, old and young

respectively. -
. :._ ya

-

.
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Eigure 10.

Q

PF strength relative to muscle CSA in young

and old men and wamnen. Cross-sectional®

. areas (CSAS)_of the soleus and gastrocnemius

muscles were measured using ultrasocund

imaging. ?oung adults, aged 23 to 31 yr, had
significantly higher ratios than old adults,

aéed 82 to 100 yr (p<.0l). Sex was not a significant

factor. Mean and 1 SD are shown, N = § per group. .
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C. Isometric Twitch Characteristics of the Dorsiflexor and

.Plantarflexor Muscle Groups

Twitch characteristics 6f the dorsiflexor muscle group are shown
in Tabie 6 (see Fig. 3 in the Methods c_;‘napter for a description of
isometric 'twitch analysis). Ther ratio of peak twitch torque divided by
the MVC value was included as an additional variable. Carresponding
values for the plantar flexor twitch all:e given in Table ?; The data was
grouped according to age and sex and statistical analyses of the main
effects of these-factors on dorsiflexor amd plantarflexor twitch

_parameters are presented in Table 8.

. M-wave and peak twitch torque. For both plantarflexor and dorsiflexor

twitches, M-waves were significantly sqaller in the olaer age groups
(Fig. 11 and Table 8). This aging effect was most pronom‘fnced in the 80
to 100 yr old category. Males had larger plantarflexcr M-waves than
females; dorsiflexor M-waves were.not silgnifiqantly diffgrent between -
the sexes (Table 8)‘. The peai( twitch torque was also decreased in the
older age groups. The-effect of age was .significant: for .both muscle
groups, as was the effect of sex (E‘ig. 12), The influence of agé ..
~ seemed to be greater on the plantarflexor M-wave than on plantarflexor
'peak twitch torque (Table 7), wheréas in dorsiflexor muscles there was
closer agreement between chaptjes in these two measurements across age
groups {Table 6). |

The ratios between peals tension and MVC in the dorsiflexor muscle
group did- not vary significantly between the sexes, nor systematically

with advancing age (Table 6). The middle-aged groups had the highest
* * . .

%
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Table 6. Isometric Tw1¢EE_Eﬁ‘?acterlst1cs of the Resting

DF Muscle Group

-

Variable Sex

Age Group(Yr)

28.2

b

20-32  40-52° 60-69 70-79  80-100

M-Wave M X 9.4 9.7 7.0 7.8 5.4
(mv) ) 2.6 1.5 1.9 3.1 1.6
F¥X 9.1  10.5 7.9 6.3 5.2

SD 2.6 2.3 4.0 2.8 2.0

Py MX 4.2 4.5 3.3 3.3 2.6
SD 1.5 1.2 1.2 1.3 0.8

(N.m) F X 2.7 3.7 2.8 1.8 1.7
SD 1.3 0.9 1.0 0.9 0.8

P, MT. 096  .121  .092 - .106 .109
£6 MVC SD 2039 .034  .039.  .033 .035
Ratio F X .098  .149  .119  .08S .104
SD ‘ -037 0046 -039 ¢035 0033
CT M % 100.9 110.5 103.9  115.3  125.4
(ms) ) 7.4  13.4  11.0 15.1 20.8
FX 96.4 112.5 '115.0  110.0  127.5
SD 7.8 10.3 9.4 12.5  .10.0
I/2RT M X 83.6  99.5 101.5 121.6  125.0
©ms) ) 16.8  15.0  1B.9 22.5 32.0
F X 83.6 109.5 119.5  118.9  130.6

) 12.7  18.8 16.1 29.3

Sée Table 8 for ANOVA Results
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Table 7. Isometric Twitch Characteristics of the Resting

PF Muscle Group

Variable Sex

Age Group (Yr)

20-32 40-52  60=69 70-79 . 80-100
M-Wave M¥X 20.7 - 18.6 13;.3 12.2 9.5
(mV) © 8D 4.4 3.8 4.1 4.2 3.7
£ X 18.9 15.0 10.5 8.8 6.4
SD 3.5 4.8 4.6 2.6 . 1.7
: e
Py M X 15.5 16.3 13 .4 13.4 11.9
.SD 3.8 3.5 4.2 4.1 2.3
(N.m) F X 13.6 14,5 .11.9 13.0 8.6
SD 3.4 3,1 3.2 3.5 3,0
P, \N X .091 .096 ~ ,098 .114 .133
£G MVC SD .017 .021 .021 .035 021
Ratio FX 126 .116 JA25™ 148 .169
SD .036 - .016 .019 .055 .037
CT MTX 143.6 168.5 169.6 177.8 185.8
(ms) SD - 113.3 16.3 13.3 19.3 22.1
FX . 146.4. 179.0 181.5 182.8 195.0
SD . 20,6 - 8.4 10.6 23,2 26.9
W » ‘
1/2RT M¥X 108.6  122,0 116.5 133.1 144.2
(ms) SD 12.3 14.2 16.5 33.3 21.2
F X 123, 138.5 133.0 142.8 - 168.8
SD 12.1 13.8 20.6 26.6 30.1
See Table 8 for ANOVA Results

J
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Table 8. Effects of Age and Sex on DF and PF Twitch
Characteristics: ANOVA Results

Variable ) ‘Factor .
: Age Group Sex “
F Ratio p F Ratio- P
DF Twitch : .
" M-Wave 10.99 <.0001 .02 .8943
B 8.75 <.0001 - 021,110 <.0001
P_/MvC 4.01 <.005 ~73 =,3935
ke o 12.47 <.0001 119 =.6631
1/%( 13.23 <.0001 - 221 =.1404
PF Twitch o
M-Wave % 32.32 <.0001 15.18 °  <.0005 \Jr
Py 6.35 <.0005 7.09 <.01 :
¥ P /Mvc 8.76 <.0001 28.61 <.g001 7
clf 1885  <.0001 0 <.05
1/2 RT 10.41  <.0001 15.17 ' <.0005

df for Age Group = 4,101; df for Sex =.1,101 ~ .
None of the interaction effects were significant

o
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Figure 11, Canpound muscle action potentials (M-Waves)

o

of the DF and PF muscle groups recorded from
men and wamen a'ged.'20 to’ 100 yr. For. DF

muscles, sex was not a significant factor,
) )\th age group was (p<.0001). For PF muscles
.. both variableslwere signij_‘ficant (p<.0005
' for sex, p<.000.l for 'age group) .- Means and |

. 1 SD- are shown, N = 63M, 48F; range of 8

.to 16+ per group. Ogien bars = males.
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Figure 12. Peak torque (P.) of the DF and PF isometric

twitch in men and women aged 20 to 100 yr.

Sex and age group were significant factors

in both. muscle groups \(Eqr DF, p<.0001 for
both sex and age group; for PF, p<.0l for
sex and p<.0005 for age group) . Means and
1 SD are shown, N = 63 M, 48F; range of

8 to 16 'per group. Open bars = males.
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mean values for this ratio. E‘or the(pﬁntar:flekor muscle groﬁp,
. increasing age had significant, positive effects on the Eatio of peak
twitch torque to MVC (p<.0001, see Tables 7 and 8). Femlbs also had

significantly higher ratios than males (p<.0001).

Twifch duration. Contraction time and one-half relaxation time of the
. - e ~
dorsiflexor twitch were increased significantly with advancing adge (see

Tables 6 and 8, Figs. 5.3 and 14). There was no difference between the

sexes in_these parameters. For the plantarflexbr twitch, contraction
iime and one-half relaxation time also increased significantly in‘ the

. older age gr;'oups. In addi’t ion‘, females had’.significantly longer

plantarflexor contraction tiges and 'ope«-ﬁalf relaxation times than
naiés (Tabled 7 and 8). The plantarflexor contraction ti‘;ré" was gér
th;m the dorsiflexor contraction time, in all age groups, ss illustrated

..___” in Fig. 13. A similar observation was made when pl/:ntarflexor and /
dors'iflexoi: on;a—half relaxat ion tiﬁs were conpa{‘ed (se}c:- Fig. 14). '

v X

Twitch times m lateral gastrocnemius, medial gastrocnemius, sol'eLrsr

and plantarflexor muscleés stimujated individually: comparisons between

ybung and old men and waren. T_he ﬁrc_)longation of. plantarflexor twitch

giues with ificreasing age was studied in more detail by elici;:ing

~ twitches of the lateral gastrocnemius . neéié]: gastrocnemius and soleus '
MS 1ndJ.v1dually in young and old adults. Mean contraction tin‘es

- for these muscles, and for the plantarflexor twitch, were compared
between 4 groups: males and females in young and old age categorles.

As 1llustrated in Fig. 15, the contraction tmes were 31gn1f1cantly

different between ‘thé muscles \g.-OOOI ,_see Tab;g 9, bat not betWeen

i
v r S‘ . . . ‘ ‘ -. .




Figure 13. ContractionA timé (CT) of the DF and PF
isometric twitch in men and women aged
20 to 160 yr. For DF CTs, sex zés not a
X si.gnificant‘ factor, but; age\ group was
(p<.0001). For PF muscles both variables
were significant (p<.05q for séx, §<.0001

for age group). Means and 1 SD are shown,‘

)

/
N = 63 M, 48F; range of 8 to 16 per group.
Open bars = males. _,_,-\
i
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Figure 14. One—haif relaxation time’ (1/2 RT) gf the DF
and PF isometric twitch in men and women aged
20 to 100 yr. For DF 1/2 RTs, sex was not a
significant factor, but age group was (p<.000l).
For PF musci'.es, both variables were significant
(p<.0005 for sex, p<.000l for age éroup) .
Means and 1 SD are shown, N = 63M, 48F; .

range of 8 tQ 16 per group. Open bars = males.
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Table §. Twitch Times of the. Individual Triceps Surae Muscles

in Young and 0ld Adults

-

L] -

b3

Muscle Men Women
Young o1d Youny 014
- , Contraction Time (ms)
LG 93.3+ 5.2 122.5+18.9 106.7+ 8.8 116.4+17.0
MG 105.0+17.9 130.6+16.1 125.8+13.9 135.0+13.5
SCL 152.5+19.7 165.0+23.5 160.0+18.2 165.7+22.1
PF GROUP 139.2+ 9.2 173.8+23.9 140.0+10.0 172.9+22.3
1/2 RELAXATION TIME .(ms)
LG 84.2+421.3 117.5+19.8 113.3+15.4 145.0+42.5 .
MG 100.0+16.1 130.0+35.3 115.8+25.6 125.7+20.5
SOL 149.2+41.6 175.6+22.1 165.8+24.4 222.1+23.6
PF GROUP 115.8+15.9 133.8+28.6 125.0+17.6 145.0+23.8
N 6 6 g 7
"Ages (Yr) - -22-32 22-31 69-100 62-91
Values are mean + SD '
ANOVA Results N '

CTs:

Sex Effect, F='1,07, df=1,23, p>.31
‘*Age EBffect, F=16.49, df=1,23, p>.0006
Muscle Effect, F=82.31, df=3,69, p<.0001
. Age X Muscle, F= 3.49, df=3.69, p<.05
Other interaction effects .were not significant
) 1/2 RTs:
} Sex Effect, F= 6.87, df=1,23, p<.02-
; Age Effect, F=15.18, df=1,23, p<.001
Muscle Effect, F=50.79, df=3,69, p<.0001
-Interaction effects were not significant

. -
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Figure 15.

and 62-100 yr. ' :

Contraction time of the lateral gastrocnemius

(LG)l nedi@} gast:ocnemius {MG), soleus (SOL)

and entire plantarflexor (PF) muscle isometric
twitch in young and old men and wamen. Si&hificant

differences were found: between muscles (p<.0001)

) and.betwéén age groups (p<.0006), with the

exception of SOL CTs. Means and 1 SD are sho&n,
‘o

N=6YGM 8 OLDM, 6 YGF, 7 OLD F. Respective

. { N
age ranges of young and old adults were 22-32 yr
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) Figureelé. One-half relaxation time of the lateral gastrocnemius

.

*3

. | L
(LG) , mé;diﬂ gastrocnemids (M3), soleus (SOL} and
entire plantarflexor (PF) muscle isometric twitch
in -young and old men and wanen. Significant |
differences were found: between muscles
(p{.OOOl); between age groups (p<.00l) -and
between sexg‘s (p<.02). Mea;:s and 1 SD are

shown, N= 6 YG M, 8 OLD M,~6_YG F, 7 OLD F.

Respective age ranges of young®and old adults

were 22-32 yr and 62-100 yr.- .
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the 'sexes. The older age group had significantly prolonged contraction
times overall (p<.0006, Table/), hut the effect was not consistent
across muscles (there was a significant intéraction between .age ard
muscle effects {p<.05) , wh.ich indicated that the differences between
young and old.groups were lesé pronounced for some of the muscles than
for others). Differenceé between mean contractlion t;ines in yoyng and
old groups weré thus tested for significance in the case of each muscle
with the Newmn-Keuls multiple- range test; this analysis showed young
. and old soleus mean contraction times were not 51gn1f1cant1y different.
Sumlar age-wise corrparlsons of lateral gastrocnemius, medlal
gastrocnemi us ;é plantarflexor means ‘revealed a significant age effect
in each case (p<.0l).

Ag showﬁ in Fig. 16, old subjects-had longer one—hal;‘;" relaxation
times in the different muscles (p<.0001). In 2ddition, fermles had
signifiéantly longer one-half relaxation times than rﬁalés 7(p<.02, see
7 Table 9). The soleus was distinct fram the other muscles lbecause of
_its prolonged ope-haif rel axation time (Fig. 16). -

. — /
Poténtiat ion of the isémetﬂc twitch. There was a striking effect of a

. brief (5s) MVC on a subsequent dorsiflencor‘twitch. As shown in Table

10, younger men produced the greatést absclute increase in twitch -
torque. Potentiation was also expresse§ ;elatiye to the'resting twitch
torque; average increases in peak Itwitcﬁ torque ranged between 67% for
the .youngest male group to E% for wamen aged 70 to 79 yr {see Flg.
17). M-waves and contractlon times of the potentlated twitches were
not altered to any extent. Ore-half relaxation times were_markedly

reduced for potentiated twitches and the older age gfoups had the

~/

I



e

Table 10. Camparison of the Resting and Potentiated DF

Isometric Twitches .
‘Sex - _ Age Group (Yr) ‘
20-32 40-52 60-69 70-79 80-100
M-Wave (mV) o
M Mean 9.9 9.9 7.0 7.7 5.5
Diff. Resting 8  +0.5  +0.2 0 -0.1  .+0.1’
F Mean 9.4 10.7 8.0 6.7 5.4
Diff. Resting X 0.3 +0.2 +0.1 +0.4 +0.2
- : Peak Torque (N.m)
M Mean 7.0 6.5 4.5 4.4 i?%lﬁaL.;."
Diff. Resting X +2.8 +2.0 +1.2 +l.1 +1.2
F Mean 4.4. 5.3 3.7 2.3 2.3
Diff. Resting X +1.7 +1.6 +0.9 +0.5 +0.6
‘ X Contraction Time (ms)
M Mean 98.6 106.0 103.9 108.8 119.8
F Mean . 92.7 108.5 106.5  102.8 128.8
'Diff. Resting X -3.7 -4.0 ., -8.5 -7.2 +1.3
. One-half Relaxation Time (ms)
M Mean 67.7 81.0 g1.5 95.0 . 104.1
Diff. Resting ¥ -15.9 -~18.5 - <=20.0 -26.6 -20.9
~.F * Mean 67.3 93.5 85.0 g86.1. 1l1l6.9
Diff. Resting ¥ ~16.3 -16.0 -34.5 -32.8 -13.7
Note: Variances about the means were similar to
resting twitch values. o
P



Table 11. Campartson
Isometric Twitches

of the Restiny and Potentiated PF

501 se, /,

Sex * Mge Grawp (Yr)
20-32 40—52‘ 60~69 70-79
. . M-Wave. (mV)
M Mean = 20.7 18.6 13.4 12,5 9.7,
Diff. Resting ¥ 0 0- 0.1 +0.3 +0.2 _
F Mean - 20.1 15.0 11.1 8.9 6.7 I
| Diff. Resting ¥ +1.2 0 #.6  +0.1 0.3
Peak Torque (N.m).
M Mean 23.5 25.5 17.1 16.2 13.8
Diff ing X +8.0 +3.2 .+3.? +2.8 +1.9
F Mean 18.3 17.5 13.5 + 14.5 10.1
Diff{ Resting X +4.7 +3.0 “+1.6 +1.5 +1.5
Contraction Time (ms)
M Mean 131.7 149.5 149.2 149.7 161.7
Diff. Resting % -11.9 -19.0 -20.4\ . =2B.1 =24.1
F Mean - 134.6 167.0 156.5 160.6 ; 171.4
-Diff. Resting X -11.8 -¥2.0 =25.0 - =22.2 -23.6
One-half Belaxation Time (ms) .
M Mean : 93.8 112.0 101.2 114.1 124.9
Diff. Resting % -14.8 -~10.0 -15.3 -19.0 ~19.3
F  Mean 114.4 123.8 115.0  120.4 146.3
- 'Diff. Resting X =-11.8 -18.0  -22.4  -22.5

=

Note:
twitch values.

Variances about the means were smular to resting
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- Figﬁr'e 17. -.Potentiatio.n of the peak torque (Py) of the
DF ;and PF isometric twitch following a Ss
MVC in men and wcxnen“;ged 20 to 100 yT.
- Percent increases were calculated with respect
to mean P of th? resting twitch, see Fig. 14.
.N = 63M, 48F, range of 8 to 16 pef grouﬁ._
. "Open Ears = males\' h .

+

Jr



)

87

0 X INCREASE IN DF Pt

4

50+

'407
30..

20+ l*
1

104

WNNNNNNNNNAN

?

NI

20-32 4052

o5 INCREASE IN PF Py

s B

70-79

Q

80-10

80T

50..
40+

30+
204
104

——
NN

/

o

/|

17

20-3 40-52

n

A& i

70-79 -

. 80-100




88
greatest absolute decreases. | Relative changes were all in the range of
15% to 30%.

Potentiation of the plantarflexor twitch resulted in absolute peak
twitch torque increases which were consisténfly greater than those fo;
the dorsiflexor muscle (compare Tfébles 10 and 11). However, after
normalization of valiaes with respeét to the resting twitch, the

L]

increase in peak twitch torque was usually greater for the dorsiflexor

miscle (Fig. 17). Those with the largest resting twitches produced the
greatest twitch potentiation. Tﬁus, males aged 40 to 52 yr had the
highest 'average increase: %2 N.m or 56%. M-waves of the potentiated
planta'rfleJ_-c_or twitch were not different from r:asting values;

" Both contraction 1.:imes_ and one-half relaxa;ion times were
decreased in the potentiated twitches of the plantarflexor muscles
(Table 1l).."Like the dorsiflexor muscle, twitch durations were reduced
to a greater ex;:ent in the oldest subjects. Averaged relative changes -
were between 8% to 15%. In sunmmary , potentiatlion of the older person's
- muscle resulted in a twitch that was much more like that of résting
'y-oppg adult muscle; tension development had become higher and more
rapid (compare ycung adult resting twitch parérreter_s in Tables 6 and 7
to values for the potentiated twitch of old adults in Tables 10 and 11,
respeci:ively).

Passive tension at P and 10°D. The amount of passive tension

generated by 'Streizching the dorsiflexor and splantarflexor muscle groups

. - )
to their respective test positions is given in Table 12. Age group was
not a significant factor .for either.muscle. Femles developed

significantly less passive tension than males when the dorsiflexor
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Table 12. Passive Tension about the Ankle Joint at
30°p and 10%
Sex Age Group (Yr)
20-32 40-52 60-69 20-79 80-100
At ®° of Plantarflexion (N.m)
M X 2.3 1.8 2.4 2.0 2.3
sD - .9 o7 -9 -7 o7
F X 1.4 1.3 1.8 1.6 1.3
-~ SD . .4 7 .4 4
At 109D of Dorsiflexion (N.m) SE‘“\\
M X 3.1 3.4 3.5 2.8 2.8
. SD 1.0 1.0 2.1 l.1 1.3
ler s % 2.2 2.6 2.7 2.9 2.8
sSD 0.8 1.1 1.0 0.9 1.0
ANOVA Results
At 30°p: _
Sex Effect, F=22.22, df=1,101, p<.0001
Age Group Effect, F= 1.90, df=4,101, p=.117"
At 10%Dp: N
Sex Effect, F= 3,89, df=1,101, p=.051

Age Group Effect,
Interaction effects were not significant

F= .53, df=4,101, p=.717
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rm.lscle—térﬂon cor;plex was stretched t; 30°p (p&(éOOl) . The sex.
difference in passive tension developed by the plan‘.:arflexo_r complex
was not statisticia_lly significant (p=.051::1). Mean values for pasSive
tension across age groups were always greater in the case of the

plantar flexor muscle-tendon complex.

D. Flexibility of the Ankle Joint S

The extent to which the ankle could be dorsiflexed decreased with
advanced age (p<.0001); there was no significant difference between the
sexes in t-his variable (Table 13). - However, even the oldeét subjects
had considerable flexibility at the ankle (Fig. 18) ; on average, their
joints could be dorsiflexed by 306 from the neutral position (sole of
foot perperdicular to tibia). This limit was the point at which
subjects felt their ank‘l-e could undergo no further rotation, despite
the investigator's assistance in moving it. Most older individuals

could also rotate their ankle into at least 40° of .pl-antarflexio‘n.
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Table 13, Effects of Age and Sex on Passive Range of
Ankle Joint Movement o

Degrees of Dorsiflexion from Horizontal
Age Group (Yr)
20-32 40-52 60-6% 70-79 80-100

Males X 35.6 32.9 29.9 30.8\ 30.8
SD 5.7 4.5 \3‘3;1 6.8 ) éé
Females X 37.7 34.7 27.2 2
SD 3.7 .5.0 6.7 5.8 3.9 \
ANOVA Results T -
Sex Effect, F= .30, df=1,101, p=.587 ,
Age Group Effect, F=8.07, df=4,101, p<.0001 .
Interaction effect was not significant -

.~



Figure 18.

b
b ]

Limit:'.of dorsiflexion \(n men and wdmen aged
20 ‘;o 100 yr. The effect > g¢.=_- grohp was *
s.{;;x;ificant (p<.0001) on the deyrees of

dorsiflexion to which the ankle could be

rotated‘ from the neutral position. Sex was
not a significant factor. Means and 1 SD are
shown, N = 63M, 48F, range of .8-16 perggroup.

dpen bars = males.
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- IV. DISCUSSION

A. Relationship between Voluntary Strength and Age

- | . | . |
Decreases in voluntary strength with aging generally did not begin

until the sixth decade in this sample of healthy adults. ~

L8

In t;érr‘xé. of absolute torque production, plantar%lexor MVC decreased

mich more than dorsifléxor MVC with advancing age. The decline in M
strength with agmg was greeiher for men than waren in both muscles, but
in all age droups men had higher mean values. When the data was

)
normalized with respect to young adult means, the relative effect of
increasing age was similar on both muscles. Females generally showed
less‘ relative changelthan men, except for pla\ntgrftexor values in the
oldest group of subjects. . -‘ \ -y
- Normalization of the data allowed for: f:onparisons with other

stucéies of the relationship bet'ween. age and stremgth in va;rious
muscles. First, the obse.rvati?n .that lplantarflex-or MVC was not

decreased in middle age, relative to young adults, is consistent with

the results of E"ugl-Meyer et al. (1980) ard Bei:anger e al, (1983) , who

also examined the plantarflexor muscie é;roup. A’ similar concluéion was
reached in ifivestigations of nuscl&s in the hand, arm and shoulder, andy
upper - leg (Stephard 1969, Shock “and Norris, 1970; Petrofsky and Lind,
1_.975' Montoye and Lanphlear, 1977 Larsson et: al., 1979; Agnew and
Maas, 1982). The Pature of ‘the relationship between adult age ard
function is somewhat controversigl,‘ because Asmussen et al. (1975) ¢
reported in their longitudinal study that middle-«ageii subjects did have -
significantly reduced handgrip strength when comparisons were made to
94
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thejr values at a younger age. Changes in acti?ity pattern might

4 . .

explain this difference and a more rigorously controlled longitudinal -
. ’ . {‘ .

~ study would be necessary- to resolve the issue. Such an investigation

would be particularly valuable if several m}sele-groups were assessed.

Ve

In the present research, }n attempt. was made to match groups of.
subjects at different ages with .regard to several factors which might

influence streng"ch; ' These factors ar® discussed in more detail-below.
4 ' - .

i

MIC of subjects aged 60 to 100 yr. Several inﬁéstig‘ators have reported

a difference in strength between young adults a le in the seventh

decade; when these results are compar.:ed to values of th .present study,
less change was found with agmg in the latter (average = D3%). For
exartp,le, Fugl—Meyer et al. (1980) reported then:\group of 80 to 65 yr
old men and wamen had, an average, 23% lower plantarflexor strength,
relative to young adults. Da‘vies et al. (1983). fouid Jmean
planta'iflexof MVC S 43y less in a group of men with an av'erage age
of 69 yr (+ 1.4, SD), ;:hen compared to a group of young men. Other
values for differences between young and older groups , with varymg age
ranges in the latter, tend to fall between tbese extrerres (see Table 1

in the Introductlon chapt:er). _ i
Sane of the dlscrepancy between studles can be explained- on the

basis of how mach s1ze dlffered between young and old subJects. In

seleyd sanp'les of the population, body size can vary considerably

among groum. Scme authors, such as Shock and Norrls (1970), ‘and

: Mc:Dcna;Jh et al, (1984) . have applled correctlon factors of 8% and 18%,

respectively, to their data. . These corrections were meant to allow for

the lower weights of -the older men if the forr'n_er' stiuoy, and the lower

e
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. J :
heights of the older men in the latter. In the prt;_sent study, body size "

. was similar in the various age groups. Thus, size varjation did not add -

to the differences in strength between young and older adults (the 80 to

100 yr olds tended to be scmewhat smaller in stature, but this point is

elarified later in the Discussion). Men were taller than wamen at all ages

(see Table 2 of the Methods chapter); therefor ifferences betweenl the

i

strength of males and females included a camponent

-

esser f%nale sizé.
Subjects in the oldest age group still had about 50% of

young adults, despite the fact their average age was 88 yr.

consisted of survivors, who lived longer than the averagé life expectancy.

Their ‘:r._-ggults fell along the r\: ession line of strengfh versus age, made

in the group of people aged 60 yr or olde..r. It 'is noteworthy that, even

though very old females weré considerably weaker than young wamen, the .

two groups had similar body ;veights to support and control.

B. Possible Bxplanations for the Decreased Strength of the Aged

(]) First hypothesis: 0ld subjects' muscles were weak due to inacti\fity.

One factor known to decrease voluntary st.r-;%m is extreme inactivity such
as that caused by limb immobilization (Sargeant et al., 1977; MacDougall

et al., 1980; Sale et al., 1982; Davies and Whit;; 1983a). A Possible
/exap.lanatiom for the decreased strength of the aged is that their habitual
activity pattern was wiéely different frcm the younger adults, thereby
.creating disuse atrgphy .?f the musqulature. There are several reasons

- why this hypothesis is unlikely.

" First, all subj "were screened to-ensure that they had a daily

activity pattern cti included e-Jcefcisq_ of the ankle muscles <;bta1ne€l
dura.ng walking and standing. The mascles acting a@cfrﬂde joint were
particularly suithmﬁié investigation because of their mportant
role in locamotion and in maintaining th; upright human posture (Joseph

-

L]

LS
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and Nightingale, 1952; Winter, 198l1). Subjects in the young and middle—ac::;ed
groups were selected anly if.they were not engaging in high-resistance
exercise programs to increase strength. Flatten and Rice (1982} have
reported little change with age in the extert to which subjects engaged in
low force, endurance types of activity in their sample of 30 to 95 yr old
male and female volunteers living in the cammmnity in an American city. Their
subjects were similar to those in the present investigation and it seems .
likel‘y that activity levels were reasonably cansistent among the varicus
age groups examined herein. | |

g An additional cmside.;:atipn is that during ;onnal activity, old people -

were actually using a greater percentage of their maximal strength than young

,__/éﬁults, because absolute strength was reduced in the elderly. Hence, the
) traJ.nJ.ng benefits from da:.ly activity should be higher in the elderly.
Unfortunately, a val:Ldated instrument has. not been developed for precise

Huantification of the amount of habitual activity which

would specifically enhance muscle strength. Available techniques like

activity guestionnaires and pedcrreTe?s are sensitive to low-resistance,

prolonged exercise which mainly influences cardiorespiratory endurance

. (Laporte et al., 1983). | | |

Gutmann and Hanzlikova (1972) have concluded in an extensive review
of the literature dealing with aging and neuramiscular fnnction that the
muscle wasting associated wit_‘n agi_ng does not resemble disuse atrophy but
is a wiique form which they designated as senilé atrophy. Muscle flbres are
lost with agmg but not lost followmg immobilization. Ftu'thermore, disease
seems to c:ause a reductlon in plantarflexor twitch times (Davies and White,
1983a}, rather then the prolongation observed with aging in the present
study. It should also be noted that activity cannot be the only influence

on muscle functlon- because same motor units are very rarely recrmted

during normal activity (Ha.nnerz, 1974; Gr:m.by 1984) .. Other factors, such
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as neurotrophic substances (see Pette, 1980), must be involved in the
regulation of normal muscle mass. |

A valuable experiment on th.'LS guestion would be to test a-group of aged
campetitive weight—lifters to cbserve whether strength ‘was reduced relative to
a similar group of young weight-lifters. It would also be of interest to
determine whether high-resistance training can increase neurcmuscular function
in the elderly. Fries and Crapo (1981) have postulated a large capacity exists
for increasing” "vigour" in the later part of life if individuals adopt
dppropriate training strategies to ele\}ate therrselvés above the nomﬁl curve
of functicnal decline with aging. There is sane evidence in the literature
which ifldicates that exercise programsl can lead to increased strength in the
elderly (Perkins and Kauser, 1961; Moritani and deVries, 1980; Aniansscn and
Gustafsson 1981). However, a comprehensive investigatian of the effects of
strength trann.mg on the el‘delrly‘ neuramuscular system has not been published.

It is not known whethe.r old miscle fibres reta.m the capacity to hypértrophy
in response to increased démands for tension development; the training effects
observed 'in the recent studies of Morltanl and dé Vries (1980} and Aniansson
and G.lstafssoz{ (1981). were attributed to adaptétims :Ln the nervous system, not
in muscle itself. Unfoftmaﬁely,,bbrii;ani and deVries (1980) did not -
directly examine muscle fibres in their investigation. Aniansson and
Gustafssan (1981) absérved little change in the size of aged vastus lateralis
'mle fibres with training, but subjects performed calisthenics, rather than
high resistance exercise. It is possible that their program was not
strenuous enough to stimula_te mascle grof:th.‘ ‘

| 2

(2) Second hypothesis: 0ld subjects did not fully activate lower m tor

neurons during MVC. The hypothesis that old people were either unable

\—
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or unwilling to exert themselves as strenuously as young adults was not
supported. The_use of the'interpolated twitch during MVC showed that
old éeople generally achieved full activation of lower motor neurons.
This was true in all cases for the dorsiflexor muscles and in most 7
cases for the planfarflexor muscles. Belanger and McCamas (198l) also
observed that some young adults had difficulty in eliminating !
interpolated twitch increments during plantarflexor MVC trials, whereas
during dorsiflexor MVC tests full activation was routinely achieved.
The group of old people selected fof this study had intact motor
pathways between the brain and muscles tested. Davies et al. (1983)
regorted tha; tetanic (involuntary) muscle contraction produced tﬁe
same plantar flexor torqﬁe, relative to MVC, in old men as it 4id in
young men. Their findings suggested that this select group of old men,
who sulmitted to tetanic stimulation, apparently achieved motor unit
activation levels equal to those Qf yourg men. The present study gave
original observatidns on a 1arge.group of elderly mén and waren and showed
nost were able to achieve full motor unit activation. Evénﬁ\
individuals with interpolated twitches present during plantarflexor MVC
were close to a full activation pattern. The neural'eathways used were
among the longest in the body and despite reports of gtain atrophy with
aging (see Jones, 1983-for review and Arderson et al., 1983},
functional evidence of lesiong was not found in this part of the motor
syétem in the present study. It might be argued that minor
degeneration in descending motor pathways could have been concealed.by
ay large safety-margin for motor unit acfivation. However, the
-inability of sdme young subjects to acﬁe.their plantar flexor

muscles fully indicates that, for thi -le at least, there is

-
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effectively no safety-margin; therefore, such an explanaL;ion for the
fiyxdings in the elderly is not valig.

The old people yin this study were apparently meking optimal use of
their muscle tens’fon-generating capecity, according to the observed
lack of any inc'réase with the interpolated stimulus. As ﬁoted in the
Methods chapter, the interpolated twitch technique was also used to
motivate them dqring measurement of voluntary strength. Several
attempts at MVC were made by.all subjects, and in some cases a striking
increase was registered over the first few trials. It was concluded
that isometric strength testing can be used for safe, reliable
estimtes of muscular strength even in the very old, providing adequate
time and explanation is allowed for in the testing procedure (see Appendix C).
Concern that sulmaximal efforts might be given in isometric str‘engtlj
tests (eg. Jones, 1962; Krvemer and Marras, 1980) can be alleviated by
use of the interpolated twitéh procedure. The observation that
voluntary strength could be markedly increased by repetition in some of
the elderly, suggests that' sirrpie exercise Qrogfams could be gffective

in increasing the work capacity of such individuals.

' (3) Third hypothesis: old subjects had smaller stat'ure. Differencles in

‘size were minor between young and old adults, except for the group of
80 to 100 yr old subjects. In a randomly chosen group of adults that e
included four generations, a larger'decrease in heigﬁt with édvancing
age might be expected (Tanner, 1978), but the present study sample was
a selected, nore homogeneous group. The difference in strength in
people of different heights is presumably due to the advantage of a

greater cross-sectional area and an increased lever arm length in the
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muscles of a tall person with long limb bones, if gecmetrical

similarity among pecple of different stature is assumed (Haxton, 1944;
Asmussen, 1968; Ikai and Fukanaga, 1970; Watson and O'Donov_an,. 1977; Smidt
and Roger, 1982; Schantz et al., 1983; McCullagh et al., 1984). However,
it may be that old pecple who are shorter have similar leg lengths +°

to young adults and differenc_es in stature are accounted for by
shrinkage of the;trunk length, apparently caused by a narrowing of the
intervertebral spaces and an increased curvature of the upper spine
(Fugl-Meyer et al., 1980; Steinberg, 1983). Therefore, the differences
in ‘height between the age groups in this study are likely of minor

~importance, perhaps even’ in the group of the oldest subjects.

(4) Fourth hypothesis: old subjects had less contractile tissue in

their muscles. It is apparent that{ subjects aged 60 yr or more were
generally weaker than young or middle-aged adults. The explanation

for this obse:rvation is that they had less muscle tissue in their lower

leg than younger adults, since le§e15 of motor unit activation were generally
similar across age groups. Hence, meésurahent of voluntary strength
provided an accurate estimate of the amount of éxcitable mass .
present. Body weight, on the other hand, was not consistently reduced

in the elderly subjects, nor was the circumference of the a;ge,d lower

legs used in the ult_rasourid experiment.

Mean cross-sectional area of t:hef gastromaliﬁs and soleus_muscles
was significantly less in the group of very old people examined, as
campared to young adults. This finding e:-:plc;l‘ined part of the
- difference in strength between these groups. However, maximm

plantarflexar strength values were reduced in the elderly subjects more
8 —_ k4
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than their muscle cross-sectional areas, and hence, their méan ratio of
strength per cross-sectional area was significay@;:s‘:d. Heights
were equivalent for these selected subjroups of the subjects. Yourg
and co-workers, who also used ultrasonic imaging methods, reported
si_milar findings for the effects of aging on male quadriceps musclg -
‘strength was more reduced than cross-sectional area in old men (étokes
et al., 1983). The effect was different in old wamen; they had
equi\valent decreases in strength and quadriceps cross-sectional area,
when compared to young wamen (Young et al., 1982).

Fat and connective tissue may have replaced contractile material
in fhe muscles of the elderly, thus occupying a greater rel:':\tive
proportion of the ultrasound images of leg cross-sections in old
subjects as compared to young. 5:.19 to thi.s replacement of one tissue
by another, the old person's mascle belly may appear to haveqonly a
minor degree of atrophy when examined from the exterior. Se;Jeral

authors have noted in a qualitative manner that increased fat
infiltration is present in aged muscle (Lowry et al, 1942; Verzar,
1959; Jennekens et al., 1971; Bulke et al., 1979; Borkan et al., 1983;
Lexell et al., 1983), hat precise quantification of the relative
amounts of muscle vs other)types of tissue in human or animel limbs has
not yet been attempted in studies of the aging process. Although
examination of cadervic material is one possible way -of answering this
question, there is always the drawback of not knowing the exact health
status of the individual before death. Accurate, non-invasive
guantification of the composition \of healthy human tissue may be
possible in the future with improved CAT-Scan techniques or with

advanced nucledr magnetic resonance technology (there is currently much

o
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interest in using these techniques for- the asseésnent of muscle wasting
in neuromuscular diseases such as muscular dystrophy, e.g. Brenton et
al., 1981). . |

. Whole-body muscle mass was estimated to be 45% lower in very oid
men (mean age of % yr), as compared to young men, according to
measurements of creatinine clearance by Tzankoff and Ncn:r:is‘ (1977).
This figure agrees closely with the difference in strength between very
old and young men in the present study. Indeed, comparisons of
apparent muscle mass over each decade from the third to the tenth
reported by Tzankoff and Norris agree well with the corresponding age
differerces in strength in the present investigation.

Borkan et al. (1983) fouhd_a group’\Bf men aged 59 to 76 yr _(mean
was 69.4 yr) to have about 12.4% and 11.7% less rruscle cross-sectional
area in the upper leg and upper érm, respectively, than young men.

They utilized the CAT-Scan technique to measure cross-sectional areas.

The strength data from the present study, and fram other investigators

(see Table 1), would seem to suggest a greater difference in muscle

mass for subjec.ts tested in these age ranges. It is possifale that o~
radiologic investigation of muscle mass may tend to overestimate values

for old adults, whether ultrasound or CAT-Scan techniques are used.
. C -~

t

Campound muscle action potential., Owerall, a decrease was observed in

the size of the M-wave recorded from dorsiflexor and plantarflexor

muscles il older subjects., These changes approximated the reductions in
voluntary strength with _agi.ng, e.g. the oldest group had mean M-wave values of
-between 34 to 57% of the young adult means.’ Campbell et al. (1973) cbserved
Qecreesed M-waves from the extensor digitorum brevis (EDB) muscle in' their sample
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of subjects aged 60. to 9% yr and they attributed this finding to a
progressive decrease with aging in the number of functioning motor
urlzits. Motor neurons are apparently lost with aging, according to
counts of lumbrosacral anterior hern cells (Tanlinson and Irving,

1877) ; in addition, dysfunction occurs in other motor units McCamas,

1977) . ~

In the present study, decreased motor unit .counts were also fourd
in the soleus muscles of 5 very old people (80-100 yr) examined by A.J.
McCaras, originator of the counting technique McCamas et al., 1971).
The average m;afor unit coimt in soleus was 283+83 for these subjects,
which represents a 70% reduction from-the mean. for young and
middle-aged adults McCams, 1977: 52); This 'changé is less than the
decrease in EDB counts fourd in the group of eldérly people examined by
. Campbell et al. (1973). This pilot study was not expanded, but it
would be of interest in a future investigation ,1;0 compare soleus mdtor .
unit counts to those for the EDB muscle 'in the same subjects. The
distal location of the EDB muscle necessitates longer motor neurons
which may be more susgeptible to peripheral neuropathy (Cavanagh, 1964;
Sabin, 1982). With regard to aging in animals, Caccia et al. (1979)
have reported similar findings of decreased M-waves and motor unit
counts in the soleus muscles of aged rats and mice, when compared to
'young controls.

The correspondence between the M-wave and strength was not exact
in the present study. Other factors, such as geometry of the muscle,
and conductance of the skin, fat and connective tissue may have varied
among age groups. Differences between men and wamen in these factors

may explain why females had disporticnately high M-waves relative to
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their strength, when compared to males.

Peak ténsion of the isometric twitch. Amother indicator of the amount

of ex;:itable muscle tissue present is the peak tension generated during
a maximal muscle twitch. Reduced peak twitch torgue was fourd in the
twitches of oldér age gréups .for both dorsiflexor ard pl.antarflexor
rnuscleé. Far the dorsiflexor muscles, the relationship between twitch
tension and voluntary strength, expressed as the ratio of peak twitch
torgue to MVC,'was similar across age groups. However, in the

plantar flexor muscle this ratio increased with advancing age. One
explanation for this change is that because the twitch duration also
increased in the older groups, more time for tension develop.nent was.
present in twitches of old muscles. This factor would also explain why
femeles had higher plantarflexor peak twitch torque to MVC ratios than
males. Perhaps aging did not have :che same effect on this ratio in the
case of the dorsiflexor muscles because twitch duration was not
increased in older age groups to the same extent. "

Altered tissue elasticity may have also been a factor in changing
plantarflexor peak twitch tofque to MVC ratios. The absolutée passive\
tengsion of the plantarflexor muscle-terdon conplex did not vary |
systemat ically w‘ith increasing age. However, relative passiuve tension,
expressed as a percentage of the total tension developed by the muscle
during active contraction, was greater in the elderly. Therefore, in

proportioﬁ to the amount of excitable mass present, old people did’

appear to have greater stiffness in the tissue making up the series

_elastic element. This change seems to represent a compensatory ‘effect

of aging because the efficiency of tension development is improved with
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a less compliant series elastic element.
‘$ /

Inplications of the change in excitable muscle mass. Despite the

¥

possibility that old musclesshad becorre"adapted for enhanced tension

transmission, the average rate.of force development during i:he twitch
was clearly slowed with increased age. Far example, very old
plantarflexor muscles may take as long as 190 ms to produce a twitch
torque of 10 N.m, whereas a young adult muscle may only require 100 ms
to achieve the same effect. This difference may be functionally
important during protective, refl;ex muscle contractions. In such
situations rapid tension developma:nt may prevent trauma such as falling’
- a common problem for the elderly (Cape, 1978; Greenwof{‘ and Hopkins,
1982; Woollacott et al., 1982). |

The decline in muscle mass with aging may be caused by a loss of

;::ells,; an average decreasg of 24% in the estimated number of muscle

fibres in the vastus’ lateralis muscle was fourd when old men aged 70 to
73 yr were c.orrpared to young men by Lexell et al. (1983). Fibre
numbers were est-inated from cross—sectional slices of whole muscle,
obtained at autopsy following sudden, accidental death. Tﬁis
percentage decrease is similar to the change in strength fourd betw_een
these age groups in the pz:esent study. Lexell et al. . {1983) did not
find a significant difference in fibre size between the two age groups,
but other aut‘no:r's have reported that Type II muscle fibres had smaller
cross-sectional areas in old subjects (see Larsson, 1982 for review).
This point remains controversial in the case of Type I fibres ~ only
Larsson et al. (1979) have observed a decrease in their cross-sectional

area in older subjects. In other investigations Type I size was
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unchanged or even increased (T.anona‘ga, 1977; ‘Aniansson et al., 1981;
Clarkson et al., 1981; Grimby et al., 1982).

A de;rease in muscle fibre number with- age has also been
dernonst.rated in rodent hindlimb muscles (Rc:;»e, 1979; Tauchi et al.,
1971; Gutmann and Hanzlikova, 1972; Hooper, 198l). Same authors have
reported increased fibre cross-sectional areas in old animals (gme,
1969; Hooper, 1981). In rats, Silbermann et al. (1983) observed this
increase for Type I fibres only. ] .

The relative proportion of Type I miscle fibres may thus increase
in some muscles of old subjects, due to a preferential atrophy :)\r loss -
of the Type II fibre complement, -and a compensatory hypertrophy of the
Type I fibres (Campbell et al.; 1973; Larsson, 1982) . It has been
suggested that Type I m:scle' fibres have a lower capecity for ieometric
force development per cross—sectional area than Type II f:lbres, based
on observations of the strength of individuals with different -
compositions of miscle fibre types (Kam and Karl sson, 1978 Larsson et
al., 1979 . Young, 1984). Burke (1981) has also provided evidence that
Type 1 fibres prcﬁuce less spec1f1c tens:.on: by analy51s of 1nd1v1<iual
motor unit properties in various leg muscles of ‘cats. Same controversy
exists on this point (e.g. Hulten et al., 1975; Maughan et al., 1983),
but™if Type I gbres are a relati‘ve handicap for iscmetkic force
pr‘oguctlon, then old people may be at a disadvantage.

This disadvantage of Type 1 flbre predaminance nught be expected
to be‘ more pronounced in dynamic strength tests which require
concentric contraction with rapid force develoweﬁt by the muscle

fibres (Thorstensson et al., 1976; Coyle et al., 1979; Vandervoort et

al., 1984) . However, such an effect was not cbvious in Larsson et

\
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al.'s (1979) data, which involved both isometric and dynamic strengtﬁ
measurement. This hypothesis should perhaps be- specifically test.e-dl i
an investigation which includes older subjects than the 60 to €9 yr old
men examined by Larsson and co-warkers. ‘

Greater total change with increased age was pre'sent in absolute
plantar flexor muscle strength than dorsiflexcor muscle strength. These
muscles are an important part of ‘the anti-gravity extensor group.

Herce, the ability to control rotation at the ankle joint is impaired -

~,

with agiﬁg and the problem could be partic_:ularlj important following a
period of disuse leading to muscle atrophy. In healthy young adultsi.
the plalnt'arflexoﬁusclés work at relatively léw percentages of maximum '
capacity during mocderate activit_ies like walking, but int the 'elderly

the reserve or safety margin is reduced..

C. Speed of Muscle Contraction in the Elderl

As mentioned, both dorsiflexo;: and plantarflexor twitch times
inéreaseé 'in the older age groups. Similar observations were made i:Ior _
male plantarflexor muscles in the study of \Eavieé et al. (1983).
McDonagh et al. (1984) noted a tremd to increased twitch hnes in the
elbow’flexor. muscles of old ys young men that failed to reach

statistical significance. .Twitch times for the plantarflexor muscles

1

‘_v;‘e'ré longer in the present study for both young and old subjecfs, as

compared to correspording measurements in the laboratory of Davies and .° .
co;i_-(orkers. This could be due to differences in the apparat;Lxs for

| recc;nding teﬁsion and in the method of measuring twitch times.

r Ry °
-
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Hoawever, the size of the change in twitch times with aging is similar
in the two studies from different laboratories. Same possilile

explanations for the pfblongat ion of the twitch are discussed below.

(1) First hypothesis: change in elastic properties of terdons. The
-"émount of elasticity-in a muscle's terdon will affect the time-course
of its twitch, and a possible hypothesis is that twitch pr:olongation
occured w1th agmg because tendon elast1c1ty had 1ncreased thereby
slowing the rate of tension development (Carlson and Wilkie, 1974).
:But, as discussed in t‘ne section "Peak tension of the isometric
twitch", elast1c1ty rmay have actually Reen decreased in the kly
muscles. Possibly because of the redut:ed exc1table nmuscle mass in
older people, absolute pa551ve tens*ons created in the dor51f1exo;: and
plantarflexor muscle—tendon conplexes, }:y stretchmg them ‘to thelr
‘respectlve 1somatr1c Eesf positions, ‘were not Systenatlcally different
between young and old adults. - This result was somewhat unexpected as
Botelho et al. (1954) and Camphell et al. (1973) had found greater
resistance to stret;:h in eldetly thumb and great toe joints,

_ respectively. There méy be a difference betﬁeen thesé digital igints _
and the ankle in their ré;ponse to aging that warrants further study. \
It also pbssible" that stretchingr, or loosehin'g up of the tﬁnnective
tissue bords took place during the testing procedures in the présent
investigation (Kottke et al., 1966). An alternative testing procedure
would be to measur:e;passive tension using small sinusoidal oscillations “

of the joint in the manner of Walsh (e.g. Lakie et al., 1980).

5
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(2} Serord hypotﬁesis: conversion to slower myosin ATPase in muscle

fibres..

(3) Third hypothesis: preferential decrease in number and/or size of

Type II motor units.

The end result of either conversion to a slower myosin ATPase in &

the same muscle ébres or of a preferential decrease in the Type II
) o
motor unit cgmplement would be to produce a muscle with a longer
twitch. It is difficult to separate the relative contributions of
9

these two factors (Calrpbell et al., 1973). Whatever the cause, it has
been reported that the proportion of Type I nuscle f%b-res does increase
- - ' ‘ R

with aging, based on several studies of humen and animel tissue (see

-

above and Larsson, 1982). ~ °
It might be expected that J:he.greatest changes would be observed
in muscles that have the highest initial complement of Type II fibres.

Changes with aging in twitch times of the gastrocnemius muscle,
reported to have approximately equall proportions of T.ype. II ard Type I

fibres in young adults, were compared to changes in Ehe soleus muscle,
which is p'redominat'ely"‘rype I in Icomposit lon (see Vandervoort amd
l.McCanasl {1983) for a discussioﬁ of research on these two miscles).

- Mean éoleus m:séle contraction times were found to be similar in young
and old Iadults but gastrocremius muscles had significantly longer
twitc_hes. A greater effect of age was also observed in the twitch of
the entire plantarflexor group than 'in the sqletﬁ alone.
Unfortunately, no reports-of comparisons between the fibre composition

of young old soleus and gastrocnemius muscles were found in the
literaturé.

An increased muscle activigy pattern appears to prolong twifb\

<+

o ?
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times in young adults; Sale et al. (1983) observed longer twitches of
the triceps surae muscle group in weight-trainers as compared to
controls. "Ard disuse resulted in a faster twitch contraction time for
this muscle group in a sf:udy of young men whose- leg had been )
inmobilized (Davies and White, 1983a). 'The same fir;:jing w.as reported
for immobilized young rat soieus muscles  (Witzmenn et al., 1982). It.
is not known if this effect would-also oocur‘in old muscle that was
immobilized. In the present study contraction times were increased in
the el_derly, the opposite effect to the irrmobilizat‘ion response. This
may be another indication of the fairly active lifestyles adopted by
the sample of old people tested - evidence of disuse was not present in
the twitch times. The aéing.proc'ess\ is clearly more complex than a
simple reflection of incrgasing inacti\{ity.

An advantage of a prolonged twitch tine—coqrse is that the muscle
will produce a relatively greater proportion of its total
tension-generatfing capacity.at a given sulmaximel frequency of
‘stimilation. In addition, it will exhibit maximum fused tetanic
tension ag a relatively lower rate of firing. Davies and White (1983)
have reported this to be the case in comparisoqs of young and old human
triceps surae muscles. Cosequently, old people should be more
efficient, in the sense that fewer ne&:'ve impulses are needed to drive
their muscle fc/ont_ractions. It would be of interest to compare firing
frequencies of young and old muscles during sustained volunt;ary
cont;:ac‘tions.' ‘I‘hé intramuscular recording technique of Bigland-kitchie
and co-warkers could be used to monitor motor unit activity (e.g.

Bellemare et al., 1983).
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{4) Fourth hypothesis: -change in Ca2+ regulatory system (and hence

change in active state duration). The actual time in which Ca2 is

bourd to troponin following a twitch stimulus, thereka_.a releasing the

inHibitory influence of troponin on actin-myosin interactions, may be

prolonged in aged muscle ( this period of tension generation by the
myofilaments has been designat.ed by Hill (1949) as the "active state"
duration). Hence, a fourth factor which could alter twitch times is a

change in the regulation of free Cz-x2+ levels in the myoplasm.

" Obtaining such information will require the use of techniques like

electron microscopy to quantify the volume of the terminal cisternae in
the sar‘:coplasmic reticulum {cf. Kugel_bérg and Thornell, 1983).
¥ Presently, there are just écant reports of changes in sarcoplasmilc
reticulum of old humen muécle (Tamonaga, 1977; shafiqg et al., 1978).
Aged rats have been shown to have decreased 'sarcoplasmic reticulum
volures in the gastrocnemius miscle (DeCoster et al., 198l), hut aged
mice had little change in this structure (Ludatscher r:_\t al., 1983)'.'_
Ludatscher et al. (1983) also fournd enforced emdurance running caused
formation of tubular aggregates in.the old mouse gastrocnemius muscles,
an effect which was not seen in young exercised mice. Differences in
the housing conditions of anilnalh;,, differences in opportunity for
exercise, interspecies differences and even variation ama_ng strains of
a given species can lead to opposing Iconclusions from research using
aﬁimal models.
aAs h;_,rpo-thyro.i;iism has been shown to slow muscle contraction
(Lambert et al., 1951L; Takamori et al., 1971), a speculative hypothesi_s
_would be that the elderly population tested may have had 'subclinical

levels of this disease. However, the prevalence of "overt
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hypothyroidism, including untreated cases, has been fourd to be only 1
to 2% in elderly community-dwellers (see Campbell et al., 1981). None
of the subjects in the present study reported taking thyroid
medication. A further argument against this hypothesis i8 the
observation that some increase in twitch times was also noted in the
middle—aged adu-lts, as compdred to 20 to 30 yr olds. Prolongation of
twitch times may thus be due, at least in part, to normal genetic
requlation of the developrrental/naturation'/aging sequehce in human
r;eurmu.zscular function. It is of interest that Robbins and co-workers
(Kelly and Rcbbins, 1983) have observed changes in transmission across
mouse neuromuscular junctions beginning at ﬁliadle-age for the life-span

of the strain of mice tested.

D. Potentiation of the Isometric Twitch Following MVC

The isometric twitches of both the dorsiflexor muscles and the
plantarflexor muscles were clearly changed in all age groups following
a 5s MVC; peak th'ritch torque was increased and twitch times were
- shortened. As had been reported before, when twitch torques were
normalized with respect to resting values, potentiation of peak twitch
torgue was greater in the dorsifiexor muscles than the plantarflexor
muscles (Belanger et al., 1983; Vandervoort et al., 1983). This tremd
held for all age groups except the middle-aged category. The reason
for the unique pattern in middle-aged adults was not clear, hat the
ratios of plantarflexor to dorsi‘flexor MVC were particularly hicgh in

this group. An overall trerd of decreased potentiation with increasing

age was observed and it may be that at middle-age the dorsiflexor
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nuégles havé been more affected than the plantarflexor muscles with
regard to capacity for potentiation.

The basis of potentiation isNgot clearly understood, although
altered kinetics of muscle-activatiny Ca?t is a likely mechanism
(Burke, 1981). The phenamenon seems to be specific to certain muscles:
Vandervoort and McComas (1983) did not observe potentiation in young
adult human scleus muscles f&llcwing tetanic stimulation, but it was
present in the lateral gastrocnemius mpscles 6f the same subjects.
Perhébé the elderly gastrocnemius muscles were alsc mainly résponsible
for altered properties of the potentiated plantarflexor twitches.. The
longer twitches of the elderly were more susceptikle £o the speeding‘up
aspect of potentiation which produces not only a 1 twitch tension but
alsb a shorter twitch. A speculative hypothesis about Eie mechanism for this
effect of aging is that the amount.of calcium released by the sarcoplasmic
retibglum following the MVC was relatively diminished, as campared to
young adultsﬂ thereby producing less potentiation and a faster
contraction/relaxation cycle. One furictional implication of potentiation
is that the uscle can be pu£ in a state of feadiness for contraction by
a @:ief period of MVC prior to an intended movement (Belanger et al.,

L
1983; Vardervoort et al., 1983).

E. Flexibility of the Ankle Joint

The limit to which the ankle could be dorsiflexed was reduced in

h

the older age groups, although the effect was not pronounced. Even the
80 to 100 yr old ankle could be roﬁéted into a position of 31 © of

dorsiflexicn, on average, for males; the corresponding value for

females was 27 ©. An overall trend can be seen in the data for a
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greater:' loss of flexiﬁiiity in waren and this has been observed before
(Bell and Hoshizaki, 1981; Flatten and Rice, 1982).

It is not clear from the present study whyrthe limit of
dorsiflexion de::‘reased in the old subjec:ts. The toES‘l stiffness of the
elastic tissue, as measured at 10° of dorsiflexion, did not increase
with aging, although passive tension was greater, if expressed relative
to excitab]_.e muscle mass. It was not possible in the present stﬁdy to
determine whether it was the extent of elongation of the muscle belly

or the extent of elongation of the tendon wijich limited joint rotation.

However, Halar et al. (1978) have shown thatimovement of the human
ankle joint in dorsiflexion is permitted primarily by changes in the
length of the muscle, ard 1‘:hat the Achilles tqndon is relatively
inextensible. Hooper (198l) reported shorter fibre lengths in hindlimb
muscles of old micé, due to a loss of sarcomeres with aging. Such a
change would limit joint range of motion if it occurred in human
muscles, but the author is unaware of any studies in this regard. It
is also possible that degenerative processes had caused bony
limitations to ankle joint range éf motion in o;der subjects. In a
future study, it would be useful to compare passive tensions developed
at the limit of movement of individual ank}"es, to determine if there is
a critical, stopping force in the passive length-tension curve which
old people reach sooner when the ankle is rotated.

It is beneficial to the elderly to have an adequate ankle joint
range of motion if a normal gait pattern is to be maintained.
Considerable flexibility was fourd in the ankles of this sample of the
healthy elderly. Judging from the data of Bell-and Hoshizaki (1981),

the ankle may be one of the least affected joints by aging, and this
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might be due to its extensive use in the healthy, mobile person. There’
is eviderce that daily stretching can improve range of motion in the
elderly Munns, 198l), although it is not kmown whether such a program

could completely prevent flexibility loss in the aged joint.



V. SIMMARY AND CONCLUSIONS

This investigation has involved cbservations on the maxlmal
voluntary strength and isametric twitch of the ankle dorsiflexor and
plantarflexor muscle groups in a sample of 111 health;( men and wanen aged
fram 20 to 100 yxr. Additional camparisons of twitch.times of the
individual muscles in the triceps surae group, and measurements of
their cross-sectional areas, were made in selected groups of young and
very old men afld waren.  Summary statenents‘ regarding the (E‘ffects of
aging on the humén neuramscular system are as follows:

1. Reliable‘assessment of neuramuscular function can be made in
o‘ld adults using measurements of maximal strength and electrophysiological
techniques.

2. Maximum voluntary iscmetric strength of the ankle dorsiflexors
and plantarflexors was lower in old adults than in young adults. Men
were stronger tpan women at all ages. The trend observed in the data-
was for a decrease in strength following the fifth decade of life. The
absolute loss of strength was much greater for the plantarflexor muscle
group than the dorsiflexor group; the relative :loss was similar.

3. The majority 6f men and wamen at all ages were able to
utilize their descending motor paﬂnﬁys for optimal muscle activation,
so that an interpolatéd stimalus of the motor nerve produced no additicnal
tensicn. - Same subjects/n’eeded several practice attempts to achieve
this goal.

4. A decreased éxcitable muscle mass was the apparent explanation
for the lower strength of the elderly. ’

5. Isometric twitch times were prolcnged and the rate of tension

development was reduced in the elderly for both dorsiflexor and

117
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plantarflexor muscle groups. An additicnal observation was that the
soleus miscle showed less change than the gastrocnemius muscle.

6. Capacity_for post-activation potentiation of the twitch was
present, but reduced in the older ag:a groups.

9. The passive tension induced in the dopefflexor muscles and

plantarflexor muscles by' 20° of ankle rotation was similar for all
age groups. |

8. The limit of dorsiflexion to which the ankle could be rotated
was reduced as age increased. Considerable movement of the ankle was
still possible in the oldest subjects.
| Original observations in this study regarding the effects of aging
on human neuramiscular function were made by:

(1) camparing the opposing muscles of the ankle joint.

(ii) extcending the number and age range of very old subjects tested
beyond that of previous work which measured voluntary strength, twitch

time and passive tension of these muscles.

(iii) using the interpolated twitch procedure to demonstrate that the
elderly could generally achieve full motor unit activation.

(iv) examining the capacity for post-activation potentiation in
aged muscle. .

(v) implementing an ultrasound imaging technique to obtain cross-
sectional areas of ‘the soleus and gastrocnemius muscles.,

(vi) implementing a sub-maximal stimulation technique to campare
twitch times of the gastrocnemius and soleus miscles.

.SeveraUaréas of future research have been noted in the discussiom
of the results. These are sumarized below in the form of research

questions:

With regard to exercise training programs for the elderly:
Can maximal voluntary strength of the ankle joint muscles be

increased by a program of ‘high-resistance exercise.training?
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With regard to muscle fibre camposition in the aged dorsiflexor and

plantarflexor muscles:

1. 1Is there a decrease in the total number of muscle fibres with
aging and what is the extent of fat and connective tissue replacemerit .
of muscle in the ayed limb? |

2. Are there differences between young and 0ld muscle in rﬁyosin

2+

ATPase characteristics or in the Ca®" requlatory system?

With regard to neuramuscular function:

‘l. Are the elderly at a greater disadvantage for rapid, conoe_ntri;:
force production than for isametric tension develo;;ment because of their
slower rate of muscle cantraction?

2. Are the more slowly contracting, v}e;aker muscies of the elderly
a contributing factor to the geriatric problem of falling?

) It should be stressed that this investigation .dealt with questions
about aging of the healthy population. Loss of muscle strength in the
disabled elderly is also an important topic for research. The effects
of p;olonged immobilization on the elderly neuranuscu&ar s}rstem ha\{e
not been documented; nor have the expected bene{its of agygressive
rehabilitation. .

In summary, insight has been gained into the differences in
neuramscular function between age groups of healthy.men and wcmen
spanning the range of 20 to 100 yr. It is anticipated that this
information, besides enhancing ;mowledge about the aging process, will
be applied to several situations: in the practice of clinical
assessment and rehabilitation of pecple of different ages, in the

planning of exercise programs for the elderly and finally, in the

formulation of new research questions,



REF ERENCES

Agnew, .P.J. and F. Maas (1982} Hand function related to age
and sex. Arch. Phys. Med. Rehabil. 63: 269-271.

Arderson, J.M., B.M. Hubbard, G.R. Coghill and W. Slidders
{1983) The effect of advanced old age on the neurcne
content of the cerebral cortex. J. Neurol. Sci.

58: 233-244.

F o

Aniansson, A, and E. Gustafsson (19819 Physical training in_
elderly men with special reference to quadriceps
muscle strength and morphology. Clin. Physml.

1: 87-98., *

Aniansson, A., M.Hedberg, G. Grimby and M. Krotkiewski (1981)
Muscle morphology, enzyme activity and muscle strength
in elderly men and wamen. Clin. Physiol. 1: 73-86.

Asmussen, E. (1968) The neuromuscular system and exercise.

In: Exercise Physiology. Ed., H. B. Falls. New York:
Academic, pp. 3-42. :

Asmussen, E. (1980) Aging and exercise. In: Environmental
Physiology: Aging, Heat and Altitude. Eds., S.M.
Horvath and K. Yousef, New York: Elsevier North
Holland, pp. 419-428.

Asmssen, E., K. Fruensgaard and S. Norgaard (1975) A follow-up
long1tudma1 study of selected physiologic functions
in former physical education stdents - after forty years.
J. Am. Geriat. Soc. 23: 442-450.

Asmussen, E. and K. Heeboll-Nielsen (1961) Iscmetric muscle
strength of adult men and wamen. Camn. Danish Natl.

Banker, B.Q., S.S. Kelly and N. Robbins (1983) Neuromuscular
\ transmission and correlative morphology in young
and old mice. J. Physiol. -339: 355-375. -

Bassey, E.J., C.T.M. Davies and C. Kirby (1983) The
relation between daily walking activity and
maximal isometric force of triceps surae in -

male and female elderly subjects. J. Physiol,
334: 35P.

Belanger, A.Y. and A.J. McCamas (1981) Extent of motor unit
activation during effort. J. Appl. Physiol.: Respirat.
Environ. Exercise Physiol. 51: 1131-1135.

-

120



121

Belanger, A.Y., A.J. McCanas and G.C.B. Elder (1983)
Physiological properties of two antagonistic humen
muscle groups. Eur. J. Appl. Physiol. 51: 381-393.

Bell, R.D. and T.B. Hoshizaki (1981) Relationships of age and
sex with range of motion of seventeen joint actions
in humans. Can. J. Appl. Sport Sci. 6: 202-206.

Bellemare, F., J.J. Woods, R. Johansson and B. Bigland-Ritchie
(1983} Motor-wnit discharge rates in maximal voluntary
contractions of three human rnuscles. J. Neurophysiol.

S50: 1380- 1392

Blinks, J.R., R. Rudel and S.R. Taylor -(1978) Calcium transients
in isolated amphibian skeletal muscle fibres: detection
with aqueorin., J. Physiol. 277: 291-323. ~

Borkan, G.A., D.E. Hults, S.G. Gerzof, A.H. Robbins and
C.K. Silbert (1983) Age changes in body composition
revealed by computed tomography. J. Gerontol.

38: 673-677.

Botelho, S.Y., L. Caxer and N. Guiti (1954) Passive and active
tension~length diagrams of intact skeletal muscle in
- normal waven of different ages. J. Apol. Physml.
7: 93-98. .

Brandstater, M.E. and E.H. Lambert (1969) A histochemical study
of the spatial arrangement of muscle fibres in single
motor units within rat tibialis anterior muscle.

Bull. Am. Ass. Electrcnyogr. Electrodiag.
82: 15-16.

Brenton, D.P., R.H.T. Edwards, S.R. Grindrcd and P.S. Tofts
{1981) Camputerized X-ray tomography to determine
human skeletal muscle size and composition in heal@h

* and disease. J. Physiol. 317: 3P.

Brooke, M.H. and K.K. Kaiser (1970) Muscle fibre types: How
. many and what kind? Arch. Neurol. 23: 869-379.

Brown, W.F. (1973) Fuctional compensation of human motor
units in health and disease. J. Neurol. Sci.
20: 199-209.

Camputed Tamography of the Humn Skeletal Muscular
System. Neuroradiol. 17: 127-136.




-r

122

Buller, A.J., J.C. Eccles and R.M. Eccles (1960) Interactions
between motoneurones and muscles in respect to the

characteristic speed of their responses. J. Physiol.
150  417-439.

Burke, R.E. (1981) Motor units: anatomy, physiology, and
' functional organization. In: Handbook of Physiology.
The Nervous System. Bethesda, MD: Am. Physiol. Soc.,
sect 1, Vol. II, chapt. 10, pp. 345-422.

Burke, W.E., W.W. Tuttle,. C.W,/Thompson, C.D. Janney and
R.J. Weber (1953) The x€lation of grip strength and
grip-strength endurance to age. J. Appl. Physiol. .
5: 628-630.

Caccia, M.R., J.B. Harris and M.A. Johnson (1979) Morphology
and physiology of skeletal muscle in aging rodents.
Muscle Nerve 2: 202- 212.

Campbell, A. %\, J. Reinken and B. C. Allan (1981) Thyroid
disease imthe elderly in the community. Age and
Ageing 10: 47-52.
Carrpbell, M.J., A.J. McCamas and F. Petito (1973) - . !
Physiological changes in ageing muscles. o
J. Neurol. Neurosurg. Psychiat. 36: 174-182,

Cape, R.D.T. (1978)Falling. In: Aging: Its Ccmplex
Management. New York: Harper and Row, pp.l113-136.

Carlson, F.D. and D.R. Wilkie (1974) Muscle Physiology.
Englewood Cliffs, New Jersey.

Cavanagh, J.B. (1964) Peripheral nervé changes in
orthocresyl phosphate poisoning in the cat.
J. Pathol. Bacteriol. 87: 365-383.

Clarkson, P.M., W. Kroll and A.M. Mélchionda (1981)
Age, isometric strength, rate of tension development
and fiber type composition. J. Gerontol. 36: 648-653.

Close, R.I. (1972) Dynamic properties of mammalian skeletal
muscles. Physiol Rev., 52: 129-197.

Corbin, K.B. and E.D. Gardner (1937) Decrease in number of
myelinated fibres in human spinal roots with age.

Coyle, E.F., D.L. Costill and G.R. Lesmes (1979) Leg
extension power and muscle fiber composition. Med.
Sci. Sports 11: 12-15.



Davies, C.T.M. and M.J. White (1983) Contractile properties
of elderly human tricips. surae. Gerontol. 29: .

19-25,
.- |
Davies, C.T.M. and M.J. White (1983a) Effects of disuse
muscular atrophy on the mechanical properties of
trlceps surae in man. J. Physiol. 341: 34P.

Davies, C.T.M., M.J. W‘nlte and K. Young (1983}
Electrically evoked and voluntary maximal
isometric tension in relation to dynamic muscle
performance in elderly male subjects, aged 69 years.
Eur. J. Mpl. Physiol. 5l: 37-43. ‘

Dill, D.B., M.X. Yousef, T.S.,Vitez, A. Goldman and R. Patzer
(1982) Metabolic observations on Caucasian men and_
wanen aged 17 to 88 years. J. Gerontol. 37:
565~-571.

Edstrom, L. and E. Kugelberg (1968) Histochemical composition,
distribution of fibres and fatiguability of single motor \
units. Anterior tibial muscle of the rat. J. Neurol. '
Neurosurg. Psychiat. 31: 424-433.

“

Elder, G.C.B., K. Bradbury and R. Roberts (1982) Variability
' of fiber type distributions within human muscles. J.

Appl. Physiol.: Respirat. Environ. Exercise Physiol.
53: 1473-1480. .

1

Engel, W.K. (1962) The essentially of histo~ and cytochemical
studies of skeletal muscle in the investigation of
neuromuscular disease. Neurol. 12: 778-794.

Fahim, ‘M.A. and N. Rabbins (1982) Ultrastructural studies’
of young and old mouse neurom%scular junctions. J.
Neurocytol. 11: 641-656.

Fisher, M.B. ard J.E. Birren (1947) Age and strength. |
J. Apol. Psychol. 31: 490-497. ~.

-

Fitch, S.G. (1983) Influence of Muscle Length on Fatigue, M. Sc.
Thesis, McMaster University, Hamilton, Canada. -

Flatten, K. and P. Rice (1982) Plantar flexion strength,
range of motion and energy expendituuze in older
-adults. In: Proc. Second Amual Mtg. of Can. Soc.
'Biomech. Kingston, Ontario, Sept. 1-3, 1982,

*

Forbes, C.B. and J.C. Reina (1970) Adult lean body mass

declines with age; some longitudinal observations.
" Metabolism 19: 653-663. \



124

—

Fugl-Meyer, A.R.,“{Gmtafsson and Y. Burstedt (1980)
Isokinetic and static plantar flexion char:a’ucteristics!9
Eur. J. Appl. Physiol.-45: 221-234.

Fujisawa, K. (1976) Same observations on the skeletal
musculature of aged rats. III. Abnormalities of
terminal - axons found in motor end-plates. Exp.
Gerontol. 1ll: 43-47.

Gardner, E.D. (1940) Decrease in human neurongs w1th a@e-—J
Anat. Rec., 77: 529-536. .

Garnett, R.A.F., M.J. O'Donovan, J.A, Stephe‘ns and A. Tay lor
(1979) Motor unit organizationof human medial

gastrocnemius. J. Physiol. 287: 33-43, .

Gernéin, N.W. and S.N. Blair (1983) Var1ab11ity of shoulder
flexion with age, activity and sex. Am Corr. Ther.
J. 37: 156~ .160..

Greenwood, R. and A. HBpkins (1982) An attempt to explain
the mechanism of drop attacks. J. Neurol. Sci..
w7: 203-208, - -

Grimty'y G., B. Danneskiold-Samsoe,K. Hvid and B. Saltin {(1982)
Morphology and enzymatic capacity in arm and leg
muscles in 78-8l year old men and wamen. Acta
Pl'lysml Scand. 115: 125—134. -

Grimby, G. and B. Saltin (1983) The ageing muscle.
Clin. Physicl. 3: 209=218. '

Gt.tﬁ L. (1968) "Trophic" influerces of nerve on muscle.
Plxys1ol.{~Rev. 48: 645-687. 1

Gutmann, E. and V. Hanzlikova (1972) Age"changes in the
b Neuromuscular System. Bristol: Scientechnica.

Gutmann, E. (1977) Muscle. In: Handbook of -the Biology
of Aging. Eds., C.E. Finch and L. Hayflick. New York:
Van Nostrand Reinhold, PP. 445-469. :

1

Gumann, E. and V. Hanzlikova (1966) Motor un1t in o0ld age.
Nature 209: 921-922,

Gutmann, E., V. Hanzlikova and F. Vysocil (1971) Age changes in
cross striated muscle of the rat. J. Physiol. 219:
381-343." 3

’ ,
tt and I. Syrovy (1974) Contraction properties and
myos1 ATPase activity of fast and slow senile muscle
of the rat. Gerontologia 20: 239-244.




\

~

"Kami, P. and J. Karlsson (1978) Skeletal muscle fibre types,

©125

Y

Halar, E.M., W.C. Stolov, B. Venkatesh, F.V. Brozovich and J.D.
Harley (1978) Gastrocnemius muscle belly and tendon length

in stroke patlents and able-bodied persons. Arch. Phys.
Med. Rehabil. 59: 476-484.

Hansen, S. and J.P. Ballantyne (1978) A guantitative
electrophysiological study of motor neurone disease.
J. Neurol. Neurosurg. Psychiat. 41: 773-783.

[:Iaxton, H.A. (1944) Absolute muscle force in the ankle
flexor’s of man. J. Physiol. 103: 267-273.

Hill, A.V. (1949) ‘The abrupt transition from rest to

activity in muscle. Proc. Rey. Soc. B. 136: 399-420.

Hooper, A.C.B. (1981) Length, diameter and number of ageing
skeletal muscle fibres. Gerontol. 27: 121-126.

Hulten, B., A. Thorstensson, B. Sjodin and J. Karlsson (1975)
Relationship between isometric endurance and fibre types
in human leg muscles. Acta Physiol. Scand. 93: 135-138.

\}/&ai, M. and A.H. Steinhaus (1961) Same factors modifying the

expression of human strength. J. Appl. Physiol. 16: 157-163.

Jennekens, F.G.I., B.E. Tamlinson and J.N. Walton (1971)
Histochemical aspects of five limb muscles in old age.
An autopsy study. J. Neurol. Sci. 14: 259-276.

Jonnson, T. (1982) Age-related differernces in isometric anmd g
dynamic strengt:h and endurance. Phys. Ther. 62: 985-989.

"Jones, D.G. (1583) Development, maturatlon and aging of

synapses., Adv. Neurobiol. 4: 163-222.

Jones, R.E. (1962) hellablllty of musclé' strength testing
under varylng motivational corditions. J. Je Am.
Phys. Ther. Assoc. 42: 240-245.

Joseph, J.,and A. Nightingale (lSSZ)’*EAectrcnyography of muscles
of posture: leg muscles in males. J. Physiol. 117: 484-491.

Kelly, S5.S. and N. Robbins (1983) Progressmn of age
changes in synaptlc transmission of mouse neuromuscular
junctions. J. Physiol. '343: 375-383.

enzyme activities and physical performance in young
- males and femmles. Acta Physml Scand. 103: 210 218.

=



J - 126

Kottke, F.J., D.L. Pauley and R. Ptak (1966} The rationale
for prolonged stretching for correctiomof '
shortening of connective tissue. Arch. Phys.

Med. Rehabil. 47: 345-352.

Kroemer, K.H.E. and W.S. Marras (1980) Towards an objective
assessment of the "maximal voluntary contraction™
component in routine muscle strength measuremesnts.
Eur. J. Appl. Physiol. 45: 1-9. -

’ Kugelberg, E. and L. Thornell (1983) Contraction time,
histochemical type, and terminal cisternae volume of
rat motor units. Muscle Nerve 6: 149-153.

Lakie, M., E.G. Walsh and G.W. Wright (1980} Thixotropy -~
' a general property of the postural system. J.-

Ptﬂs iol. 305: 72P-73P.

Lambert E.H., L.0. Underdahl, S5. Beckett and L.0O. Mederos
{1951) A study of the ankle jerk in myxedma. J. .
Clin. Endocrinol. 1ll: 1186-1205. 7

Lamphlear, D.E. and H.J. Montoye (1976) Muscular strength
" and body size. Human BlOl 48: 147 160.

Larsson, L. (1982) Aging in marrmallan skeletal muscle.
In: The Aging Motor System. Eds., J.A. Mortimer,—
F.J. Pirozzolo and G.J. Maletta. New York: Praeger,
pp. 60- 95. '

Larsson, L. (1983) Histochemical characteristics of human
skeletal muscle during acung. Acta Physiol. Scand.
117: 469-471.

Larsson, L., G. Grimbw and J. Karlsson (1979) Muscle stfength
' and speed of movement in relation to age and muscle
morphology J. Appl. Physiocl. 46: 451-456. .

Lexell, J., K. Henriksson-Larsen, B. Winblad and M. Sjostram
(1983) Distribution of different fiber types in human
skeletal muscleé: effects of aging studied in whole -

. ¢
muscle cross sections. Muscle Nerve 6: 588-595.

Lowry, O.H., A.B. Hastings, T.Z. Hull and A.N. Brown (1942)
Histochemical changes associated with aging. II.
Skeletal\and cardiac muscle in the rat. J, Biol. r ~

Chem. 143: 271-280. R



-~

Ludatscher, R,, M. Silbermann, D. Gershon and A. Reznick
(1983) The effects of enforced running on the
gastrocnemius muscle in aging mice: an ultrastructural
study. Exp. Gerontol. 18: 113-123.

MacDougall, J.D., G.C.B. Elder, D.G. Sale, J.R. Moroz

B and J.R. Sutton (1980) Effects of strength training
ard immobilization on humen muscle fibers. Eur. J.
Appl. Physiol. 43: 25-34.

MacLennan, W.J., M.R.P. Hall, J.I. Timothy and M. Robinson
(1980) Is weakness in old age due to muscle wasting?

Age Ageing 9: 188-192.

Marsh, E., D.Sale, A.J. McCanas and J. Quinlan (198l1)
The influence of Jjoint position on ankle
dorsiflexion in man. J. Appl. Physiol.: Respirat.
Environ. Exercise Physiol. 5L: 160-167.

Maugharr, R.J., M. Nimmo, J{S. Watson and J. Weir (1983)
Influence of muscle fibre composition on the
strength/cross-sectional area ratio in human skeletal
muscle. J. Physiol. 343: 105P-106P.

McCanas, A.J., P.R.W. Fawcett, M.J. Campbell and R.E.P. Sica
o (1971) Electrophysiological estimation of the number
of motor units within a human muscle. J. Neurol.
Neurosurg. Psychiat. 34: 121-131.

McCamas, A.J. (1977) Neuromuscular Function. and Disorders.
London: Butterworths.

McC#llagh, P., R.J. Maughan, J.S. Watson and J. Weir (1984)
Biomechanical analysis of the knee in ‘relation to
measured quadriceps strength and cross-sectional

area. J. Pr_lzsiol. 346: 60P.

McDonagh, M.J.N., M.J. White and C.T.M. Davies (1984)
Different effects of ageing on the mechanical

properties of arm and leg muscles. Gerontol.
" 30: 49-54.

Montoye, H.J. and D.E. Lanphiear (1977) Grip and arm strength

in males and females, age 10 to 69. Res. Quert. 48:
109-120. R

Mor:tanl, T. ard H.A, deVries (1980) Potential for gross muscle

hypertrophy in older men. J. Gerontol. 35: 672-682.

127



A

A
Munns, K. (1981) Effects of exercise on the range of joint
motion in elderly subjects. In: Exercise and Aging:
The Scientific Basis. Eds., E.L. Smith and R.C.
Serfass. Hillside, New Jersey: Enslow.

Murray, M.P., G.M. Gardner, L.A. Mollinger ard S.B. Sepic
(1980) Strength of isometric contractions. Knee
muscles of men aged 20 to 86. Phys. Ther. 60:
412-419.

Nygaard, E. and J. Sanchez (1982} Intramuscular variation
of fiber types in the brachial biceps and the
lateral vastus muscles of elderly men: how
representative is a small biopsy sample.

Anat. Rec. 203: 451-459.

Parizkova, J., E. Eiselt, S. Sprynarova and M. Wachtlova
(1971) Body composition, aerobic capacity, and
density of muscle capillaries in young and old
men. J. Appl. Physiol. 31: 323-325.

Perkins, L.C. and H.L. Kaiser (1961) Results ‘of short
- term isotonic and isometric exercise programs in
persons over sixty. Phys. Ther. Rev. 41l: 633-635.

Peter, J.B., R.J. Barnard, V.R. Edgerton, C.A. Gillespie
and K.E. Stempel (1972) Metabolic profiles of
three fibre types of skeletal‘'muscle in guinea pigs
and rabbits. Biochem. 1l: 2627-2633.

Petrofsky, J.S., R.L. Burse and A.R, Lind (1975) Comparison

of physiological response of wanen and men to
isometric exercise. J. Appl. Physiol. 38: B63-868,

Petrofsky, J.S5. and A.R. Lind (1975) Aging, iscmetric strength

and endurance, and cardiovascular responses to static
effort. J. Appl. Physiol. 38: 91-95.

Petrofsky, J.S. and A.R. Lind (1975a) Isometric strength,
endurance, and the blood pressure and heart rate
responses during isometric exercise in healthy men
, and wamen, with special reference to age and body fat
® content. Pflugers Arch. 360: 49-61.

Pette, D., Editor (1980) Plasticity of Muscle. Berlin:
de Gruyter.

Potvin, A.R., K. Syrndulko, W.W. Tourtellotte, J.A. Lemmon
and J.H. Potvin (1980) Human neurologic function
ard the aging process. J. Am. Geriat. Soc. 28: 1-9.

<

D)

128



129

Quetelet, A. (1835) Sur l'homme et le Developpement de ses
Facultes. Paris: Bachelier, Imprimeur-Libraire.

Rowe, R.W.D. (1969) The effect of senility on skeletal muscles
in the mouse. Exp. Gerontol. 4: 119-126.

Sabin, T.D. (1982) Biologic aspects of falls and mobility
' limitations in the elderly. J. Am. Geriat. Scc.
30:.51-58. :

-

Sale, D.G., A.J. McCamas, J.D. MacDougall and A.R.M. Upton (1982)
Neuromuscular adaptation in human thenar muscles following
strength training and immobilization. J. Appl. Physiol.:
Respirat. Environ. Exercise Physiol. 53: 419-424,

Sale, D.G., J. Quinlan, E. Marsh and A.J. McCamas (1982) Influence
of joint position on ankle plantarflexion in humans. J. Appl.
Physiol.: Respirat. Environ. Exercise Physiol. 52: 1636-1642.

Sale, D.G., A.R.M. Upton, A.J. McCanas- and J.D. MacDougall (1983)
Neuromusculiar function in weight-trainers. Exp.
Neurol. 82: 521-531.

Sargeant, A.J., C.T.M. Davies, R.H.T. Edwards, C. Maunder and A. Young
{1977). Functional and structural changes after disuse
of human muscle. Clin. Sci. Mol. Med. 52: 337-342.

Scelsi, R., C. Marchetti and P. Poggi (1980) Histochemical and
ultrastructural aspects of m. vastus lateralis in sedentary old
people {(age 65-89 years). Acta Neuropathol. (Berl.) 51: 99-105.

Schantz, P., E. Randall-Fox, W. Hutchinson, A. Tyden and
P.0. Astrand (1983) Muscle fibre type distribution,
muscle cross-sectional area and maximal voluntary
strength in humans. Acta Physiol. Scand. 117: 219-226.

Shafig, S.A., S.G. Lewis, L.C. Dimino and H.S. Schutta (1978)
Electron microscopic study of skeletal muscle in elderly
subjects. in: Ading in Muscle., Eds., G. Kialdor ard
W.J. Battista. New York: Raven Press, pp. 68-85.

Shephard, R.J. (1969) The working capacity of the older
enployee. Arch. Environ. Health 18: 982-986.

Shephard, R.J. (1982) Physical Activity and Growth. Chicago:
Year Book Medical, p. 104.

»

Shock, N.W. (1962) The physiology of aging. Sci. Am.
206: 100-110. .



130

Shock, N.W. and A.H. Norris (1970) Neuromuscular
coordination as a factor in age changes in
muscular exercise. In: Physical Activity and Aging.,
Vol. 4 of Medicine and Sport series. Eds., D.
Brunner and E. Jokl. Baltifore: University Park Press
pp. 92-99, )

Sica, R.E.P., A.J. McCamas, A.R.M. Upton and D. Longmire
(1974) Estimmtions of motor units in smell muscles
of the hamd. J. Neurol. Neurosurg. Psychiat.

37: 55-67.

Silbermann, M., S. Finkelbrand, A.Weiss, D. Gershon and
A. Reznick (1983) Morphometric analysis of aging
skeletal muscle following endurance training.
Muscle Nerve 6: 136-142.

Smidt, G.L. and M.W. Rogers (1982) Factors contributing
to the regulation ard clinical assessment of
muscular strength. Phys. Ther. 62: 1283-1290.

Sprott, R.I. and B.E. Eleftheriou (1973) Open-field
behaviour in aging inbred mice. Gerontologia
20: 155-162. -

——

Stalberg, E. and P.R.W. Fawcett (1982) Macro EMG in healthy
subjects of different ages. J. Neurol. Neurosurg.
Psychiat. 45: 870-878.

Steinberg, F.U. (1983) The aging of organs and organ systems.
In: Care of the Geriatric Patient. Ed., E.U. Steinberg.
Sixth Edition. St Louis: C.V. Mosby, pp. 3-17.

Steen, g:, A. Bruce, B. Isaksson, T. Levin and A. Svanborg
(1977) Bcady composition in 70-year-old males and
females in Gothenburg, Sweden. A population study.
Acta Med. Scand. Suppl. 611: 87-112.

Stokes, M., M. Crowe and A. Young (1983) The relationship
between quadriceps size and strength in elderly men.
Eur. J. Clin. Invest. 13: Al7.

Stramska, D.P. and 5. Ochs (1982) Axoplasnuc transport in
aged rats. Exp. Neurol 77: 215-224.

Syrovy, I. ard E. Gutnann (1870) Changes in speed'of
- contraction and ATPase activity in striated muscle
¢ during old age. Exp. Gerontol. 5: 31-35.

Takamcri, M., L. Gutmenn and S.R. Shane: (1971) Contractile
properties of human skeletal muscle. Normal and
thyroid disease. Arch. Neurol. 25: 535-546.




Tanner, J.M. (1978) Foetus into Man: Physical Growth from
Conception to Maturity. London: Open Books, p. 76,
p. 151.

~-r

Tauchi, H., T. Yoshioka and H. Kobayashi (1971) Age changes
of skeletal muscles of rats. Gerontologia 17:
219-227.

Thorstensson, A., G. Grimby and J. Karlsson (1976)
Force-velocity relations and fiber coposition in
human knee extensor muscles. J. Appl. Physiol.
40: 12-16.

Tomlinson, B.E. and D. Irving (1977) The numbers of limb
motor neurcones in the human lumbrosacral cord
throughout life, J. Neurol. Sci. 34: 213-219.

Tamlinson, B.E., J.N. Walton and J.J. Rebeiz {1969)
The effect of ageing and of cachexia upon skeletal
muscle. A histopathological study. J. Neurol. Sci.
9: 321-346.

Tanonagé, M. (1977) Histochemical and ultrastructural
hanges in senile human skeletal muscle. J. Am.
Geriat. Soc. 25: 125-131,

Tucek, S. and E. Gutmann (1973) Choline acetylffansferése
activity in old rats. Exp. Neurol. 38: 349-360.

Tzankoff, S.P. and A.H. Norris (1977) Effect of muscle.masé
decrease on age-related BMR changes. J. Appl.

Physiol. 43: 1001-1006.

Vandervoort, A.A. and A.J. McComas (1983) A comparison of
the contractile properties of the human gastrocnemius
and soleus muscle. Eur. J. Appl. Physiol. 51: 435-440.

Vandervoort, A.A., J. Quinlan and A.J. McCamas (1983) Twitch
potentiation after voluntary contraction. Exp. Neurol.
8l: 141-152.

Vandervoort, A.A., D.G. Sale and J. Moroz (1984) Camparison
of motor unit activation during unilateral and bilateral

leg extension. J. Appl. Physiol.: Respirat. Env1ron.
Exercise Physiol. 56: 46-5l.

Verzar, F. (1959) Muscular dystrophy in old age. Gerontologla
Clin., 1: 41-51. ‘

131



132
Vyskocil, F. and E. Gutmann (1972) Spontaneous transmitter
release from nerve endings and contractile properties
in the soleus and diaphragm muscles of senile rats.

Experientia 28: 280-281.

Watson, A.W.S. and D.J.0'Donovan (1977) Factors relating to
the strength of male adolescents. J. Appl. Physiol.

43: 834-838.

¥

Winter, D.A. (1981) Use of kinetic analyses in the diagnostics
of pathological gait. Physiother. Canada 33: 209-214.

Witzmann, F.A., D.H. Kim and R.H. Fitts (1982) Hindlimb
irmobilization: length-tension and contractile
properties of skeletal muscle. J. Appl. Physiol.:
Respirat. Environ. Exercise Physiol. 53: 335-345.

Woollacott, M.J., A. Shuwway-Cook and L. Nashner (1982)
Postural reflexes and aging. In: The Aging Motor
stem. Eds., J.A. Mortimer, F.J. Pirczzolo-
and G.J. Maletta. New York. Praeger, pp. 98-119.

Young, A. (1984) The relative streng’ch of type I and type II°
muscle fibres in the human quadriceps. Clin. Physiol.
4: In Press.

Young, A., I. Hughes, P. Russei, ‘M. J. Parker and P. J. R.
Nichols (1980) *The measurement of quadriceps wasting
by ultrasonography. Rheumatol.- Rehabil. 19: 141-148.

" Young, A., M. Stokes and M. Crowe {1982) The relationship
between quadrlceps size and strength in elderly

REFERENCE ADDENDUM

Fries, J.F. and L.M. Crapo (198l) Vitality and Aging. éan Franc1sco
W. H Freeman, K J

Grimby, L. (1984) Firing properties of single human motor units durmg
loccmotion. J. Physiol. 346: 195-202.

Hannerz, J. (1974) Discharge properties of motor units in relation

to recruitment arder in voluntary contraction. Acta Physiol.
Scand. 91: 374-384.

laporte, R.E., R. Black-Sandler, J.A. Cauley, M. Link, C. Bayles and
B. Marks (1983) The assessment of physical activity in older women:
analysis of the interrelationship and reliability of activity

monitoring, activity surveys, and caloric :Lntake J. Gerontol.
38: .394-397,

o



133
APPENDIX A

CONSENT FORM (NORMAL SUBJECTS)

£

I have been asked by Dr./Mr. if I would-consent

to a research study being’ performed on myself/ .

I have been told the purpose of the study is to study _somé_of the
changes which take plaée in aging muscle. I understand that the
stﬂy involves the delivery of weak electric shocks through a pair
of electrodes on the skin. I have been told that although the
study 'is_ not o‘f any medical bénefit, it is not harmful, carries
no risk and is similar.to investigations carried out on patients
for diagnostic purposes. I further understand that I have the

right to withdraw myself/uy ;;ard from the study at any time.

Bearing these factors in mind, I hereby give permission for the -

above study to be mrforméd on myself/ . i .
Guardian Date
- . ¥ ’
Doctor L3 Date
Witness L Date
I __ have received: the sum of §

in payment for my participation in the above project.

DATE:  stvED i
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Table Al. 1Individual Data for Height,Weight,Passive
Tension at 30°P and 10°D (PT30D, PT1OD), and Passive
Range of Ankle Joint Movement in Dorsiflexion (ROM-DF)

T L A T —— S ——— - ——— o ———————————— i ———— — o ——

Subject Sex Age Height Weight PT30P PT10D ROM-DF T

($) (Init) (Yr) (cm) (kg) (N.m) (N.m) (degree)
001 aAaM F 70 160 61.2 2.2 3.6, 22
002 CM M 80 175 74.4 3.1 2.9 25
003 BM - M 78 174 71.5 2.0 0.7 22
004 HM M 73 194 74,2 2.5 4.8 25
005 MM F 66 173 72.4 1.7 5.0 28
D06 HG M 82 164 57.8 1.3 2.2 35
007 RP M 80 171 72.8 2.4 3.6 30
008 SW M 75 165 66.0 . 2.7 3.6 22
009 MD F 78 156 38.9 0.8 2.9 25
010 AP M 82 166 65.6 2.0 3.6 27 '
01l DL F 82 155 49,3 1.5 3.0 25
012 EC F 71 158 67.7 1.8 3.7 24
013 DM F 67 155 60.5 1.7 1.8 35
014 RL M 70 166 3.0 2.0 3.2 30
015 HF M 82 168 66.4 1.3 2.2 33
016 DK F 69 157 57.3 1.3 2.9 18
017 AP M 73 173 68.3 2.4 3.6 30
018 VW F 66 156 59.0 2.0 2.5 30
019 JG M 68 164 76.3 2.0 T.1 38
020 JWw M 73 158 60.1 1.3 4.0 25
021 ME F ' 72 169 65.7 2.0 2.5 23
022 CE M 73 171 67.2 1.7 3.6 22
023 JR M - 75 185 94.0 3.8 3.2 26
024 MM M 60 175 79.4 2.7 4.0 21
025 KD M 73 180 71.8 1.3: ~ 2,2 36
026 JO M 71 171 78.4 1.7 2.9 30
027 SP . M 67 174  72.4 2.0 3,2 30
028 JH M 6l 176 , 94.7 3.4 7.5 20
029 BW M 77 181 61.5 0.6 1.8 40
030 MC F 62 156 54.6 1.3 1.8 40
031 JC M 68 180 78.5 4,2 7.9 20
032 MW F 62 173 62.0 2.0 2.2 28
033 DM M 62 164 62.0 1.7 3.6 30
034 MR F - 76 167 68.8 1.7 4.0 25
035 MH F 77 156 48.2 1.7 1.8 35
036 RE M 61 175 60,7 2.0 2.2 35
037 &S M 65 168 68.4 2.0 1.8 25
038 AS F 63 155 50.. 6 0.9 1.8 40
039 TL F 70 170 62.0 1.5 1.8 23
040 RC M 69 172 62.4 1.7 2.5 31
041 MV F 63 158 55.9 1.6 3.9 25
042 BM M 74 166 64.9 1.7 2.9 30
F 87 161 63.8 1.0 3.2 26
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Subject Sex Age Height Weight PT30P PT10D ROM-DF

(#) (Init) (Yr) (cm) (kg) (N.m) (N.m) (degree)
044 WS F 75 165 54.3 1.3 3.6 30
045 BL M 69 165 57.6 1.3 2.9 37
046 HL M 85 162 63.2 1.7 1.4 38
047 RP - F 91 157 42.4 1.3 3.2 25
. 048 BC M 75 182 B7.8 2.4 2.5 40
049 DE M 82 170 78.2 2.7 6.1 30
050 AS F 98 155 51.4 1.7 4,7 20
051 MM M 74 180 68.5 2,2 1.5 38
. 052" FB M 100 165 63.5 « 2.7 2.5 30
053 RL M 71 183 78.8 1.7 2.2 40
054 BS M 94 167 58.4 2.2 1.1 - 31
055 LS F 79 161 62.8" 1.7 2.2 38
056 Jc F 82 164 63.2 2.0 . 2.9 30
057 CD M 69 171 92.8 4.1 3.6 30
058 . LD F 62 163 75.6 - 1.8 2.9 31
059 NS F 82 151 61.2 1.3 1.8 33
060 GB M 90 170 - 68.7 2.4 2.5 39
061 AM - F 69 151 56.7 3.4 2.5 29
062 GL M. 79 166 67.8. - 1.8 1.8 37
063 AM M 92 .170 70.0 . 2.4 3.6 30 .
064 AH M 87 163 . 65.6 3.8 2.9 22
065 BW M 69 178 84.4 2.4 3.2 31
066 MM M 61 179 69.3 2.0 1.5 40
067 SF F 23 170° 58,3 1.6 3.6 31
068 KR F 31 164 53,2 0.9 2.0 40
069 NG F 24 164 59.0 1.3 1.1 40
070 JG F 30 162 67.0 1.6 2.9 40
07, AV F 20 165 56.3 1.3 1.4 40
072 TC F 29" Yel 60.3 1.5 2.2 40
073 ET F 31 158 - 53.5 1.8 2.2 40
074 TB M 27 183 . 82.2 2.4 2.0 40
075 PV F 27 1s8  50.8 2.0 2.9 38
076 SM M 23 173 80,0 2.0 3.2 40
077 JB M 25 185 75.0 - 2.0 2.9 35
078 KM F.. 29 155 50.7-° 1.3 1.4 40
079 TB WM 26 173 . 64.9 1.3 2.0 "38.
080 IM M 27 - 173 70.3 1.8 2.9 40
081 MC M = 23 ' 182 76.0 3.4 2.5 32
082 BL F 30 156 45.7 0.9 1.8 35
083 JJ M 30 165 "79.8 2.4 3.6 33
084 SN ' F 26 148 45.0 1.3 2.2 31
085 JS8 M 31 173  60.3 . 2.0 2.2 40
086 CD M 28 180 76.9 4,1 4.7 22
087 MH M 27 186 79.5 2.4 4.7 31
088 PC M 28 - 173 63.6 0.0 0.0 -0
089 KB F 22 157 53.0 .. 0.0 0,0 0
090 NK F 29 165 54.0 0.0 * 0.0 0
091 JB M ° 32 183 77.0 0.0 0.0 0
092 JXK M 29 180 70.0 0.0 0.0 0

1
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Table Al Cont'd 136

n

Subject Sex Age Height Weight PT30P PT10D ROM-DF

(#) (Init) (Yr) (cm) (kg) (N.m) ({(N.m) (degrée)

093 TV M 28 165 56.0 0.9 2.9 40

094 D M 45 179 59.4 2.4 3.9 30

095 R M 45 . 184 - 82.8 1.3 2.0 35

096 P§ F 41 169 . 70.0 0.8 1.1 40

097 BV M 40 181 c;&.s‘ 1.4 4.1 go -

098 CC M 44 183 5.9 3.3 4.5 0 ~

099 BC F 40 159 65.6 0.9 1.2 40

100 JD M 45 . 174 80.1 1.2 2.2 40

101 MM M 40 178 75.5 2.0 3.6 30

102 EG F 49 174 67.7 1.7 2.9 40

103 AP F 43 156 56.3 1.3 3.9 30

1046 EK M 44 170 69.7 0.9 2.5 40

105 DP M 43 . 167 70.6 2.2 5.0 28

106 HL F 42 159 79.5 0.8 2.2 36

107 . SK F 47 168 75.2 2.0 4.3 28

108 JB F 41 166 72.5 - 1.3 2.2 33

109 GH M 42 171 . 64.0 1.7 2.9 30
110 AM M 49 181 81.7 1.5 2.9 ' 36

111 MM F 44 157 46.8 %3 3.4 30

112  LC F 41 166 71.6 1.7 3.2 30

113 ON F 52 155 54.5 0.9 1.6 40

114 MM F 100 144 46.0 0.9 1.8 28

115 HN. M 98 165 64.2 1.7 2.2 30

116 MH F 87 156, 510 ) 0.9 2.0 28
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Table A2. Individual Data for Resting and PotentiatedwIsometric
Dorsiflexor Twitches. Variables are Campourd Muscle Action
Potential (M-wave), Contraction Time (CT), One-Half Relaxation
Time (L/2RT) and Peak Twitch Torque (Py)

RESTING "POTENTIATED .

Subject Sex Age M-wave CT 1/2RT Pt M-wave CT L1/2RT P,
(#)- {Init) (Yr) {(Mv) (ms) {ms) (N.m) (Mv) (ms) (ms) (N.m)
001 AaM F 70 9.4 100 -8 1.7 10.0 700 65 2.9
002 ™ M 8 5.8 130 115 4.0 6.0 - 115 80 4.6
003 BM M 78 9.0 "1l1S 150 4.7 9.0 105 95 7.5
004 M M 73 7.5 125 125 5.4 7.5 110 . 90 6.1
005 MM FE 66 8.4 125 125 3,7 8.8 110 80 4.6
006 HG .M 82 4.0 90 85 2.4 3.6 85 70 4.0
007 RP M 80 6.8 125 130 3.5 6.8 105 95 4.7
008 S M 75 11.0 10% 50 4.7 11.3 95 70 7.2
009 \MD F 78 5.6 100 90 1.7 6.2 105 90 2.0
01 AP M 82 6.4 120 120 3.2 6.4 120 85 4.2
0ll- pL F 8 4,5 115 100 2.2 4.8 100 70 3.6
012 EBC F 71 S.0 105 115 . 1.3 5.6 85 70 1.4
013 DM F 67 4.8 130 120 3.9 - 5.0 115 85 . 6.0
014 RL M 70 1l.0 110 90 2.7 12.0 110 60 4.4
015 HF M 82 4.3 95 80 2.8 4.8 HWo 70 4.9
0l6 DK F 69 3.4 1I5 130 2.0 3.4 1151 2.3
017 AP 'M 73, 7.4 120 145 2.7 7.4 115 135 2.6
018 wW F 66 8.,0. 110 80 1.2 8.4 85 65 2.1
019 JG -M 68 7.8 90 105 4.3 6.0 105 1100 4.7
020 JW M 73 15.5 80" 70 2.0 15.5 75 45 3.2
021 ME F 72 1.7 125 135 1.4 1.7 120 95 1.4
022 CE M 73 3.2 95 125 1.9 . 2.8 90 75 2.4
023 JR M 75 7.4 120 110 4.9 7.5 110 70 5.7
024 M M 60 11,0 100 105 4.2 11.5 90 55 4.9
025 KD M 73. 4.6 125 135 3.7 5.0 115 110 5.0
026 JO M - 71 9.0 110 120 3.4 9.0 105 80 5.4
027 SP M 67 6.6, 100 - 95 2.1 7.0 90 60 4.2
0268 JH M 61 6.4 90 9 4.2 6.4 . 90 60 5.7
029 BN M 77 5.8 110 125 4,0 5.8 110 110 4.4
030 M F 62 12.0 115 110 3.4 12.5 105 80 4.3
031 JC M 68 6.0 110 . 105 2.9 6.1 110 90 4,3
032- MV, F 62 4.5 100 140 2.4 4.5 110 110 3.3
033 DM M 62 6,7 9 9 2.0 6.2 9% 75 2.8
034 MR F 76 4.3 110 165 1.1 4.5 105 80 1.8
035 MH F 77 9.5 100 95 1.6 9.5 100 70 2.2
036 RE M 61 10.0 100 75 6.4 1§.0 100 - 75 9.7

37 IS M 5 ' 6.6- 105 140 , 2.2 .8 85 95 2.3
03 AS F //23 15.6 115 120 2.9 15.0 105 75 3.4
039 TL F° 70 4.0 115~ 145 2.9 4.4 110 115 3.4
040 RC M 69 5,2 110 . 125 2.2 5.2 105 110 2.7
041 MV F 63 6.5 110 130 4.2 6.2 105 85 4.7

3
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Table A2 Cont'd . ' - 138
RESTING ‘ POTENTIATED
Subject Sex Age M-wave CT 1/2RT P M-wave CT 1/2RT Py
(#) (Init) (Yr) (Mv) (ms) (ms) (Nm) (Mv) (ms) (ms) (N.m)
042 BM M 74 3.4 120 140 1.7 3.4 130 120 2.4
043 NN F 87 2.8 130 "190- 1.0 2.8 115 145 1.4
044 WS F 75 8.0 100 110 l.¢c 8.0 110 80 1.9
045 BL M 69 8.2 100 70 4.4 8.4 100 55 4.9
046 HL M 85 S.4 100~ 75 2.1 5.4 T 100 706 2.4
047 RP F 91 8.0 120 100 2.9 8.1 110 85 3.4
048 BC M 75 8.4 125 140 4.6 8.6 120 110 6.4
049 BE, M 82 6.2 120 160 3.2 6.4 125 115 3.9
050 A F 98 3,2 -135 150 1.7 3.2 155 145 1.4
051 M4 M 74 6.0 150 130 1.4 6.0 120 140 1.6 .
052 FB M 100 3.6 135 125 2.8 3.6 127 103 3.7
053 RL M 71 6.6 115 110 - 2.9 3.4 115 90 3.2
054 BS M 94 -5.8 &l35 140 2.3 5.8 125 130 3.0
055 LS F 79 9.2- 135 135 3.7 10.0 120, 110 4.1
056 JC F 82 4.7 120 115 1.7 4.8 115 120 2.6
057 €O M 69 6.4 125 115 3.0 6.6 130 90 4.3
058 I F 62 4.0 125 120 1.9 4.8 115 100 2.9
059 NS F 82 4.8 120 130 1.1 4.9 135 110 1.2
060 GB M 90 5.4 125 110 1.7 5.4 120 105 2.4
061l AaM. F 69 12,0° 105 120 2.6 11.0 100 80 3.4
062 GL M 79- 9.0 "120 140 2.4 9.0 115 120 2.4
063 .AM . M 92 5.8 150 160 2.4 5.8 155 180 2.4
064 AH M _87 2.2 15 175 0.9 2.5 150 125 1.0
065 BN M 69 3.6 120 105 2.9 4.8 135 90  S.1
M M 61 6.4 110 1100 1.7 6.1 120 95 3.2
067 SF F 23 10,5. 9 85 1.4 10.5 90 &5 3.6
068 KR F 31 10.5 90 80 2.1 11.0 90 ®S 5.0
‘069 N F 24 6,0 100 75 4.9 6.0 9 70 7.3
070 JG F 30 12.0 °© 100 85 2.7 12.0 95 70 3.3
07, av F 20 7.0 9 lco 2,1 7.2 9 70 4.1
072 TC F 29 5.4 100 95 3.0 5.3 100 - 70 5.3
073 ET F 31 8.8 100 8 1.6 9.0 95 70 2.6
074 ‘™8 M 27 6.8 110 105 5.4 7.4 105 80  7.7.
075 pv F-, 27 13.5 100 80 5.0 14,3 95 65 7.2
076 = M 23 10,1 90 70 4.0 10.4 90, 65 8.3
077 JB M 25 5.0 110. 80 2.6 5.1 105 70 3.9
078 ® F "29 10.5 105 105- 2.6 11.0 100 75 4.9
079 T M 26 10.3. 110 75 5,1 L,10.0 105 60 7.7
080 M M 27 7.4 90 85 2.3 7.8 90 65 4,3
08T Mc M 23 9%4 95 70 4.7 10.0 9 65 9.5
082 BL  F 30 6.3 105 75 2.4 6.3 95 65 2.6
083 JJ M 30 15.0 105 9 4.7 15.5 105 70 7.7
0B4 SN F 26 9.6 80 60 1.3 10.6 80 55 2.4
.08 JS M 31 9.8 100 90 3.4 10. 105 75 5.7
086 CD M 28 B.4 100 8 6.9 9.0 100 70 1l1.4
Z .
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-
RESTING POTENTIATED
Subject Sex Age M-wave CT 1/2RTy P M-wave CT 1/2RT Pt
(#) (Init) (Yry (Mv) (ms) (ms) (N.m) (Mv) (ms) (ms) (N.m)
087 MH ™M 27 10.6 100 80 4.6 0.8 95 60 7.5
088 B M 28 0.0 . O0- 0 0.0 0.0 0 0 0.0
089 KB P 22 0.0 0 o 0.0 0.0 0 0 0.0
090 NK F 29 0.0 .0 0 0.0 0:0 0 0 0.0
091 JB M 32 0.0 0 0 0.0 0.0 0 0 0.0
092 JK M 29 0.0 0 0 0.0 0.0 0 0 0.0
093 TV M 28 10.5 1100 95 2.1 12.5 95 65 3.7
094 DB M 45 9.2 130 120 4.0 8.8 125 95 4.3
095 ™ M 45 9.4 115 100 2.0 9,6 110 9 2.9
096 PY F 41 9.2 115 110 2.4 9.2 110 . 90 5.2
097 BV 'M 40 6.8 105 90 4.3 6.8 115 75 6.5
098 CC M 44 8.6 135 115 4.8 10.0 120 90 7.6
™ o F 40 7.2 140 145 3.9 .7.4 130 130 3.8
100 J0 M 45 8.9 110 95 5.5 [8.4 105 90 8.4
101 "4 M 40 410.6 T100 85 3.3 10.9 90 65 5.2
102 EG F 497 934 105 115 3.5 19.4 110 105 3.9
103 AP F 43 10.0 105 90 3.1 10.5 110 75 4.6
104 EK M 44 11.0 100 90 5.2 13.0 95 .65 7.7
105 DP M 43 11.0 95 90 4.0° 10.0 9?\\ 55 5.9
106 HL F 42 10.5 105 100 5.2 11.0 100\ 75 6.7
. 107 SK- F 47 15.0 110 75 4.2 15.0 105 75 5.7
108 JB8 F "41 9.2 110 110- 3.6 9.4 100 95 - 5.0
094 @i ™ 42« 9.4 100 8 5.3 9.6 100 75 7.6
110 -aMm M 49 12,0 115 125 6.2 12.0 105 100 8.6
- 111 ™M F 44 13.0 110 .110 3,2 13.0 105 ' 80 - 4.6
' 112 e F 41 9.2 115 120 4.7 9.2 115- 115 6.4
@gkg‘ DN ‘F 52 12.0 110 120 4.1 12.5 100 95 6.6
114 M4 F 100 5.5 140 130 0.7 - 5.5 160 °150 0.6
115 HN M 98 8.8 155 150 1.9 8.8 130 125 2.4
116 MH F 87 8.4 140 130 2.4 8.8 140 110" 3.7
N 4
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Table A3. Individual Data for Resting and Potentiated -Isometric
Plantarflexor Twitches. Variables are Campound Muscle Action
Potential (M-wave}, Contraction Time (CT), One-half Relaxation
Time (1/2RT) and Peak Twitch Torque (Pi)
RESTING POTENTIATED
Subject Sex 2ge M-wave CT 1/2RT P, Mwave. CT 1/2RT Py o
(#) (Init) (Yr}) (Mv) {ms) {ms) (N.m} (Mv) {ms) (ms}) (N.m)
o0OL aM F 70 12,0 150 120 11.2 13.0 150 100 14.0
002 M M 80 10.5 175 135 16.0 13.0 125 125 23.6
003 "BM M 78 11.5 200 210 15.2 14.5 145 180 17.9
004 HM ™ 73 . 6.4 165 125 22.9 6.9 145 115 22,9
005 ™M F 66 8.8 1%0 120 14.3 7.6 160 100 14.3
006 HG M 82 15.5 170 125 12.3 15.5 155 95 . 712,.3
007 RP M 80 12,0 215 135 11.3 12.5 195 120 11.6
008 SN M 75 19.5 160 150 12.9 20.0 140 120 15.4
009 M» F 78 13.5 160 125 12.5 10.5 145 105 12.5
010 AP M 82 12.5 170 145 13.2 12.0 145 105 15.7
0ll DL F 82 7.8 185 135 .12.5 8.4 150 105 14.3 s
0lz B F 71 8.6 180 195 15.7 9.0 175 173 17.3
013 DM .F 67 10.5 - 175 125 9.7 11.0 155 115 -~ 10.0
014 RL M 70 15.3 " 145 110 11.8 14.5 135 95 1l.8
‘015 HF M 82 4.4 185 170 10.0 4,4 150 160' - 9.7 -
0lé DK F 69 11.5 185 145 13.2. 12.0 145 -05 -.-16.8
0l7 AP ‘M '73 14.5. 215 190 16.4 14.5 170 165. 15.4
0l8 W F 66 . 7.5 175 150 - 15.4 6.5 140 130 20.7 .
0l J6 M 68 11l.0 1le0 115 12.9 13.0 125 95 19.0
020 JWw M 73 13.8 160 120 13.9 17.5 140 105 -21.3 .
02l ME F 72  8.0. 2100 130 1l.1. 8.0 180 1lL)_ 8.Diww
022 CE M 73 10.5 18 140- 11.3 10.0 160 - 110 "14.3
023 JR M 75 8.0. 175 130 14.8 8.0 145 105 17.5
024 ™MM . M 60 20.5 165 100 . 12,2 23.5 145 70 16.8
025 Kb M 73 1l6.0 180 115 17.2 15.0 125 100 21.8
026 J0 M 71 14,0 160 100 . 15.6 1l6.3 145 90 18.2
027 Sp M 67 10,5 160 125 9.5 11.3 125 105 13.2 |
028 JH M 61 13,5 160 120 23.6 12.5 14¢ 100 23.5
029 Bd M 77 14,0 19 115 1l.1 12,8 160 115 11,1 .
030 MC F 62 8.5 175 145 10.0 12,0 140 130 12.9
03k JC M 68 8.0, 190 125 13.2 6.5 170 100 15.0
032 MW F 62 14.0 19 130, 17.9 14,3 170 110 21.5
033 DM M 62 9.5 155 105\ 15,2 10,0 125 110 20.4
034 MR F 76 10.5 1% 175 *\11.2 11,0 165 130 .12!5
035 MH F 77 7.4 160 125 8:9 8.0 140 105 12.9
036 RE M 6l 9.5 175 95 10.0 8.5 175 80 10.7
037 L[S- M 65 19.0 160 110 10.7 19.0 135 90 .1l6.1
038 AS F 63 2.0 18 120 8,2 21,5 150 ° 95 9.1
039 TL F° 70 6.4 210 150 18,6 6.4 170 130 19.3
040 RC M 69 .13.0 200 145 12.2 13.0 . 195 135 12.9
041 MV F 63 3.8 170 110 9.1 3.7 155 95 8.6
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. RESTING POTENTIATED
Subject Sex MAge M-wave CT 1/2RT Pe -wave CT 1/2RT P
(#) (Init) (Yr) (Mv) (ms)  {(ms) -(N.m) (Mv) . (ms) (ms) (N-m)

160 130 -11.8

042 BM M 74 7.0 175 155 10.0 7.0
043 NN F 87. 3.2 205 210 .10.4 " 3.8 185. 185 . 11.4 -
044 WS F 75 6.0 175 120 17.9. 6.6 170 105 -23.6
045 BL M 69 11.0 .17 135 12.5 12.3 140 1107 19.3
046 HL M 85 13.0 170 110 11l.1 13.0 155 100 12.2
047 RP F 91 8.2 145 130 8.9 7.4 145 111 10.7
048 "BC M 75 16.0 200 140 16.5 16.5 165 130 28.6
" 049 DEv M~ 82 9.3 190 145 15,7 9.0 170 120 17.9
050 AS F -98 5.2 220 170 8.2 5.7 . 200 155 7.7
051 MM M 74 5.0 . 175 85 5.4 - 4.0 140 90. 8.0
052 FB M 100 4.4 150 170 -11.8 4.4 132 149 13.7
053 RL M 71 - 8.5 160 95 8.6 . 8:0 . 140 85 12.7
054 B M 94 12.5° 180 130 10.9 12.9 150 115 15.2
055 L[S F 79 7.2~ 205 145 9.8 . 7.4 150 125 10.7
056 JC F 82 8.0 195 145 1l1.1 9.4 140 115 10.7
857 CD M 69 14.0 175 135 1l.1 14.0 145 115 12.9
058 I F 62 10.5 200 175 10.9 13.57 190 160 12.5
059 NS F 82 6.3 175 200 6.8 7.0 165 180 9,1
060 GB M 9 ~ 9.9 170 120 10.7 10.2 135 100 14.8-
061 AM F 69 . 9.0 170 110 10.0 9.0 160 110 8.9
062 GL M 79 14.5 200 150 11.4 14.0 180 90  10.0
063 aM M 92 8.8 220 :180 11.1 9,2 200 180 11.1
064 AH M 87 . 3.4 200 150 7.5 2.6 190 130 7.9
065 BN M 69 14.0 175 115 20.7 * 14.0° 165 125 29.3
066, MM M 61 19.5 160 90 10.4 19.0 155 80 12.9
067 - SF F 23 22.0 145 130 18.6 23.0 140 120 22.2
£68 KR F 31 13.0 140 130 16.4 13.8 120 130 25.4
069 NG F 24 21.0(% 1% 105 15.0 23.5 110 100 22.2
070 JG6 F 30 21L.87 150 140 12.2 21.4" 130 120 17.5
07r AV F 20 18.0 110 115 8.8 22,0 100 90 18,2
072 TC F 29 18.0 170 110 14.7 20.0 165 105 14.7
073 ET - F 31 19.5" 155 140 15.7 19.5 150 125 18.6
074 m™ M 27 21.0 155 115 15.7 2.5 130 115 20.7
075 PV "F 27 , 23.5 140 130 17.2 25.8 120 110 28.6
076 S M 23, 22,0 115. 105- 19,3 22.0 110 90 33.6
077 JB M 25 22,5 150 125 18.2 - 23.5 150 85 26.5
.07 ¥ F 29 13.3 180 120, 10.7 13.5 170 110 11.1
079 TB M 26 24.5 145 95 11.4 22,0 150 .90 14.7
080 M M 27 ~11.8 155 115 10.7 10.0 144 102 19.5
‘081 MC M 23 16.5 135 .95° 17.5  17.0 105 90  35.0
082 BL F 30 16.8 165 110 - 10.2 '17.0 145 100 .12.0
083 33 M 30 19.0 165 95 7.9 19.5 160 75 10.7
084 SN F 26 21.0 130 125 = 9,5 21,3 130 115 10.4.
085. JS M- 31 28.0 145 125 16.1 28,0 110 105 29.3 -
086 . CD M 28 18.0 140 120 16.4

'16.5 140 - 110 21.5
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RESTING POTENTIATED
Subject Sex Age M-wave CT 1/2RT Py M-wave CT 1/2RT P
(#) (Init) (Yr) (Mv) (ms) (ms) (N.m) (Mv}« (ms) (ms) (N.m)
087 MH M 27 24.0 140 110 18.2 26.3 140 Qg | 22.2
088 BEC M 28 0.0 0 §] 0.0 0.0 0 0 0.0
089 KB F 22 0.0 0 0 0.0 . 0.0 0 o} 0.0
090 NK F 29 0.0 0 0 0.0 0.0 0 0 0.0
pal JB M 32 0.0 0 0 0.0 0.0 0 0 0.0
092 JK M 29 0.0 0 0 0.0 0.0 - 0 0 0.0
093 ™V M 28 20.0 135 95 18.6 20.8 110 80 25.1
094 DB M 45 22.0 200 155 17.9 22.5 170 140 21.1
pggs ™M M 45 18.5 17 120 17.5 21.5 140 110  39.3
096 Y F 41 9.8 170 130 15.0 10.8 155 115 - 18.6
097 M 40 .12.0 170 135 17.2 12.0 170 130 28.5
098 Qc M 44 18.8 180 125 20.9 17.5 150 115 32.8
099 BC F 40 15.5 190 170" 10.9 16.5 165 150 14.7
100 JO» ™M 45 15.0 165 115 12.8 13.5 165 115 18.5
lol. M M 40 21.0 155 . 115 17.9 21.5 130 115 29.7
102 EG F 49 10.0 190 130 10.4 9.0 185 118 12,5
103 AP. F 43 15.5 170 ' 140 14.3 15.5 150 130 17.9
104 EKXK M 44 19.5 140 105 20.0 19.0 150 95 22.9
105 DpP M 43 14,0 175 120 9.7 14.Q 180 90 11.4
106 HL F 42 21.5 190 130 ' 13.6 22.0 185 115 13.5
"07 SK F 47 20.0 170 140 18.6 21.0 165 130 23.86
108 " JB F 41 __ 12.0 175 150 19.0 _12.0 180 125 22.2
0 & M 42 23.5 155 110 12.5 22.0 130 100 23.6
110 aM M 49 21,5 170 120 1e6.5 22,0 130 1lo0 27,2
111 M F 44" 14,5 180 140 14.1 15.0 165 115 17,2
112 c F 41 9.2 175 120 17.5 7.0 125 110 21.5
113 DN F 52 21.5 180 135 . 11.6 21.5 185 130 12,9
114- MMgge F 100 6.1 230 170 2.9 6.1 198 149 2.9
115 HN M 98 7.4. 220 160 13.6 7.8 200 125 13.9
116 M4 F 87 6.0 205 190 8.2 6.0 190 170 13.9

T — T —————— — ] —— O T — T — T —— " Sl S S S i S S S L S S S A T S S R S S A S
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Table A4. Individual Data for Maximal Voluntary
Contractile Strength (MVC) of the Dorsiflexor
{(DF) and Plantarflexor (PF) Muscles

T AR by v e e S R S S . I N N -

Subject 9 Sex Age DF MVC PF MVC

(%) (Init) (Yr)<  (N.m) (N.m)

001 AM F 70 24.0 70.1

002 cM M 80 30.0 164.5

003 BM M 78 32.9 135.9

004 HM M 73 37.2 139.4

005 MM F 66 25.5 146.6 .

006 HG M 82 25.2 93.7

007 RP Q 80 27.5 70.1

008 SW M 75 32.9 139.4

009" MD r 78 16.4 44.3

010 AP M 82 29,2 107.3

011 DL F 82 18.3 93.0

012 EC F 71 15, 4 114.4

013 DM F 67 235" 65.8

0l4 RL M 70 24.3 85.8

015 HF M 82 2.7 96.5

016 DK F 69 24.0 93.0

017 AP M 73 20.0 78.7

018 VW F 66 20.6 114.4

019 JG M 68 32.9 128.7

020 IW M 73 26,3 128.7

021 ME F 72 23.5 100.1

022 CE M 73 29.2 1216

023 JR M 75 54.3 146.6

024 MM M 60 31.5 143.0 (

025 KD M 73 37.2 164.5 )

026 JO M 71 38.6 146.6

027 SP M 67 44.3 132.3

028 JH Mo« 6l 51.5 168.0

029 BW M 77 28.6 89.4

030 MC F 62 22.9 89. 4

031 Jc M 68 39,3 128.7

032 MW F 62 28.0 125.1

033 DM M 62 31.5 168.0

034 MR F 76 24.6 114.4

035 MH " F 77 18.9 84.0
9036 RE M 61 35.0 107.3

037 . s M 65 27,2 153.7

038 AS F 63 18.3 80.1

039 TL . F 70 21,2 125.1

040 RC M 69 25.2° 96.5

041 MV F 63 28.0 89.4

042 BM M 74 32.0 85,8 s,

043 NN F 87 17.2 54,3 ’
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Subject Sex Age DF MVC PE MVC
(%) (Init) (Yr) (N.m) (N.m)
044 WS F 75 22.6 114.4
045 BL M 69 37.2 135.9
046 HL .M . 85 31.5 77.2
047 RP F 91 20.0 $2.9
048 BC M 75 38.6 177.0
049 . DE M 82 35.8 139, 4
050 AS F 98 13.7 33.8
051 MM M 74 26.9 100.1
052 FB M 100 14.9 82.2
053 RL M 71 28.6 103.7
054 BS M 94 17.2 85.8
055 LS F 79 27.2 75.8
056 Jc F 82 21.2 65.8 , .
057 CD M 69 42,9 105.5 —
058 LD F 62 21.7 78.7
059 NS F 82  18.3 52,9
060 GB M 90 + 20.6 85.8
061 aM F 69 25,2 77.2
062- GL M 79 7 18.3 94,7
063 . AaM M 92 18.9 77.2
064 AH M 87 12.9 44,3
065 BW M 69 42.9 173.4
066 MM M 61 29.7 = 128.7
067 SF F 23 23.5 128.7
068 KR F 31 . 19.2 157.3
069 . NG F 24 30,0 107.3
070 JG F 30 28.0 141,2
071 ° - Av F 20 28.6 103.7
072 TC F 29 32.0 ©75.1
073 ET F 31 _ 28.6 128.7
074 TB M 27 54,3 153.7
. 075 PV F 27 . 29,7 168.0 -
076 SM M 23 40.0 193.1 .
077 ~ JB M _ 25 38.6 194.8
078 KM F 29° ¢ 27.5 . 60.8
079 TB M 26 37.2 100.1
080 JIM M - 27 50,8 153.7
081 MC M 23 48.6 203.8
082 BL F 30 27.5 78.7
.083 JJ M 30 . 37.2 . 143.0
084 SN F 26 18.0 =+ 96.5
085 JS M 31 44.3 178.8
086 CD .M 28 50,1 164.5
087 . MH M 27 " 41.s 221,7°
088.  pC M 28 0.0 . 0.0 /
089 KB F 22 0.9 0.0
F 29 0.0 0.0

090 NK
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Table A4 Cont'd

Subject.
(#) {Init)
091 JB
092 JK
093 TV
094 DB
095 RM
096 PY
097 BV
098 © CC
099 BC
100 .JD
101 MM
102 EG
103 AP
104 EK
105 DP

- 106 HL
107 SK -
108 JB
109 GH
110 AM
111 MM
112 LC
113 . DN
114 MM
115 HN
116 MH

MMM ET XM ITIMPIIMIIMOAIIIIX

Sex

Age
(Yr)

32
29
28
45
45
41
40
44
40
45
40
49
43
44
43
42
47

41
42

49

© 44,

41
52
100
98
87

DF MVC
(N.m)

145

PF MVC
(N.m) '
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Table A5. Individual Data for Resting Isometric Twitch Characteristics

of the Lateral Gastrocnamius (I[G), Medial Gastrocnemius (MG),
. Soleus (SOL) and Entire Plantarflexcr (PF) Muscles. Variables
are Contraction Time and One-half Relaxation Time :

CONTRACTION TIME ~ 1/2 RELAXATION TIME

I}

Subject Sex AMe LG . MG  SOL PF G MG  SOL  FPF
(#) (Init) (Yr) (ms) (ms)

007 RP M 80 120 150 160 205" 130 170 170 - 125
011 DL F 82 110 160 160 185 170 140 230 140
012 B F 7 120 130 180 175 °© 120 125 220 175
0l5 HF M 82 125 110 165 165 1300 100 - 190 150
025 KD M- 73 140 135 175 155 90 120 155 100
032 M4 F. 62 140 130 170 200 190 150 215 135
034 MR F. 76 90 135 140 195 140 125 195 140
043 NN F . B7 135 125 145 165 200 140 260 180
044 WS F 75 110 120 160 145 100 90 195 115
‘045 BL M 69 110 130 160 160 . 120 130 190 120
046 HL M 85 . 110 .120 130 160 10007 95 145 100
047 -RP F - 91 110 145 205 145 95 110 240 130
048 'BC M 75 145 140 190 200 150 125 170 140
051 FB M 100 90 110 140 145 100 195 170 185
061l AM F ' 69 140 © 150 200 200 120 105 215 150
067 SF F 23 120 115 170 150 . 130 110 210 130
068 KR F 31 100 110 160 145 105 105 145 110
069 NG F 24 100 120 125 125 .90 75 175 105
074 T™ M 27 100 130 185 155 90 110 200 115
075 BV F . 27 100 140 170 135 110 145 160 145
08s MO~ M 23 95 115 130 130 95 125 125 120
088 PC M. 28 95 105 150 130 60 90 130 110
089 KB F 22 105 145 160 -135 130 140 145 145
090 NK F 29 115 125 175 150 115 120 160 115
091 B M 32 90 80 165 140 100 105 205 145
092 JK M 29 85 90 145 140 55 85 115 100
093 TV M- 28 95 110 l40 140 105- 85 120 105

. L
. -+ )



Table A6.

LY
Individual Data_for Cross-sectional
Area of the Gastrocnamius and Soleus Muscles

Subject Sex IMe

Cross-sectional Area (cmz)

——— T T e kT S S S S G W S TP fmm e W e M G ——— T T ———

(#) (Init) {Yr) Gastrocnemius Soleus
0l DL  F 82 11.28 12.02
043 NN F 87 10.10 11.26
046 HL M 85 17.13 18.61
047 RP F 9l 9.99 9.90
0560 as F 98 5.63 9.35
‘052 FB M. 100 10.96 15,17
- P86 JC F B2 11.66 13.18
060 @ M a0 14,10 16.23
063 aM M 92 11.25 11.54
064 AH M 87 12.47 12.67
067 SF - F 23 17.85 13.64
068 KR F . 31 13.63 14.37
075 ® F 27 16.38 15.26
076 ™M M 23 18.67 23.50
078 KM F - - 29 14.53 18.82
080 M M 27 15.57 16.58
082 BL “F 30 15.44 16.34
083 JF M 30 21.86 20.11
085 JS M 31 17.39 17.65
093 TV M 28 14.92 16.28
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APPENDIX C
_7 Reliability of Mea_surenérits Made on Two Separate Days
| ~ Y )
Measure Mean 1 Mean 2 ME(V) Pairs of
. % Observat ions

Passive Tension .

At 10°% (N.m) 2.8 2.5 10.0 7

At 30°P (N.m) 1.7 2.0 17.9 7
Range of motion (° DF) 31.3 33.0 9.0 7

PF Resting Twitch | :

M-Wave (Mv) 12.0 1.9 1L.0 7

CT (ms) 187.1 180 .0 5.4 7

1/2 RT (ms) 133.6 131.4 7.2 7

P, (N.m) : 13.4 - 12,2 10.8 7

PF Potentiated Twitch ' . _
M-Wave Mv) 12.6 12,5 8.8 6 .
CT (ms) 155.8 147.5 5.8 6

1/2 RT (ms) : 107.5 17,5  13.0 , 6

P (N.m) _ 16.8 18.5 12.9 6
DF MVC 25,9 26.5 3.2 9

PF MVC - . 98,6 . 100.7 11.1 9
Gastrocnemi us apd 116,93 © | 17.84 5.8 10

Soleus CSAs{cm™)

Foar reliability assessments, all subjects were over 60 yr of age,
except in the case of ultrasound measurements, for which young -

‘adults were used. There was at least a week between tests.

None of the means were significantly different. -

The method error statistic for n'éasurenents made twice an a group
of subjects is calculated using the formula: :

ME =f2(d-§)2 / -1

in which d = difference between the 2 measurements made on each subject,
d = the mean difference and n = number of subjects.

ME was expressed as a oo_gfficient of variation via the formula
ME (V) = ME
' X, +Xy /2

X 100,






