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ABSTRACT 
• 

In view of the importance of maintaining normal mobility in.the , 
agfng popula'tion, the fuoction of t!NO owosing groups of leg muscles; 

the ankle dorsi flexors and plantar flexors, was studied in a sample of 

111 healthy men . and wanen aged 20 to 100 yr. Three major questions 

were asked in this investigat~on: (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 becane prolonged with 

age? 

Summarized results were: 

1. Maximal voluntary isometric strength (MVC) of the dorsiflexor 

• and plantarflexor muscles showed a general pattern of decreased values 

after the fifth decade in both sexes. A similar decti"e of 

approximat-=ly 13% per decade was observed in the two muscle groups. As 
• 

the plantar flexor muscles produced 4 times more torque than the 

.' Jt:: dorsiflexor muscles in young adults, the absolute loss of strength was 

much greater for plantar flexor 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 , 
joint was reduced ~Iith increased~ although considerable rotation' of , 
the ankle was still possible in the oldest subjects. 

Evidence from analysis of the cornWun1 muscle action potentials, 
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peak twitch torques and muscle'cross-sectional areas supported the 
. / 

con&lusion that the decrea~ in strength with aging was due to a loss 

of excitable m~le mass. It was~ypothesized that fat and connective 

, tissue replaced, muscle in the elderry. 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 

useful in geriatric clinics and for planning programs aimed at toe 

prevention and rehabilitation of neuromuscular disability in the 

elderly population • 
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I. ~NTRODUcrION 

A. Purpose arD Sa:lpe of the Investigation 

. Normal mobil i ty is a sign of health in old age. Despite the,. 

ircportance of IlBintaining muscle strength arD joint flexibility in the • 

legs of the elderly, there is a lack of comprehen§.,i ve research" 

rega~ding the effects of aging on these parameters. Most studies have 

been limited to one muscle group and usually only rcen were" tested. The 

muscles which act at the ankle joint as integral components of normal 

balaoce and walking actiVity' have not been examined in persons over the 

age of 70 years (yr). Controversy exists in the literature about the 
. -

issues of when in adult life muscl~ strength begins to decline and why. 

The aims of this study were to answer the foll?wing questions: 

1. What is the, relationship !:>etween aging arrl strength of muscles 

acting at the ankle joint in- adult ,menarD wanen? 

2: Can descending motor p:!thways be optimillly utilized for muscle 

activation by the aged 'indiVidual? 

3. Does the time-course, of muscle contraction becorce prolonged with 

aging? 

This study was cqnfined to the opposing muscle groups that act on 

" the ankle, producing dorsiflexion and plantar flexion respectively. 

Healthy adult men and wanen between the ages of 20 and 100 yr of age 

particip:!ted in the neuromuscular function testing program. All 
II 

subjects were living independently in the corcmunity and were able to 

walk without physical aid. 

1 
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B. Review of Literature 

Changes in Huran Muscle ,Strength with Aging 

·A decrease in muscle strength has often been reported a7 a 

characteristic of hUIlBn aging. The phenOllenon 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 

women as old as 60 yr of age (quoted in Fisher and Birren, 1947). 

Unfortunately, numbers and characteristics of subdects were seldom 

reported in these early studies. 

In more recent investigations, individuals of various ages have 

been coITq?ared with regard to their strengtJ:l in rnaxinal voluntary 
/ 

contractions (MVCs). Several muscle groups fran the upper and lower 
... 

limb have been examined. Table 1 sumnarizes studies of adults at least 

as old as the seventh decade with regard to changes in isometric 

strength with aging (isometric refers to constant muscle length). Six 
,/ 

muscle groups have been compared: ankle plantarflexors, ankle 

dorsi flexors, knee extensors, knee flexors, elbow flexors and' handgrip. 
! .. 

Severa~ generalizations can be made fran an analysis of the results. 

Fir'st, there is no clear-cut difference in the "effects of aging 

-' between distal and proxil~Bl muscles, or between muscles of the upper' 

and lower limbs. For exanple, in the study I:Pj 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 redUctio~Plantarflexor strength than in 



. Table l. surmary of Literature on Changes in Muscle Strength ' 
with Aging ... 

Study Muscle Sex Oldest 
Action. Age Group 

N % De::line in 
Strength vs 
Young Adults 

Mean Difference in Size 
vs Young Adults 

Height(cm) Weight (kg) 
------------------------------------------------------~--------------

ANKLE 
1. Plantar- M 

flex10n F 
60-65 8 
60-65 7 
x= 69 9 
70-80 10 

2. .. 
3. Dorsi flex. 

KNEE 
4. Extension 
5. 
6. 
7. 
5. 

8. 
9. 
10. 
1l. 
11. 
12. 
13. 
3. 
14. 
14. 

.. .. .. 
Flexion 

HAND 
Harxlgrip . .. 

.. .. .. .. .. 

.. 
•• .. 

ELBOW 

M 
M 

M 60-69 16 
M 70-86 24 
M 55-73 15 
F 50-80 15 
M 70-86 24 

M 53-68 20 
M 75-79 
M 60-69 

4 
10 ... 

M 53-64 
F 60-66 
M 51-62 
F ·50-65 
M 70-80 
M , 60-90 
F 60-90 

19 
6 

27 
22 
10 
30-40 .. 

15. , Flexion M 
16. .. M 

67-7'2 5 
x= 71 11 

21 
24 
43 
20 

25 
45 
39 
40 
36 

17 
38 
18 
28 
37 

3 
28 
20 
47 
42 

31 
20 

-4 +9 
-2 +11 

-13 +0.2 
Not Reported 

-7.5 -4.5 
Not Reported 

+2.2 +3.9 
Not Reported 
Not Reported 

Not Reported 
Not Reported 
Not Reported 
o +8.5 

-0.5 -0.8 
-1.9 +6.4 
-6.8 0 
Not Reported 
Not Reported 
Not Reported 

Not Reported 
-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) T. Johnson (1982) 8. Fisher and 
Birren (1947) 9. Burke et al. (1953) 10. Shephard (1969) 
11. 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) 

3 
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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 irrportant 

factor in these types of muscle group comparisons and it is noteworthy 

that the old men tested in Davies laboratory by McDonagh and'Co-workers 

were retired manual iridustrial workers. Se:::ond, males and feiiales 

appear tp experience similar aging changes, although research on waren 

has been limited. A third observation is that by the seventh decade 

average MVC is at least 20% low~r than in young adults (20-30 yr olds). 

It should be noted that all studies but one used a cross-sectional 

exaannation of the aging population as the research qesign, but the 

longitudinal study of AsmJSsen et al. (1975) tends to confirm the 

cross-sectional observations of the other investigators. 

There are several criticisms to be made of these studies. First, 

there has not arways 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 effect on MVC was. attributable to this 

factor. In some of the studies cited in Table 1 information on size 

was not reported. 
I 

Small numbers of subjects have been studied in 'SORe cases, 

particularly with advanced aged groups (e.g. Burke et a1., 1953). 

Other investigators have grouped several decades of age into one 
, 

category, thereby masking the aging effect (e.g. Agnew and Mass, 1982). 

Most of the studies have lacked representatives of the elderly' 
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• 
p::>pulation over 80 yr of age and in sorre cases the oldest subject was , 

only in the sixties. Females have been exanrined in few or the 

investigations. Not all studies have rep::>rted whether there was anyj 

assessrrent or matching of daily activity patterns aIIXlllg the7~ge 
groups, despite the knowledge that muscle strength can ~trikingly 

altered I:1t "overload" resistance tFaining or prolonged inactivity (Sale 
• 

et aL, 1982). 

There is a further methodological criticism which can be raised 

with all of the studies employing measurements of maximal voluntary 

strength. A MVC requires the subject to make an intense mental effort, 

and it is not clear how iruch 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, such as internal muscle sensation, 

pressure on the skin and joints, and chafing against the straps and 

restraints of the measurement device. Also, SO!re people may have an 

emotional unwillingness to be physically forceful (Ikai and Steinhaus, 

1961). Fortunately, this last factor can be evaluated I:1t using the 
I 

twitch interpolation teclmique of Belanger and Mct::anas (1981). With 

this method, during the voluntary effort of a ·subject. an attempt is 

made to produce an involuntary muscle twitch I:1t electrical stimulation 
J 

of the appropriate motor nerve. This teclmique allows an assessitent of 

the extent to which the individual has activated the musculature with 

his/her volition. If full voluntary activation has been achieved the 
I 
stimulus adds nothing more. 

Muscle strength can al~ be evaluated I:1t tetanicallystiIlUlating 

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



• 
Unfortunately, antagonistic muscle groups may be excited by the tetanic 

stiIlUlus and contaminate the force record. This procedure is r:ainful 

when sufficiently high current to cause maximal muscle contraction is 

used. Rupture of muscle and tendons is also a possibility in frail 

subjects. Thus, whqe sorre investigators have used tetanic stilllllation 

in their testing protocol (e.'g. Davies et al., 1983), subject selection 

was biased towards highly-motivated people who would 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 

stimulation would not be suitable for a large survey of volunteers from 

the corrmuni ty • 

6 

In only one of the studies summarized in Table 1 were the agonists . 

and antagonists acting at a joint corrpared to determine if a 

different ial 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 the muscles acting at 

the ankle joint which are involved in .maintenance of the upright 

posture and in locomotion. Even during walking, the anti-gravity 

plantar flexors qre known to produce substantial torques ~inter, 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 r:articularly 

striking in the male (Tanner, 1978; Shephard,· 1982), the relationship 

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

" .. 



many studies. This plateau has been observed for-muscles of the upper 

limb (Shephard, 1969; Shock and Norris, 1970; Petrofsky and Lind, 1975; 

Montoye and Larnphiear, 1977; Agnew and Maas, 1982) and for muscles of 

the lower limb (Larsson et al., 1979; Fugl-Meyer et al., 1980; Belanger 

et al., 1983). Other investigators have reported a gradual linear 

decline in MVC after about 30 yr of age (Fisher and Birren, 1947; Burke 

et al., 1953; Asmussen and Heeboll-Nielseri, 1961, as quoted in 

1 t'" Asmussen, 1980; Asmussen et al., 1975; Petrofsky et al., 1975, for 

waren) • 

Summary. Most research supports the conclusion that there is 

little change in adult strength until the sixth or seventh decades. 

The concept of a linear decline 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 muscle groups. Linear 

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 (Asmussen 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 pattern Was 

not maintained into middle age. DecreaseS in activity level due to 

altered lifestyles may have therefore exaggerated the apparent effect 

of aging. 

7 
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Basis for Decline in Maximum Voluntary Strength with Aging 

Several alternative explanations may be advanced for the 

diminished strength observed 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 l:rj rratching 

groups on the variables or l:rj 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 capacity for 

tension generation and/or older subjects were not performing optirrally 

when asked to rrake 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, muscle 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 anthropometric measurements 

such as densitometry, potassium-40 scanning or simply measuring 

skinfold thickness. While a number of studies in which these methods 

were used have reported a loss of lean body rrass with aging (Forbes and 

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 l:rj 

8 
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measuring 24 hour creatinine clearance. Their oldest 12 men, 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. 
• 

There are draw~s to these whole-body studies. In all cases, an 
. 

. irxlex of lean body or muscle mass was deri ved from pred ictor variables, 

such as creatinine clearance, rather than by measuring the muscle 

tissL~ 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 rraterial. 

Re::ently, the technique of computerized axial tomography 

(CAT-Scan) has been applied to the 

the elderly. Barkan et al. (1983) 

problem of measuring muscle mass in 
...J.. 

have shown that men aged 59 to 76 yr 

(rnean=69.4 yr) had, on average, 12.4% less muscle cross-sectional area 

(CS~) in the upper leg and 11.7% less in the upper arm, when compared 

to a group of middle-aged men. This lQss was virtually the same as the 

total loss of lean body mass ,(as determined by potassi urn-40 scanning). 

However, the loss of muscle cross-sectional area in the chest region 

was only 2%. Ultrasonic imaging of limbs has been promoted by Young et 

al. (1980) as a practical, alternative methOd to the elaborate CAT-Scan 

equipment; they initially demonstrated that the technique can be used , 

to accurately assess quadriceps muscle wasting following plaster cast 

imnobilization of the knee joint. They have also reported smaller 

quadriceps CSAs in old men and wanen as compared to young adults (Young 

et al., 1982; Stokes et al., 1983). 

• 



Muscle Histology r 

Is the . loss of muscle mass with aging due -to a reduction in the 
, 

• 
total number of fibres and}or due to a shrinkage in the sizes of 

indi vidual fibres? Muscle biopsies have. been taken from healthy, 
\ 
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elderly individuals in an attelltJt to answer this question. Larsson et 

al. (1979) reported that their sample of 60-65 yr old men had smaller 

vastus lateral is (VL) muscle fibres than young men. This was true-for . . 
• 

both the Type I and Type II muscle fibre types (Note : Type I and Type 
\, 

II refer to staining characteristics of the myosin ATPa~ present iry , 
the muscle' fibre: whether it is acid stable or alkaline stable; see 

Erl3el (1962). Three basic fibre types are now recognized, Type I, Type . 
IIa, and Type lIB (Brooke and Kaiser, 1970), and this terrrinol~~ is 

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 (SO) fibres, fast-twitch , 
oxidative-glycolytic (FOG) fibres and f~st-twitch glycolytic (FG) .. 
fibres. Garnett et al. (1979) have demonstrated that fibres of the 

human medial gastrocnenUus muscle which stained histochemically as Type 

I, Type II, and Type IIB· exhibited Fhysiological characteristics 

consistent with the SO, FOG; FG classification sc~rne. .However, these 
",. 

authors and others (see Burke, 1981) have also noted that considerable 

_variation in twitch speed, capacity for post-tetanic potentiation, and 

fatiguability exists in each fibre type category). 

Larsson et al. (1979) found the average Type II fibre.diameter was 

reduced by 42% in their older men, as compared to a 23% change in t~e 

, 
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Type I fibres. As· well, it appeafed that some Type II 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 study of aging VL muscles in 
• 

,which'Type I fibre si~e was not decreased in 80 yr old rren ao:t wanen, 
\ 

although Type II size was (Grimby et al., 1982). Furthermore, these 

authors found no ~n the proportions of Type II and Type I fibre~ 

in the muscle. Ahiansson et al. (1981) reported no change in fibre 

size with aging in men and wanen aged 67 to 76, 'except for the Type {I's 

fibres. Larsson (19B3) however, has eriticized the work of Grimby et 

al. (1982) for the inclusion of person~with disease in their sample 

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

obtained. Larsson quoted other data of Scelsi et al. (1980) on 65 to 
( 

89 yr olds, which confirrred his observations of a Type II muscle fibre, 

atrophy ~elative to Type I in the vastus lateral is with aging (L?rsson, 

1983). Other investigators have also reported this as characteristic, 

of old human muscle (Tamonaga, 1977; Clarkson et al., 1981). 

The technique of predicting an entire muscle.'s characteristics 

from a single biopsy which is only a few millimeters square could lead 

to erroneous conclusions (Elder et al., 1982; Nygaard and sanChez, 

1982). In an alternative approach, the entire vastus lateralis ,was 
" 

removed from young and old (70 to 73 yr) rren who ~ apparently in 

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

slice through the mid-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% fewer muscle fibres, but there was no significant 

change in fibre type distribution or fibre size. Grimby and Saltin 



,12 

(1983) also reported a similar finding of no change in the mean size of 

elderly soleus muscle fibres. Lexe+l et ale (1983) noted that 

variability be'tween subjects was greater in the elderly, and this has 
<t# -

been reported in other cadaveric studies (Tanlinson et al., 1969; 

Jen~kens et al., 1971). Therefore, the generalization that 

"preferential Type II llP.lSc1e fibre atrophy occurs _with aging" is 

questionable. 

• 
\ 

Electrophysiological~Investigations.of Lower ~eg Muscles 

Muscles below the knee have not been studi~s exq,nsively as the 

quadriceps with regard to muscle-histology and aging, but more..getailed 

physiological data is available for the former. Campbell.et~l. (197~) 

-oEServed that the size of the isometric twitch of the extensor hallucis 
•. l~' . . . ~ ~ 

brevis muscle was lower.in a group· of healthy old men and women, as , .. ~ 

·compared to young controls. In addition, thec6ntraction tine of the , . 
twitch was found to be prolonged .and Compound muscle action potenti..als 

recorded fran-the extenso~ digitorum brevis (EDB) ·muscle were reduced . ,. 
in the elderly. These observations, combined with the "eroons'tration of 

a decrease in the l11qxirral irrPulse conduction velocity of the motor 

nerves and a decrease in the nll!OOer' of motor units in the !;iDB ITllScle 
\ 

with aging, suggested that some Type II motor units had been lost. 

Alternatively, some TYPe II units may have become more like Type I 

units with aging, thereby leading to a slower rate'of muscle tension 

developrrent. ' 

Davies et ale (1983) have reported that the plantar flexor muscles 

also had prolonged twitcheS in older men (all aged close to 69 yr), as ) 
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compared t? young adults. 
./'" 

The peak twitch torque was lower in the 

older men as welr. Belanger et al. (1983) have confirrred in both men 

and women that the plantar flexor twitch is prolonged in older , 
individuals. The antagonist do~siflexor muscle, tibialis anterior, did ~ 

not show this effect i~ the age range studied (20-65 yr). No decrease 

in peak tw#=h torque with advancing age was ~bserved in'either muscle 

by Belanger et al. (198'3) • 
. , 

, ' , Isometric twitch analysis. It should be noted that the 

time-<:ourse of the isometric twitch is governed by several ~tors 

'including (cf. 'Close, 1972; f'FXlson and Wilkie, ~974; Blink~ ~l., 
1978) • 

(1) the regulation of the ."active ~,tate" (Hill, 1949) period of 

tension generation by the myofilaments. The calcium (Ca) controlling 

apparatus, the sarcoplasmic reticulum and the cytoplasmic, proteins that 
, . ' 

bind free Ca2+ ions, regUlate this period because Ca2+ binding to 

troponi~ releases the inhibitory influence of the latter on 

actin-myosin interactions. 

(2) the tl'J?!'! ot;l1¥osin present: whether it is Type I or Type II, 

based on myosin ATPase staining. 
~ 

(3) the, stiffness of the series elastic component, which transmits 

the contractile force across th~ joint: 

With regard to Ca2+ regulation, Kugelberg and Thornell (1983) have, 

recently reported that some motor units from rat tibialis 'pnterior 

muscle stained for Type I l1¥osin ATPase, yet had the same contraction 
, 

time as units from the soleus muscle that stained for Type II l1¥osin 

ATjase., It was observed that the volume of terminal cisternae was 

equal in the ,!=wo types of =cle fibres, despite their different myosin 

• ,~ ) 
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ATPase sta~haracteristics, As they also found a high negative 

correlation between the contraction time of motor units and the volume 

of terminal cisternae in the corresponding muscle fibres, the authors 

suggested that the .cap3city of the terminal cisternae, to release and 

then to take up ea2+ is the primary factor in regulating. the isometric 

twitch time course. Ha.ever, it was also observed t)1at in a given 

muscle, a larger volume of terminal cisternae was associated with 

14 

fibres staining for T~ II IT¥osin ATPase. Thus, there was a 

relationship between type of IT¥osin ATPase and twitch contraction time, 

but it was only applicable to fibres within the same muscle. These 

o~servations may expiain why muscles with similar proportions of Type I 
, ' 

and type II fibres may have different isometric twitch time-courses 

(Belanger et al., 1983). -
The isometric twitch of aged muscl~ could be altered due to 

changes in one or more of the three factors' discussed above. Little 

quantitative work has been done, however, to determine whether aging 

causes changes in the structure and function of the sarcoplasmic 

reticulum. Tomonaga (1977) and Shafiq et al. (1978) noted in a 

descriptive manner that t-tubule aggregations were occasionally 

observed in aged human muscle i'pecimens examined under the electron , 
.. microscope • 

." 
As discussed earlier (see under heading, Muscle 

Histology), there are conflicting reports on whether muscles tend to 
'""'-

lose Type II motor units preferentially. In relation ,to the stiffness 
, ... 

of connectiVe tissue, there are two reports that this is greater with 

- aging, thus allowing for a more rapid transfer of tension developed by , 

the muscle; nevertheless, twitc,lles were longer in elderly than in young 

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

• 

I 
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observations indicate tha~ the other factors, muscle fibre type and/or 

regulation of intr~ellular Ca2+, mUst have been more influential. 

15 

The amplitude of the isometric twitch is dependent not only on the 

--arrount of excitable muscle mass present, but also on the same factors 

which influence the twitch time course. Following a single excitation 

of the muscle the arrount of tine that the muscle active~y generates 

tension will influence how much force is transmitted through the 

tendon. This is because the muscle must stretch the tendon before any 

tension is registered_across the joint (C~lson and Wilkie, 1974). 

Furtherrrore, the stiffness of the tendon will also influence how much 

of the contractile force generated by a single excitation of the muscle 

is passed on. It has been observed, that the twitch size was srraller in 

old muscles, despite a prolongation of the twitch duration (Campbell et 

al., 1973;' Davies et al., 1983). Campbell et al. (1973) had also 

observed that the tendon was stiffer with aging and hence more 
,~-"- .,. 

effective in transmitting muscle ~ension. They concluded excitable 

muscle ~ss'was considerably reduced in the'elderly foot and this was 

indirectly confirmed by comparing the size of the compound muscle 

action potential between the young and old adults. 

Innervation of Muscles 

It is generally recognized that tl1e mocor neuron maintains the 

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

form a uniform motor urii t (Buller et al., 1960; EOstran and Kugelberg, 

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

that with aging there is a disturbance of this "trophic" relationship, 
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resulting in the eventual loss of function in that particular motor 

unit (Carrpbell et al., 1973; McComas, 1977; Caccia et al., 1979). The 

way in which a nerve exerts its trophic action on muscle fibres is 

poorly understood but there is evidence that two mechanisms are 

involved: (1) impulse activity - the freque~ or total number of 

excitations of muscle fibres (2) axoplasmic flow of messenger 

substances that are manufactured in the nerve cell body and transported 

along its axon, before crossing the neurom~cular junction into the 

muscle fibre (see Guth, 1968 and Pette, 1980 for reviews). It is 

possible that with aging decreases Occur in both impulse activity and 

axoplasmic transport (Gutrrann and Hanzlikova, 1972; Sprott and 

Eleftheriou, 1974; Stromska and Ochs, 1982). 

There is evidence that the numbers of motor neurons are decreased 

in elderly hLlIl'Bns. 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 from an earlier stu~l (Corbin and Gardner, 1937), a 25% to 30% 

decrease in nerve fibre nurrbers was estirrated to' have occurred between 

the third and eighth to ninth decades. However, the cases were 

diseased, which makes for difficulty in assessing how much the aging 

influenc~ alone was responsible for their findings. 

Tomlinson and Irving ( 1977), in their study of aging and 

lumbroSacral motor neuron cell body counts, selected only those autopsy 

cases in which people had been healthy and died rapidly "from states of 

activity considered 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 

1 
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30% t~ 35% decrease. Both alpha and gamma motor neurons were included 

in their cord sections; the latter type of cells innervate intrafusal 

fibres of the muscle sp.~. Ie rather than extrafusal skeletal muscle 

fibres and it is not clear h they are affected bj aging (Tanlinson 

and Irving, 1977). 
/' 

McCanas and co-workers sought to estirrete the nurrber of· 

functioning motor units in living, healthy elderly people using a 

non-invasive electrophysiological technique (Campbell et al., 1973). 

, ,With this rrethod, the average s'ize of an individual motor unit 

potential was estirreted and then divided into the compound muscle 
{ 

action potential to obtain motor unit counts.' Individuals of varying 

ages were tested for coun~s in the extens~rum brevis muscle of 

the foot, and the thenar and hypothenar muscles "Of the hand (Campbell 

et al., 1973; Sica et al., 1974; McCanas, 1977). In each muscle motor 

unit Counts were similar 'in adults up to age sixty but then were 

decreased bj at least 50% in older people in their seventh decade. 

Other investigators have suppo~ted this finding of a decrease in motor 

uni>---counts with aging (Brown, 1973; Hansen and Ballantyne, 1978; 

Stalberg and Fawcett, 1982). 

",. ..,.'" Motor unit counts seerred to be considerably lower than expected 
" 
trcrn other aging studies of motor neuron nurrber or of muscle strength. 

However, McCanas (1977) has postulated that some motor neurons present 
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in the aged individual are no longer functional. Irt addition, through 

the process of collateral reinnervation surviving motor neurons may 

capture muscle fibres which have lost their original innervation; hence 

neurons are lost but not musc~e tissue.' 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, llDtor unit counting has n limited to srrall 

distal muscles which may be particularly susce ible to ~ging effects. 

The long axon required to innervate a distal li muscle motor unit may 

be especially prone to degenerative changes with ing (~avanagh, 1964; 

Campbell et al., 1973; Sabin, 1982), thereby 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 

quantification of aging effects on muscle morphology, histology and 

innervation. Most of the studies have been performed on rats or mice, 

and decreased nt.mOOrs of fibres in rodent limb muscles have been 

consistently observed in older animals (Rowe, 1969; Tauchi et al., 

1971; Gutmann and Hanzlikova, 1972; Hooper, 1981). This decrease in 

fibre number may be partially offset by fibre hypertrophy with aging 

(Rowe, 1969; Hooper, 1981). Another finding of Hooper (1981) was that 

fibre length was less in the biceps brachii and tibialis anterior 

muscles of old mice due to a loss of sarcomeres, l::ot no change was 

observed in the average sarcomere length. The actual limb lengths were 

not reported. 



o 

It has been of particular interest to know whether the two 

functionally different muscle types, phasically and tonically active, 

vary in their susceptibility to aging effects. Tucek and GutIlBnn 
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(1973) ~bserved in rats that the decline in fibre number was greater in 

the predcminantly Type I (tonic) soleus muscle as compared 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 

(Ca:cia 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 anter ior had 

approx'iIlBtely equal proportions of the two muscle fibre types; but with 

aging "white" fibres predcminated. 

For the mouse, Banker et al. (1983) have reported that the soleus 

muscle fibres were significantly S!lBller in older animals, but EDL 

fibres did not show any decrease. On the other.hand·, RCMe (1969) 

observed a trend to increased soleus fibre size in their old mice, 

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 undergo a process 

of "de-<lifferentiation" with aging~ in which some of their specialized 

properties are lost. For exarrple, highly differentiated muscles, such 

as soleus and extensor digitorum longus, become more similar in very 

old age (GutIlBnn and Syrovy, 1974; Coccia et al., 1979). In the adult 

rat the soleus muscle appears to first go through a stage of additional 

prolongation of the twitch concraction time (VYSkocil and Gut;:mann, 

1972; Gutrrann and SyroVy, 1974), and an enhancerrent of Type I ll!{osin 

lITPase a:tivity (Syrovy and Gutmann, 1970; Coccia 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; Barkan 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 accounted for entirely by -
the decrease in fibre number (Hooper, 1981). Discrepancies could exist 

between different species and also because animals of various ages have 

been used in studies of "aging" rodent muscle. For exanple, Gutmann et' 

al., 1971 used three month old, iITm?ture animals as controls; in other 

studies (e.g. Tauchi et al., 1971; Hooper, 1981) the aged animals were 

actually middle-aged and very old animals were not include:l. It is 

inportant to choose a healthy strain of mice or rats in which the 

growth pattern and life span has been clearly docUIrented. 

Characteristics of the aging neuromuscular junction. Effects of .. 
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 

physiology 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 include:l decreases in nerve terminal area, mitochondria and 

synaptic vesicles and increases in srrooth endoplasmic reticulum, coated 

vesicles, cisternae, microtubules and structures identifie:l as 
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neurofilaments. Post-synaptic differences in old NMJs included 

increases in the complexity of junctional folds, and also increases in 

subsarcolernmal vesicles and lipofuscin deposits (Fahim and Robbins, 

1982). These changes were thought to be signs of "an age-related form 

of rerrodelling and mortitologic adaptation." Aging changes were 

observed more frequently in the soleus than EDL muscle, but significant 

, differences varying fran 11% to D5% were found in both muscles when 

the numbers or sizes of various NMJ structures were compared in young 

and old anilTBls. 

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) pr9posed that denervation of muscle fibres in 

their old mice had occurred, but then the fibres had been reinnervated 

by the surviving'motor neurons. Evidence for this process 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 and Robbins (1982) criticized this work because 

immature 2-3 month old mice had been used as controls. 

In the aged rat, GutlTBnn and co-workers did not find any decrease 

in motor neuron nurnbers, nor evidence of denervation, at a time I<tlen 

muscle atrotitY and disorganization was present (GutlTBnn and Hanzlikova, 

1966; GutlTBnn et al., 1971). However, Fujisawa (l976) observed 

dete0ration in the distal portion of old rat motor neurons and Caccia .. 
et al. (l979) reported a decrease in the number of rat soleus motor 

units with aging. At least part of the explanation for these 

discrepancies lies in the use of different anilTBl models and strains by 

the various investigators. As Fahim and Robbins (1982) have noted, the 
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comnonly used laborat9ry rat may be a poor mcx:lel for studies of pure 

aging effects because it becomes inactive, obese and has organ 

pathology in late life. An additional consideration is that some of 

the old nerve axons observed under the microscope in anatomical studies 

may have become non-functional. 

A detaile:3 examination of neuromuscular transmission has been 

~ertaken by Robbins and co-investigators in several muscles of the 

CBF-l mouse; this strain maintains its activity and freedom from organ 

pathology into advance:3 age. Miniat.ure end-plate potentials' 

(m.e.p.p.s.), caused by the spontaneous release of single acetylcholine 

(Ach) vesicles, were of similar ~litude in young and old soleus and 

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. 

observe:3 was decreased with aging (Banker et al., 1983). As the evoke:3 

end-plate potentials, recorde:3 when the motor neuron was stimulated, 

were marke:3ly increased in the older animals, it was conclude:3 that the 

number of Ach vesicles released upon nerve stimulation was 

significantly greater with aging (e.g. estimated quantal content was 

increased about 2 to 3 times in older NMJs, depending on the methcx:l 

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 require:3 for initiation of the muscle action potential 

was unchanged in the old mouse preparations but end-plate potentials 

were increased; thus, the relative Safety factor for excitation 

(synaptic efficcicy) was enhanced in old NMJs. This increase in 

efficacy was also demonstrated by the observation that old NMJs were 
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less affected when th~ calciurrVmagnesium ratio in the bathing solution 

was lowered (this procedure harrpers Ach release). In another study, 

Kelly an::l Robbins (1983) have shown that the enhancerrent of syna'ptic 

function took place in middle age for this strain an::l that the EDL 

muscle was affected at an earlier age than the soleus. Another 

observation was that the diaphragm showed less change with aging than 

the soleus muscle. Vyskocil an::l Gutnann (1972) have also noted in the 

rat that the frequency of m.e.p.p.s. recorded was much more reduced in 

the soleus muscles of old rats than in their diaphragms. 

The fun:::tional consequences of these aging changes at the NMJ are 
,-

two-fold. First, the reduction in m.e.p.p. frequency was indicative 

of.a diminished rate of spontaneous acetylcholine release. HCMever, 

the likelihood of excitation of a muscle fibre by the initial impulses 

of its motor neuron was increased due to the enhanced- Ach release an::l 

hence en::l-plate potential size. Kelly an::l Robbins (1983) considered 
r. '; 

this enhar1cerreot of neuromuscular transmission to be a compensatory 

response, although it should be noted that during prolonged signalling 

the aged synaf5e might be less able to prevent exhaustion of Ach 

vesicles. The stimulus for this adaptation rerrains undetermined, hlt 

• 

it was observed that the changes were present in middle-.aged rats, at a 

tine \>hen'there was no evidence of other t;athology. ana p'ossibility is 

that changes at the NMJ are t;art of a normal 

developmental)maturation/aging sequence that takes place-indepen::lently 

of changes in activity t;attern or disease • 

.. 

.. 
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Sunnary of Literature Review 

Strength in maxirrrum voluntary muscle contractions (MVC) is less in 

old--<9ults than young rren and waren. Most investigations have , 

indicated that isometric MVC is relatively constant through middle age 

and marked decreases take place in the sixth and seventh decades. 

Muscles acting at the ankle, knee, hand and elbow appear to show the 

sarre general pattern of change in the elderly. Extraneous variables 

such as size and activity pattern have not always been controlled for 

in these cross-sectional studies, but results from a longitudinal study 

were consistent with the rest. Opposing muscles at a joint have been 

compared in only one study of rren. TtEre have been few studies on waren 

and very old individuals of either sex have seldom been included in 

aging studies to date. , , , 

A loss of excitable muscle mass is the likely 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. McComas 

and co-workers have reported that the healthy elderly have a decreasea 

nurri:ler of rrotor units in the smll distal muscles of the haOO and foot. 

Although initially over-sized motor units, due to a collateral 

re-innervation process, my compensate f,pr the denervating process, a 

loss of muscle fibres seems to be inevitable. Atro!;tly of muscle fibres 

does not seem to be a general feature of aging. Controversy exists on 
. 

whether the proportion 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 influencin~ twitch tirres, such as 
I 

the regulation of free calcium ions in the muscle sarcoplasm ~ the 
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sarcoplasmic reticulum, arxl terxlon 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 trerxl to demonstrate greater aging effects on 

'tonically active or phasically active muscles. Controversy exists over 

. whether old rodent '7s ~ergo a denervatio~ process. Robbins arxl 

co-workers have presented eVldence that adaptatlons at the mouse 

neuranuscular junction take place in middle-age arxl increase the 

likelihood of sua::essful synaptic transmission. The stiIlUlus for such 

adaptations could arise as part of a normal 

developrrental;matUration/aging progression, 'which is indeperxlent of 

changes in activity pattern or disease. 

. 
" 

• 
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II. METHODS 

" 

A. SubjectSo' 

The subj~ts wet:e 116 Caucasian men am WalEn whose ages rangro 

fran 20 to 100 years. They were dividro into 5 groups on the ,basis of 

age; each group correspoming to approximately one decade (20-32, .. • 
40-52, 60-69, 70-79 am 80+ yr; ·see Table 2). 'Volunteers were 

recrui tro l::r:t advertising in the McMaster Uni versi ty am Hamilton media; 

th~y carre fran ,:u-l FBrts of the Hamilton area. The older subjects were 

stIll living indepemently in the community; most still rnaintainro 

their own homes am the rest carne fran other settings 'sucn as senior 
, 

citizen aFBrtments. 

The elderly subjects reportro they were in good health at the time 

of the test. All were mentally competent am cooperat i ve with the test 

procroures. Everyone could walk· i;xlepemently, without aids, and most 

statro that daily walking was a FBrt of their normal·activity. SalE of 

the subjects in their 60's am 70's also engagro in mo~e strenuous 

activity FBtterns such as jogging, swinming am sports/fitness programs 
.. 

at local exercise facilities. Other. evidence of the hea~thY state o( 

these subjects was that very few reportro taking dailY' n-eclication (a 

small number were on anti-hypertensive drugs).·V61unteers·were not 

considerro for testing if they had diseases known to influence. , 
• 

·peripheral nerve am muscle function such.as diabetes, thyroid. 

"diSorders, arthritis, or activity-limiting cardiovascular disease. A 

year after testing most 
\ 

of the study FBrticiFBnts respomro positively 
\ 

• 

. I 
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Table 2. Subje::t Chara::te:istics by Age am ~ex ~:~!! ____ ----

Sex Age Group (Yr) 
20-32 40-52 60-69 70-79 80-100 

----------- -------------------
Nurrber M 14 10 13 16 13 

F 13 10 10 

~ 
8 

~. 
Age Mx 27.4 43.7 65,.3 ( . 7 • 87.2 
(Yr) so 2.7 2.7 3.7 2.5 6.9 

Fir 27.0 44.0 64.9 74.2 88.6 :! 
SO 3.7 • 4.~ . 2.9 3.5 7.2 

Hei'ght Mi{ 176.7 l'76.8 / 172 .4 174.7 167 .4 
(em·) SO 6.9 5.9 5.6 9.4 3.7 

Range 165-186 167-184 164-180 158-:-194 162-175 
Fx 160.2 V 162 •9 159.7 162.4 155.4 

SO 5.7 6.5 . 7.6 5.5 6.1 
Range 148-170 155-174 151-173 156-170 144-164 

t 

Weight Mi{ 72 .3 77 .5 73.8 71.5 65.8 , SO 8.2' . 12 .4 12 .0 9.3 5.9 
Range 56 .• 0-82 .f 59.4-99.9 57 • .6-94.7 60.1-94.0 57.8-78.2 

F 'if 54'.4 66.0 60.5 58.8 53.5 
SO 6.0 10.3 7.8 9.9 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 reque~eir involvement in another, unrelated research 

, \ 
proJect. It\was thus learned in this indirect manner that survival rate 

'\ \ 
was'very high in the elderly subjects for the year after investigation. 

Healthy younger subjects were selected on the basis of their 

having comparable activity patterns to the old adults. None of the 

young adults were engaging in strenuous endurance training or in a 
• 

"resistance" type of training that would lead to muscle hypertrophy. 

Younger subjects', occupations were' sedentary,' involving sitting at a 

desk for most of the time with sorre standing and walking. Subjects of • var ious si zes were chosen for the study, except ing obese ind i viduals 

(see Table 2) • 

~. .... 
Experimental Procedures 

I. Subject Orientation. The test began 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 form (see Awendix 1). 
' '-./.. . .' " , 

Subjects were then questioned 

about their health.history,' including daily activities, and height and 

body weight were measured. 
-.,) 

, 
II. AfParatus for Measur,ing Tension Produced at the Ankle Joint. 

Subjects were fitted in the 1eg-holding apparatus pictured in Fig. ~ 

They sat on a modified chair in which the seat could be raised or 

lowered according to the subject's leg length. Normally, the right 

foot was fixed in place on the padded foot-pi<ite of the leg-holding 

• 
• 

.. 
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Figure 1. Awaratus for measuring neuromuscular function at 

the ankle joint. Note the fixation of the foot 

and leg in the isometric test position. ~ 

subject, a 100 year old man, was observing his 

voluntary torque output. 

r 
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device I:tt securing velcro straps over the top of the foot. A clarrp 

over the knee was used to prevent raising of the heel. The knee JOInt 

angle was set at goO I:tt 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 I:tt a heat larrp to maintain 

lower leg skin temperature at 34 to 370 C. 

• 

Both passive tension about the ankle joint and muscle contractile 

properties were measured I:ttregistering the torque produced on the 

s~eel 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-plate could be set at up to 400 from the horizontal in 

either direction. Pressure from torques acting on the foot-plate was 

sensed I:tt strain gauges mounted on a rigid bar, this bar being attached 

perpendicularly 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 oscilldScope (Hewlett-Packard 

type 141B);. the frequency' response of the device was· 85 Hz. 

-Calibration of the system with kOOlm torques of up to 250 N.m (Newtcn 

metres) demonstrated that it was accurate for the range of torques 

measured ~n this study and that distortion of the foot-plate was 
.. ; 

minillBl • 

III. Main Test Protocol. A total of III subjects, 63 men and 48 
? 

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

are outlined in Table 3 and detailed below: 

(i) Passive tension. preli~ry experi~nts 
..., 

were done to determine 



Figure 2. The rotatable foot-plate. Strain gauges attached 

to the metal .tongue underneath the foot-plate 

recorded torques generated about the ankle joint. 

Joint position'coulclbe varied 400 from the 

horizontal plane in either direction. 

, 
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Table 3. List of Experirrental Proce:'lures. 

1. Subje::t Orientat ion 

2. Main Test Protocol 
(i) Passive tension 

(ii) Passive range of ankle joint movement 
(iii) Resting isometric twitch properties of the dorsiflexor 

muscle group 
(iv) Potentiated isometric dorsiflexor twitch properties 

(v) Isometr ic dorsiflexor maxirrum voluntary contraction, 
including assessrrent of the extent of motor unit 
activation I::>t using the interpolated twitch prOCe:'lure 

(vi) Resting isometric twitch properties of the plantar flexor 
muscle group 

(vii) Potentiated isometric piantarflexor twitch properties 
(viii) Isometric plantar flexor maxirrum voluntary contraction, 

including assessrrent of the extent of motor unit 
activation !:¥ using the interpolated twitch prOCe:'lure 

3. Sub-protocol for Assessing ReI. iabil ity of Measures 

4. Sub-protocol for Mea,suring Twitch Times in the Lateral 
Gastrocnerni ~, Me:'lial Gastrocnemi us, and Soleus Muscles 
I~irid~l~ \ ' 

5. Sub-protocol for MeaSuri~g cross-sect~onal Areas of the 
Gastrocnerni us and Soleus Muscles . 

34 
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that the average resting position of the ankle joint in the foot-holder 

was at 100 of plantarflexion (that is, 100 of downward rotation of the 

foot-plate from the horizontal). Thus, passive tension was measured as 

the torques created about the ankle joint by stret'ches from 100 to 

200 ,300 and 400 of plantar flexion (P), and from lOop to 00 ,100 and 200 

,-
of dorsiflexion (D). The foot-plate was fixed in these positions in a 

random order. R63d ings were taken only after the subject had relaxed 

his or her muscles completely, as determined by a silent 

electranyograItJical (EM3) signal (see description of EM:; recording in 

Part iii below). passive tension values were reported for the two test 

positions used during isometric strength and twitch measurements, 

namely, 100 0 and 300 p (test positions for the plantar flexor and 

dorsiflexor muSCles respectively). Correction was made for the ' 

gravitational torque created by the weight of the foot and foot-plate 

at these positions. 

(ii) passive range of ankle joint movement. Ankle joint 

flexibility was assessed by measuring the extent to which the ankle' 

COl.lld be dorsi flexed with the subject's foot placed in the foot-holder 

(due to the design of thefoot-holder, the limit of plantar flexion 

could not be assessed in the same way). The value recorded was the 

highest degrees of dorsiflexion reached during 3 attempts to rotate the 

foot-plate upwards as far as possible from the neutral position (sole 

of foot perpendicular to tibia). 

(iii) Resting isometric twitch properties of the dOlOsiflexor 

muscle group. A position of 300 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 
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active tension development. Furthermore, confounding effects arising 

from activity of the antagonistic plantarflexor muscles were minimized 
'.t." 

when the ankle was placed in this position. Elimination of the effects 

~f antagonistic muscles was particularly i~rtant during electrical 

stimulation of the leg (Marsh et al., 1981; Sale et al., 1982). 

Stimulating electrodes for evoking twitches were two strips of aluminum 

foil, approximately 3X5 em in size, connected to a Devices Ltd constant 

voltage stimulator (Type 3072). The cathode was attached to the skin 

overlying the common peroneal nerve near the head of the fibula; the 

anode was situated on the uppermost part of the tibialis anterior 

muscle. This electrode arrangement was chosen over others ~ause it 

required lower stimulus voltages and was less likely to activate the 

tibial nerve. Although the anode was distal to the cathode, the 

stimulating pulses were too brief (50-100 us) for anodal block to 

interfere with irrpulse propagation from the cathode to tibialis 

anterior. 

For these'and all other electrodes, the skin was prepared by 

• 
cleansing with rubbing alcohol; ~ectrode-skin contact waS further 

facilitated by application ~f standard electrode gel. singl~ pulses of 

current, lasting 50 or 100 microseconds, were triggered from a Devices 

Ltd digitimer (Type 3290). The stimulus .intensity' was gradually raised 

to a level supranaximl to that required for maximl twitch tension; 

this level ensured that muscle excitation reItBined complete throughout 

the test. The effective inpedanc:e of the stimulating electrodes varied 

from subject to subject" but ordinarily ,~e maximum stimulator 

intensity setting was between 200 and 300 volts. 

When a maximl twitch had hElen obtained, recordings were made of: 
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(1) the peak-to-peak arrplitude of the compound muscle action potential 

(~wave), (2) the twitch contraction time (CT), (3) the one-half 

relaxation time (1/2 RT) and (4) the . peak level of 

the twitch torque (peak twitch torque, pt ). The respective measurement 

procedures are illustrated in Fig. 3. M-waves were lu:1 off fran the 

dorsiflexor muscle group by placing a stignatic recording electrode on 

the skin over the belly ,of tibialis anterior. A reference electrode 

was attached over the distal tendon of tibialis anteriJt. The 

recording electrcdes Io!ere Beckrran silver cups with 7 nm diameters. A 

silver strip ground electrode was placed between the stimulating anode 

and the stignatic recording electrode (see Fig. 4). The EMG signal was 

preamplified before being ·sent to the variable-persistence storage 

oscilloscope for measurement. 

• Twitch times were measured on,a digital analyzer (Hewlett-Packard 

Type 5480B). The torque-time signal of the twitch was differentiated 

by an electronic circuit to facilitate accurate identification of the 

onset of the twitch and the mori'ent when it reach?d its maxirruni torque;· 

peak twitch torque was measured on the variable-persistance storage 

oscilloscope. Subjects were taught to relax their muscles by listening 

to a loudspeaker connected to the EMG arrplifier. If the muscles had 

been active, adequate rest was allowed before stimulating, because even 

brief activity has been shown to have effects on the twitch response 

(Vandervoort et al., 1983). 

(iv) Potentiated isometric dorsiflexor twitch properties. Subdects 

were instructed to make isometric maxirral VOluntary contractions (MVCs) 

of their dorsiflexor muscles for 5 seconds, in response to a timer 

light mounted in front of them. Several practice attempts were taken 

. '" 
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Figure 3. Analysis of the isometric muscle twitch. 

M-wave = comPOurxl muscle action potent ial, 

CT = twitch contraction time, 1/2 RT = one-half 

relaxation' time. and Pt = peak level of the 

twitch torque. See text. -. 

• 
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( Figure 4. Location of the stimulating and recording electrodes 

on the dors,iflexor muscle group. See text •. 
• 

S: stigmatic electrode 

R: reference electrode 

(Diagram fram Fitch, 1983) 
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to fanriliarize subjects with the ta~. They then made a 5s MVC, 

This relaxed immediatel~ afterwards, ~nd r~eived a twitch stimulus. 

stimulus, timed to elicit a twitch 3s post-exe~cise, was of the same 

. strength' as that for the r~sting twitch. ~wave, contraction time, 

one-half relaxation time and peak twitch torque values were recorded 

for the potentiated twitch. 

(v) Isometric dorsiflex~r maximum voluntary contraction. Subjects 

were given several attempts to achieve as high a torque r~ording as 

possibla during vOluntary contraction of the dorsi flexors. .. MVCs were 

5s in ~urati6n and were timed by a light as in'tQe potentiated twitch 

proc~ure. DuringiMVtss,: single t~itch sti~lUS was a:~ to assess 

whether the subject was able to activate his oi:-hel:-IIluscles opt imally 

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

. had ach~eved fall motor unit activation,' then. the stimulus produced no 
'-../ 

increase in the torque output. This technique of twitch int~rpolation 

during MVC was modified slightly fran that used by Belanger and McCanas 

~!n); in the present investigation the entire dorsif~exor muscle 

group was stimulated, rather than just· the tibia~is anterior "muscle. 

The technique proved useful as a means ,for motivating subjects if 

incomplete muscle activation was present. ·Additional forms of 

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

were: (1) the biofeedback obtained fran th~ El-G signal directed through a loud­

speaker, (2) the visual feedba:::k of the torqUe record on the 

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

wereJQ9ntinqed ~til either no interpolated twitch was present or, in 
• 

the case of incomplete muscle activation, , . 
constant after several additional trials. 

the torque output became .. 
Adequate rest was allowed 



Figure 5. U~ of the stimulus technique to 

assess completeness of moto~ unit activation 

during MVC. The stimulus did not increase the 

. torque record·lf full voluntary activation was 

present. 

• 
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between trials. TI'E highest torque achieved was reported as the 

subject's maxilTlllll voluntary strength. , 

(vi) Resting isometric twitch properties of the plantarflexor , 
muscle group. Initially, the back of the, l~er leg was ~ until 

skin temperature over the plantar flexor muscle group reached 34-37oC. 

The foot-holder was placed at 1000 to optimize plantar flexor muscle 

tension generation and to minimize any confounding action of the 

45 

antagonists during stimulation. Maximal twitches of the plantar flexor 

mU5cle group were evoked via an electrode-holder designed to fit snugly 
V ' ~ 

in the popliteal fossa. TI'E cathode and anode were aluminum foir 

electrode surfaces, approximately 10 an2 in area. Procedures for skin 

preparation were similar to, those used for the dorsiflexor muscle 

group. Maximal plantarflexor twitches were usually 'achieved with 
• , 

stimulus pulse durations of 50 or 100 microseconds, and with intensity ..... . 

settings of 260 to ~OO volts. Stimulation intensity was made 

supramaximal to ensure complete'muscle excitation throughout all test 

procedures. 

The plantar flexor M-wave was recorded with silver cup el~trodes 

b ,those used for the dorsiflexor group. The stignatic electrode was 

placed over the soleus muscle, just below the point where the two 

gastrocnemii muscle bellies seJ;arate. ! reference-electrode ,was placed 

) 

, . 

over-the, ltt:hilles tendon and the ground was located on the tibialis' ~_ 

anterior muscle. Isometric twitch properties were measured with the • 

same methods as those used for the dorsiflexor muscle group. 

(vii) Potentiated isometric plantarflexor twitch properties. 
. -0 .. ' 

(viii) Isometric plantar flexor maxilTlllll VOluntary contraction. TI'E 
-C 

procedures for sections vii and viii were similar to those for the 
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dorsi flexor muscle group. Fir st, subjects pract iCe::l vol"untari ly 

contracting the plantar flexor muscle group as strongly as possible. 

Belanger ar McCanas (1981) had derronstrated previously that the 

plantar flexor muscle group was more difficult to fully activate in a 

MVC than the dorsiflexor group. Therefore, the dorsiflexor group was 

46 

examined first in all subjects, because this order of testing allowed 

familiarization with the aPParatus before plantar flexor MVC trials were 

done. As ~port~ in ,the Results section, all subjects achieve::l 

complete dorsiflexor actiVation during MVC, so this order of muscle 

testing was not detrimental to dorsiflexor MVC values. 

IV. Sub-protocol for Assessing Rel iabil i ty of Measures. On another 

day, measurements of passi ve tension, passive range of ankle joint 

movement, dorsiflexor MVC, plantar flexor resting and potentiated 

isometric twitch properties and plantarflexo~ MVC were repeated on 4 

'males, age::l 69-85 yr, and 3 females, age::l 62-82 yr (note: one woman did 

not complete the potentiation of plantar flexor twitch measurements). 

In addition, dorsiflexor 'and plantar flexor MVe were measure::l on 2 

seParate days for' a 98 yr old woman and a 100 yr old man. See Appendix C. 

V. sub-protocol for Measuring Separate Twitch Times in the Lateral 

G~sti:'ocnemius', Medial Gastrocnemius and Soleus Muscles Irrlividually. 

G:ontrac'tion times arid one-half relaxation times were measure::l for the 

lateral gastrocnemius, medial gastroc.Jemius and soleus muscles of 8 

older males, age::l 69-100 yr, and 7 older females,age::l 62-92 yr. In 

most cases this proce::lure was done in combination with the reliability 

sub-protocol. ' For a few subjects, however, tl'lis test ing was done 

\ 
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du~ing their first visit ·to the laboratory, in conjunction with' the 

main test protocol. S~rrUlar twitch analyses of the lateral 

gastrocnerrUus, rredial gastrocnemius and soleus muscles were perfor:rred 

for 6 young men and 6 young warnen. This was the only protocol in which 

3 of these younger men and 2 of the younger warnen participated. 

Twitches were elicited by stimulating the individual calf muscles 

submaximally via pairs of aluminum foil electrodes, 2X2 ern in 

dirnension. 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 ·t~t 

stimulation was isolated to only the muscle under study. It was found 

that separate, rneasureable twitches of at least 0.5 N.m could be 

obtained with this method (Vandervoort and MCCcmas, 1983); the maxirnal 

twitch of the entire plantar flexor group was also measured in this 

protocol. The order in which muscles were ex~ned was randornizerl. The 

method of twitch tirne analysis has been describerl before in the 

sub-section on "Resting isometric twitch properties of the dorsiflexor 

muscle group". 

(VI) Sub=protQcol for Measuring Cross~eCtional Areas of the 
, , 

Gastrocnemius and Soleus Muscles. Cross-sectional areas (CSAs) of the 

gastrocnerrU us and soleus muscles were obtained for 10 young (23-31 yr) 

and 10 very old (82- 100 yr). males and females (5 per Flge/sex group). 

Ultrasound films showing cross-sections of the lower leg were made with 

the use of the B-Scanner ultrasound irnaging tectIDique (Picker ·model) • ' 

CSAs of the gastrocnemius and soleus muscles were 'then measurerl on a 
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computerized digitizing board (Numonics Clinical Analyzer) in a random, 

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

subjectw~e reported. Five of the young adults p males, 2 females) 

had ultrasounds repeated on another day for the purpose of assessing 

measurement reliability. 

C. DATl\ MANAGEMENT and STATISTICAL ANALYSIS 

A complete set of data fo"r the main testing protocol was obtained 

on III individuals. In a few instances data was missing, due to 

technical failures during the testing procedures or due to subjeCt 
.r 

non-compliance (e.g., some subjects could not completely relax for 

passive tensiori measurements). In these cases, v,31ues were predicted 

/ fran known relationships to other"variables. Some of the subjects 

participated in additional sub-protocols after being selected for 

extreme age and/or willingnes~ to return. An additional 5 young adults 
. \ 

participated only in aJ?ilot study on·th~ individual contractile 

properties of· the lateral·gastrocnemius, medial gastrocnemius and 

soleus muscles (Vandervoort and McCcinas, 1983),. and their data 'lias' 

included with that for other subjects tested in this sub-protocol;. 

Statistical analyses.were done via BMDP computing packages 

(Biomedical programs, University of· California, Los Angeles) stored on 

the HP3000 computer of the McMast~r' Medical Centre's c,anputational 

Services Unit. The data were Etxami~ed with an analysis of vaAance to 

determin~ the ~ffects of the two grouping factors, ~ge·group. and sex~ 

Group means and one standard'.deviation (SO) were calculated to allow 

for assessment of lrithin-group variance and for the analysis of trends 
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in the data. In some cases data were ~ormalized with respect to young 

adults' values to clarify change with age. Significant interactions 

between the two grouping variables were investigated further with the 

Newman-Keuls' multiple-range test of significance for differences 

between several rreans. 

. . 
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III. RESULTS 

A. ReJ.at ionshi p between Age arrl Voluntary Strength 

Voluntary strength of the young 

similar, bJt with advanced acfle clear 

arrl middle-aged adults was 

decreases were observ:a:.?see Table 

4; age group was a significant factor for both the dorsiflexor arrl 

plantar flexor muscles, (p<.OOOl). The mean values for strength of 

" maximl voluntary contraction (MYC) of rtEn arrl waren in each age group 

are contrasted for'the'two muscle groups in Fig. 6; men were 

significantly stronger than waren for both muscles (p<.OOOl in each 

.' case). In both sexes the absolute decrease in ,MVC across age groups 

was much greater for the plantar flexor muscles than the dorsiflexor 

muscles (Table 4) • . ' 
, The influeoce of age on strength was compared between the two 

muscle·groups in another way, by normalizing the data with respect to 

young adult values. The means of each age group of men arrl waren are 

presented as percentages of the corresporrling young adult value in Fig. 

7. The nOrTralized decreases in strength in the older age groups were 

generally the same for the dorsiflexor arrl planta:flexor muscles. Men 

arrl women in their seventh decade had mean strength values which ranged 

fran 80% to 90% of those of young adults; in the 80 to 100 yr olds, the 

corresp6rrling percentages were fran 47% to 63%. Men showed larger 

decreases than women, with the exception ,f plantar flexor MVC in the 

oldest subjects. 

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

decrease after middle-a~see Fig. 6) • To illustrate this trerrl more 
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Table 4. Maximal Voluntary Strength of Males and 
Fenales in the Oiffer~rit_ Age Groups 

Variable Sex , Age Group (Yr) 
20-32 40-52 '60-69 70-79 80-100 

1'\ M 11 10 13 16 13 
F 11 10 10 9 8 

OF MVC Mlf 43.5 37.2 36.2 31.6 24.2 
(N.m) SO 6.5 4.3 7.6 8.6 7.0 

Flf 26.6 25.8 23.8 21.5 16.7 
SO' 4.5 .6.3 3.1 3.9 4.9 

PF MVe Mx 171.1 171.3 136.1 121.1 93.6 
(N.m) SO 33.5 34.0 24.7 30.5 30.4 

FiC 113.3 126.8 96.0 93.6 53.6 
SO 34.7 28.2 25.1 26.8 22.7 

------------------ ---------------------
ANOVA-Results 

OF muscle: 
Sex Effect,F=93 .93, df=l,lOl ,p<. 0001 
Age Group Effect, F=16.43, df=4,lOl, p<.OOOl 

PF muscle: 
Sex Effect, F=54.09, df=l,lOl, p<.OOOl 
Age Group Effect, F=21..14,. df=4, 101, p<. 0001 

Interaction effects were not significant. 

-

51 

, 

• 

5, 



, 
" 

:F-igure 6. Maximal voluntary strength of the dorsiflexor 

(DF) and plantar flexor (PF) muscles in men and 

women aged 20 to 100 yr •. Effects of sex and 

age group were significant in bOth muscle g~oups 

(p<.OOOl for every variable). Means and 1 SO 

are shown; N=63M, 48F, range of 8 to 16 per-group. 
-

Open bars = males. 
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Figure 7. 
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J 
. , 

Nonnalized mean MVC ~es. Percenta~es were 

derived from data of Fig~!-by dlvldlng into 

the afroriate male or fenale young adult 

. mean. ~n bars = males. 
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clearly, indiv~dual " have all been normalized with respect to 

t~ appr~priate YOUn9 adult means and then plotted'against age of the 

subject (Fig. 8). Inspection of the data suggest~ dividing the 

subjects into t~roups for analysis,. 20 to 52 yr olds, and those aged 
" ro to lQlh There was in fact no ~~l-at-ionship between normalized . 

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

-0.043. In the 60 to 100 yr. olds, t~regression of strength on age 

was "statistically significant; a linear correlation coefficient of . " ... 
-.604 was obtained (p< .. OOl) and the regression line equation was: 

NotliZed MVC = -1f.95 (age in years) + 169.2. Havever, except ional 
~ . 

i~ividuals were pr nt in the 60 to 80 yr old age· range whose values 

.. were equal to or greater: than' the average young adult. 

CflIll?leteness of-MOtor Unit Activation during MVC" 

As described in the Methods ~tion, an interpolated stinulus, 

delivered to the a~.al:e motor nerve, was used to test the 

corrplet~'ness of motor unyJpctivation durirlg vOluntarY·eff~rt. All the 

young subjects (aged 20-32) proved cap3ble of fully activating their 

dorsiflexor motor units and the same was trUe for the older adults •. As 

,regards the plantar flexor muscl~, 3 of the 22 young adults .qould not 

corrpletely activate their motor units, nor could 14 of the 63 subjects 

• - aged 60 yr or more. The proportions o~ such subjects did not differ 

.significantly in the young and elderly groups.· All of the middle-aged .. 
subjects achieved full activation of their plantar flexor motor units. 

; . 
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Figure B. Irx:lividual normalize:lMVC values. Percent~ge 

values Were derive:l by dividing each person's DF 

and PF maximal voluntary strength into the 

appropriate ,male or female young adult mean. 

N=lll subjects X 2 muscles. 

'~f normaliz~ MVc on age in 

For the regression 

the 60 years and over 

group, r= -.604 (p<.OOll arx:l the equation was 

Y = -1.295 (Xl + '169.2, N = 13B points. For results 

in subjects age:l, 52 or less, r= -.043, N= B4 points • 
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B. -C,ross-sectional Areas'of the Plantar flexor Muscles in Young am Old 

Aclul~ 

The striking loss of Plantar::ex~ strength was 

investigated further ~ measuring cross-sectional areas of the 

gastrocnemius am soleus muscles in young a0' . ad~' 'As shown in .. . 
. \ 

Table 5, the effect of aging was similar on the' two muscles, henee the 

59 

data was poole:] for further~nalYSis. The combined cross-sectional 

area of the gastroc~mi uS a e~ muscles was significantly greate1: ... . 
in males then fellBles (p<.005, see Table 5). Old men .(age:] 85 to 100 • 

~ yr) a~ old wanen (age:] ~ to 98 yr) had significantly SIlBller 

••• 

.-

cross-sectional 'areas ~an their young adult counterparts (p<.OOl). , ~ An .. 
• exanple of an ultrasoun::l comparison of the l.egs of a young am an' old 

~n can~~ seen in.Fig. 9. O)ient'ation to lan:Jmarks created ~ the ... 

• 

highly reflective interfaces between different types of tissue (e.g. . . 

muscle/connective tissue) allowe:] for tracing of muscle outlines with 

acceptable reliability of measurement (see Ar:pemix C). 

The difference in plantar flexor strength between young and old 

-------adults was greater than that for plantar flexor cross-sectional areas 

(note Fig. 9). Hence, tlie j;trength per c;ross-sectional area of rru.cle 

was significantly less i~ the old (p<.OI, Table 5). These ratios did 

not differ significantty between the sexes (see·Fig. 10). ' • 
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. Table 5. Cross-sectional Area (CSA·)· of the Gastrocnanius 
and Soleus Muscles and Ratio of PF MVc to CSA in Young 
and O~ults ~ 

~ - ' . ---= -------------
variable 

CSA (an
2

) f 
Young /\dul ts 

M F 
, Qld /\dults 
~ M F 

--~-___.01---

Gastr~. if 17.7 15.6 13':2--", 9.7 
. SO 2.8 1.6 

~ Soleus x 18.8 15.7 
SO 3.0 2.0 

"'-canbined x 36.5 31.3 . 
So ') 5.3 2.0 

'7'" 

PF MVC if 168.8 121.1 
(N.m) SO 20.2 44.0 

PF MVC/CSA 'j[ 

(N.nVan2) SO 
4.7 3.93 
0.82.. 1.58 

N 5 • 5 
Ages (Yr) 23-30 23-31 
-------- -----
ANOVA Resul ts 

Canbined CSA: .~ 
Sex EffeCt, F=10.68, df=1,16, p<'005 
Age Effeet,'F=24.68, df=1.16, p<.001 

PF MVC/CSA: 
Sex Effect, F=.433, df=1,16, p>.25 

2.5 
14.8 

2.8 
28.0 
5.1 

81.1 
24.0 

2.88 
0.67 

5 
85-100 

Age Effect, F= 8.81, df=1,16, p<.01 
Interaction effeCts I\Ier.e not significant 

~ 

r 

2.4 
11.1 

1 6 
40~9 

3.8 

64.7 
22.3 

3.05 
0.73 

5 
82-98 

6b 
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Ultrasound i.rnages of the lower leg of men 

31 
. h .'. 'h h~ 

aged 90 and . years. Bot Images ave t e 

same reduction factor; actual leg circumferences , 
re.32.0 an and 35.0 an, old and young' 
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f Figure 10. PF strength relative to muscle CSA in young 

and old men and wanen. Cross-sect ional <" 

". areas (CSAs) of the soleus and gastrocnemius 

muscles were measured using ultrasound 

imaging. Young adults, aged 23 to 31 yr,--had " 

significantly higher ratios than old adults, 

aged 82 to 100 yr (p<.Ol). Sex was not a significant 

~ factor. Mean and 1 SO are shown, N = 5 per ~roup. _ 
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'-
C. Isometric Twitch Characteristics of the Dorsiflexor and 

_Plantarflexor Muscle Groups 

Twitch characteristics of the dorsiflexor muscle group are shown 

in Table 6 (see Fig. 3 in the Methods chapter for a _description of 

isometric -twitch-analysis). The ratio of peak twitch torque divided ~ 

the MVC value was included as an additional variable. Corresponding 

values for the plantar flexor twitch are given in Table 7. The data was 

grouped according to age and sex and statistical analyses of the main 

effects Qf these-factors on dorsiflexor and plantar flexor twitch 

parameters are presented in Table 8 • 

. M-wave and peak twitch torque. For both plantar flexor and dorsiflexor 

twitches, M-waves were significantly smaller in the older age groups 

(Fig. 11 and Table 8) • 
\. -

This aging effect was most pronounced in_the 80 

to 100 yr old category. Males had larger plantar flexor M-waves than 
, 

females; dorsiflexor M-waves were not significantly different between 

the sexes (Table 8). The peak twitch torque was also de:::reased in the 

older age gro~ps. The· effect of age was significant for:both muscie 

groups, as was the effect of sex (Fig. 12). The influence of age ' . 

seemed to be-greater on the plantar flexor M-wave than on plantar flexor 

peak twitch torque (Table 7), whereas in dorsiflexor muscles there was 

c.loser agreement between changes in these two measurements across age 

groups (Table 6). 

The ratios between peak tension and MVC .in the dorsiflexor muscle 
I 

group did not vary significantly between the sexes, nor systematically 

with adv~ncing age (Table ~). The middle-aged groups had the highest .. 
,-

... 
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Table 6. Isometric TWitch -tha"'t!\cteristics of the Resting 
DF Muscle GJ:oup • 
------------------------------------------------------------
Variable Sex Age Group (Yr) -20-32 40-52 60-69 70-79 80-100 -. ------------------------------------------------------------
M-Wave Mif 9.4 9.7 7.0 7.8 5.4 
(mv) SO 2;6 1.5 1.9 3.1 1.6 

Fi( 9.1 10.5 7.9 6.3 5.2 
SO 2.6 2.3 4.0 2.8 2.0 

Pt Mif 4.2 4.5 .3.3 3.3 2.6 
SO 1.5 1.2 1.4 1.3 0.8 

(N .m) F x 2.7 3.7 2.8 1.8 1.7 
SO 1.3 0.9 1.0 0.9 0.8 

P M x. .096 .121 .092 _ .106 .109 
t6 MVC SO .039 .034 .039. .033 .035 
Ratio F x .098 .149 .119 .085 .104 

SD· .037 .046 .039 .035 .033 

CT M x 100.9 110.5 103.9 115.3 125.4 
(ms) SO 7.4 13.4 11.0 15.1 20.8 

F"if 96.4 112.5 115.0 110.0 127.5 
SO 7.8 10.3 9.4 -12.5 .10.0 

, 
1/2 RT Mx 83.6 99.5 101.5, 121.6 125.0 
(ms) SO 10.8 15.0 18.9 22.5 32.0 

F x 83.6 109.5 119.5 118.9 130.6 
SO 12.7 18.8 16.1 28.2 - 29.3 

----------------------------------------------~--------------
See Table 8 for ANOVA Results 
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Table 7. Isometric Twitch'Characteristics of the Resting 
PF Muscle Group 
----------------------------------
VarialHe Sex Age Group (Yr) 

20-3'2 40-52 609 70-79 ,80-100 
----- ------------- '-- -------- " M-Wave Mx 20.7 18.6 13 .3 12 .2 9.5 
(mV) . SO 4.4 3.8 ,4.1 4.2 3.7 

Fx 18.9 15.0 10.5 8.8 6.4 
-~ 

SO 3.5 ,4.8 4.6 2.6 1.7 
/" 

Pt M X' 15.5 16.3 13 .4 1,3 .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 
SO 3.4 3.1 3.2 3.5 3.0 

P
t 
~'x ~ 

.091 .096 ... .098 .114 .133 
to MVC SO .017 .021 .021 ;035 .021 

,5 Ratio F x .126 .116 .125 .. .148 .169 
SO .036 .016 .019 .055 .037 

CT Mx 143.6 168.5 169.6 177.8 185.8 
r 

(ms) SO '13 .3 16.3 13.3 19.3 22.1 
Fx 146.4 ' 179,.0 181.5 182.8 195.0 

SO 20.6 8.4 10.6 23 .2 26.9 
~ ;. 

l/2RT Mx 108.6 . 122.0 116 .• 5 133.1 144.2 
fI/' (ms) SO 12 .3 14.2 16.5 33.3 21.2 

F, x' 123.2 138.5 133.0 142.8 168.8 
SD 12 .1 13.8 20.6 26.6 30.1 

, 

~ See Table 8 fOr ANOVA Results 
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Table 8. Effects of Age and Sex on DF and FE' Twitch 
Claracter istics: AOOVA Results 

Variable Factor 
Age Group Sex 

F Ratio p F Ratio p 

DF Twitch Q 

M-Wave 10.99 <.0001 .02 =.8943 
p . 8.75 <.0001 21.11' <.0001 . p't. 
C¥MVC 4.01 <.005 '.73 .=.3935 

12.47 <.0001 .19 =.6631 
l/~' 13.23 <.0001 ' 2'.21. =.1404 

~ 
PF 'l'wi-t:ch 

<.0005 ... F M-Wave tc. 32.32 <.0001 15.18 • 
P 6.35 <.0005 7.09 <.01 . ~ pt 

<.0001 rJ" cvmc 8.76 <.0001 28.61 
18.85 <.0001 S.Q'1 - <.05 

1/2 RT 10.41 <.0001 15.17 . <.0005 

df for Age Group = 4,101i'df for Sex =.1,101 """"'. 
None of the interaction effects Were significant 
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Figure 11. ~ompound muscle action potentials (M-Waves) 

y' 9f the DF and PF muscle groUps. recorded from 

men and women aged '20 to' 100 yr. For, DF 

muscies, sex was. not ,a significant factor, 

'~t age 'gri>tJp was (P<.OOOl). For PF muscles 

both variables were significant (p<.0005 

,'. 

, , 

for sex, p<.OOOl for age group).' Means and 

1 SO are shown, N = 63M, 48F; range of 8 

.to 16-per group. OPen bars ~ males. 
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Figure 12. Peak torque (Pt ) of the DF 9nd PF isometric 

twi tch in men and wantan agaJ 20 ~o 100 yr. 

t' 

Sex and age group were significaRt factors 

in both muscle groups ~r DF, p<.OOOl for 

both .sex and age group; for PF, p<.01 for 

sex and p.:.OOOS for age group) • Means and 

1 SO are shown, N = 63 M, 48F; range of 

8 to 16 per group. Open bars = ma1e~. 
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mean v~tues for this ratio •. For. th~ntarflexor muscle group, 

increasing age had significant, pos(tive effects on the r~atio of tEak 

twitch torque to MVC (p<.OOOI, see Tables 7 and 8). Femal~s also had 

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

Twitch duration. Contraction tine and one-half relaxation tine of the 

dorsiflexor twitch were increased significartly with advancing age (see 
) 

Tables 6 and 8, Figs. 13 and 14). There was no difference between the 
, -
sexes in these paraneters. For the plantar flexor twitch, contraction 

__ J 

tine and one-half relaxation tine also increased significantly in the 

• , older age groups. In addition, females had'significantly longer 
'A . 

plantarflexo~ contraction ti~s and ·one-half relaxation tines than 
... 

males (Tabl~ 7 and 8). The plantar flexor Contraction ti~w~ger 

than the dorsiflexor contraction tillE,. in all age grrups,.as illustrated 

I" ".. ~. "in Fig. 13. A similar observation/as made when plantar flexor and . ) 

dorsiflexor one-half relaxation ti~s were CO~ed (see Fig. 14). . 
• . . t: " . 

Twitch tines lateral gastrocnemius, ~ial gastrocnemius, soleus 

and plantar flexor muscles stinulated individually: comparisons between 

young and old nen and waren. The ~rolongation of. plantar flexor twitch . . . 

tilJEs with ir'tcreasing age was studied in more detail l:7t eliciting . . 
twitches of the lateral gastrocnemius, ~ial gastrocnemius and soleus , ,. 
~s individually in young and old aduits. Mean contraction tines 

.- for these muscles, and for the plantar flexor twitch, were corrpared 

betw.een 4 groups: males and fema;i.eS in yOung and old age categories. 
- . 

As ill~trat~ in Fig. ~5, the contraction tim:.s were_ significantly 

different ~ween ,th1! m?scles ~ •. OOOI, .~ee Tab~ 9), ~ ~t between 

, .... ~.~ .. .... 
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Figure 13. Contraction time (CT) of the OF and PF 

I 

01\" 

,--..I , 

"I> 

isometric twitch in men and wanen aged 

20 to 100 yr. For OF CTs, sex ~~s not a 

significant factor, but age group was 
\ 

(p<.OOOl) • For PF muscles both~variables 

were significant (p<.05 for sex, p<.OOOl 

fa r age group) • Mffins and 1 SO are shown, . , 
N = 63 M, 48F; range of 8 to 16 per group. 

Op:n bars = males. , 
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Figure 14. One-half relaxation tirre' (1/2 RT) of the OF 

i 

\ 

, 

, , 
" 

and PF isorretric twitch in men and women aged 

20 to 100 yr. For OF 1/2 RTs, sex was not a 

significarit factor, b~t age g'roup was (p<.OOOl). 

For PF muscies, bOth variables were significant 

(p<.0005 for sex, p<.OOOl for age group) • 

Means and 1 SO. are shown, N = 63M, 48Fi 

'range of 8 t:o.,.16 per group. Open bars = males. 
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Table 9. Twitch Tirres of the, ,Irrlividual Triceps Surae Muscles 
, . 
ln Young and Old Adults 
--------------------------------------------~------------~------ . 
Muscle . Men • Wallen ' 

Young O~d , Young Old 
-----------------------------------------------------------------

Contraction Tirre (ms) 
LG 93.3+ 5.2 122.5+18.9 106.7+ 8.8 116.4+17.0 
M3 105.0+17 .9 130.6+16.1 125.8+13 .9 135.0+13.5 
SOL 152.5+19.7 165.0+23.5 160.0+18.2 i65.7+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+21.3 117.5+19.8 113.3+15.4 145.0+42.5 
M3 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 8 7 
Ages (Yr) '22-32 22-31 69-100 62-91 ~-., 

--------~----~------------------------------~--------------------
Values are mean + SO l 
ANOVA Results ' ( , 

CTs: 
Sex Effect, F7'l.07, df=~,23, p>.31 

'·Age Effect, F=16.49, df=l,23, p>.0006 
Muscle Effect, F=82.31, df=3,69, p<.OOOl 
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=l,23, p<.02, 
Age Effect, F=15.18, df=l,23, p<.OOl 
Muscle Effect, F=50.79, df=3,69, p<.OOOl 
. Interaction effects were not significant 
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Figure 15. Contraction time of the lateral gastrocnemius 

.. 

--_:> , 

(LG), rredial gastrocnemius ,(M:;), soleus (SOL) . . :. .' . 

and entire plantar flexor (PF) muscle isometric 

twitch in young and old men and wanen. si9hificant 

differences were found: 'between muscles (p<.OOOl) 

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

exception of SOL CTs. Means afXl 1 SO 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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FigurElt16. One-half relaxation time of the lateral gastrocnemi.us 

" 

,- ..... 

( 

J' 
'\ 

\j. 

(LG), Jredial gastrocnemi us (MG), soleus (SOL) and 

entire plantar flexor (PF) muscle isometric twitch 

in young and old men and wanen. Significant 

differences were found: between muscles , -
(p<'OOOl); between age groups (p<. 001) and 

between sex~s (p<.02)" Means and 1 SO are 

shown, N= 6 YG M, 8 OLD M,--6-XG F, 7'OLD F. 

Respect i ve age ranges of youn~ 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 

tirres overall' (p<. 0006, 'Table 19), rut the effect was not consistent 

across rruscles (there was a significant interaction between age and 

I1UlScle effects (p<.OS), which indicated that th~ differences between 

young and old groups were less pmnounced foi: sorre of the muscles than 

for others). Differences between mean contraction tirres in young and 

old groups, were thus tested for significance iri the case 9f each muscle 

with the Newrnan-Keuls multiple- range test; this analysis showed young 

. and old soleus rrean cont~action, tirres \~ere not significantly different. 

Similar age-wise co~risons of lateral gastrocnemius, medial 

gastrocnenllus ~ plant~rflexor means revealed a significant age 'effect 

in each case (p<.Ol). 

As shown in Fig. 16, old subdects had longer one-half relaxation 

times in the different muscles (p<.OOOl). I? addition, femaleS had 

significantly longer one-half relaxation tirres than males (p<.02, see 

Table 9). The soleus was distinct fran the other muscles because of 

its.prolonged one-half relaxation time (Fig. 16). 

( 

Potentiation of the isOmetric twitch. There ,was a scriking effect of a 

,brief (5s) MVe on a subsequent dorsiflexor twitch. As shown in Table 

10, younger men produced the greatest absolute increase in twitch " 

torque. Potentiation was also expressed relatiye to the resting twitch 

torque; average increases in p;!ak twitch torque ranged between 67% for 

the, "youngest male group to 28% for wanen aged 70' to 79 yr (see Fig. 

17). M-waves and con~!=action times of the potentiated twitches were 

not altered to any extent. One-half relaxation tirres were markedly 

reduced for potentiated twitches and the older age groups had the 

". 
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,Table 10. canpcirison 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) 

M Mean 9.9 9.9 7.0 7 •• 7 5.5 
Diff. Resting K +0.5 +0.2 0 -0.1 , +0 .1' 

F Mean 9.4 10.7 8.0 6.7 5.4 
Diff: Resting ~ 0.3 +0.2 +0.1 +0.4 +0.2 

Peak Torque (N.m) ~L( M Mean 7.0 6.5 4.5 4.4 
Diff. Resting x +2.8 +2.0 +1.2 +1.1 +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 

Contraction Time (ms) 
M Mean 98.6 106.0 103.9 108.8 119.8 

Diff. Resting x -2.3 ' -4.5 0 -6.5 -5.6 
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 (1)15 ) 
M Mean 67.7 81.0 81.5 95.0 ' 104.1 

Diff. Resting x -15.9 -18.5 -20.0 -2~.6 -20.9 
"F'Mean 67.3 93.5 85.0 86.1 ' 116.9 

Diff. Resting x -16.3 -16.0 -34.5 -32.8 -13.7 
-------------------------,----- . 

Note: Variances about the means were similar to 
resting twitch values. 
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Table 11. canpactson of the Resti~ and Potentiated PF 
lsamet~ic TWitches 

85 • 

J. 

. ' 
Sex . ., llge GrQ up 

(h) rr. ~ 20-32 40-52 60~69 70-79' ,BO-l? ./. , • . . 
1'1 Mean 20.7 IB.6 

M-Wave, (mV) 
13.4 12.5 9.7. ~ 

Diff • Resting it 0 O· to.l to.3 to.2 1'"'-F Mean 20.}' 15.0 11.1 B.9 6.7 
'Diff • Resting x +1.2 0 to.6 to.l to.3 

~ \ ........ -,' 
~.-_/ 

Peak TOrque (N.\l1) , \ 

1'1 Mean 23.5 25.5 17.1 16.2 13.B DiF' +B.O +9.2 +3.7 +2.B +l.9 • F Mean IB.3 17.5 n.5 . 14.5 10.1 '. Diff. Resting if +4.7 +3.0 ·+l.6 +l.5 +l.5 

ContraCtion Time (ms) .. 
1'1 Mean . 131.7 149.5 149.2 149.7 161.7 

Diff. Resting x -11.9 -19.0 -20.4 -2B.l -24.1 
F Mean 134.6 167.0 156'.5' 160.6 , 171.4 • 

. Diff. Resting it -11.B -12.0 -25.0 -22.2 -23.6 ,,, 
One-half Belaxation Time (ms) • 

1'1 Mean 93.B 112.0 101.2 114.1 124.9 
~, Diff. Resting x -14.B -10.0 -15.3 -19.0 -19.3 

F Mean 114.4 123".B 115.0 120.4 146.3 
, Diff. Resting if ,..11.B ~- -lB.O -22.4 -22.5 

--- . 
Note: Variances about tile means were silltilar to resting 

twitch values. 
. . 
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• Figure 17. ·Potentiation of the peak torque (Pt ) of the 

DF and PF isometric twitch following a 5s 
.~. .. .. 

. ~- . """ '\ . MVe i~ men and wanen .~ged 20' to 100 yr • 

... 

~ . " 

.. 

., 

• percent increases were calculated with resPect 

to mean Pt' of 

N = 63M, 48F, 

the resting twitch, see Fig. 14. 
l , 

range of 8 to 16 per group •. 

Open bars = males~ 
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greatest absolute decreases. Relativw changes were all in the range of 

15% to 30.%. 

Potentiation of the plantar flexor twitch resulted in absoHrt:.e peak 

. 'I twitch torque increases which we:re consistently greater than those for 

the dorsi flexor muscle (compare Tables 10 and 11). Havever, after 

normalization of values with respect to the resting twitch, the 

increase in ·peak twitch torque was usually greater for the dorsiflexor 

muscle (Fig. 17). Those with the largest resting twitches produced the 

greatest twitch potentiafion. Thus, rrales aged 40 to 52 yr had the 

highest average increase: ~2_N.m or 56%. M-waves of the potentiated . " 

plantarfl~or twitch were not different fram resting values • 

. Both contraction times. and one-half relaxation times were 

decreased in the potentiated twitches of the plantar flexor muscles 

(Tci:lle 11). "".Like the dorsiflexor muscle, twitch dur9tions were reduced 

to a greater extent in the ~ldest subjects. Averaged relative changes 

were between 8% to 15%. In SUlllllat1l, potentiation of the older. person's 

muscle resulted in a twitch that was much more like that of resting 

, ~"·y"ou~ adult muscle; tension developnent had becorne higher and more 

rapid (compare young adult resting twitch pararrete;-s in Tables 6 and 7 

to values for the potent iated twitch of old adults in Tables 10 and 11, 

respecti vely) • 

. , 

Passive tension and 1000. The amount of passive tension 

generated k¥ stretching the dorsiflexor and .-plantar flexor musc1e groups 
.,..,.f 

to their respec1:ive test positions is given in Table 12. Age group was 

not a significant factor.for eitherrrnuscle. Ferrales developed 

significantly less passive tension than males when the dorsiflexor 

t 
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Table 12. Passive Tension about the Ankle Joint at 
300 p arxJ 10Clu 

Sex Age Group (Yr) 
20-32 40-52 60-69 JO-79 80-100 . 

----~--------------------

At ~o of Plantar flex ion (N.m) 
M 

~ 2.3 1.8 2.4 2.0 2.3 x 
SD .9 .7 .9 .7 .7 

F x 1.4 1.3 1.8 1.6 1.3 
SD .3 .4 .7 .4 .4 

At 00 'f ,.( 10 of DorSl lexlon (N.m; ~ 
M x 3.1 3.4 3.5 2.8 2.8 

~F' 
SO 1.0 1.0 2.1 1.1 1.3 
x 2.2 2.6 2.7 2.9 2.8 

• 

SO 0.8 1.1 1.0 0.9 1.0 
---------------------------------------
ANOVA Results 

At 30oP: 
Sex Effect, F=22.22, df=1,101, p<.OOOl 
Age Group Effect, F= 1.90, df=4,101, p=.117, 

MIOOo: ~ 
Sex Effect, F= 3,89, df=1,101, p=.051 
Age Group Effect, F= .53, df=4,101, p=.717 

Interaction effects were not si'gnificant 

89 



., 

90 

llDJscle-teooon colll'lex was stretched to 300 p (~6001). Tl"E sex . 

difference in passive tension developed by the plantarflexor cOlll'lex 

was not statistically significant (p=.0513). Mean values for Passive -
tension across age groups were always greater in the case of the 

plantar flexor muscle-teooon complex. 

• 
D. Flexibility of the Arjc;le Joint • -. 

Tl"E extent to which the ankle could be dorsi flexed decreased with 

advanced age (p<.OOOl); there was no significant difference between the 

sexes in this variable (Table 13). Hcwever, even the oldest subjects 

had considerable flexibility at the ankle (Fig. 18); on average, their 

joints could be dorsi flexed by 300 from the neutral position (sole of 

foot perpendicular to tibia). This limit was the point at which 

subjects felt their ankle could uooergo no further rotation, despite 

the investigator's assistance in moving it. Most older individuals 

could also rotate their ankle into at least 400 of plantar flexion. 

, . 

• 

t 
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Table 13. Effects of Age and Sex on Passive Range of 
Ankle Joint Movement 
-------------------------------' ------------

Degrees of Dorsiflexion from Horizontal 
Age Group (Yr) 

20-32 40-52 60-69 70-79 80-100 

Males x 
SO 

Ferales x 
SO 

PmVA Results 

35.6 
5.7 

37.7' 
3.7 

32.9 29.9 
.. 4.5 '----- 6.7 
34.7 ~ 
.5.0 6.7 

Sex Effect, F= .30, df=l,lOl, p=.587 , 
Age Group Effect, F=8.07, df=4,101, p<.OOOl 
Interaction'effect was not significant 

• 

30.8 
6.8 ) 

27.2 
5.8 

30.8 

2~ 

• 
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Figure 18. 

, 

, 

, 

.. - .. 

, 
• 

Li~t. of dorsiflexion ~.n men a~ wc:rJen aged 

• '_'_ -t 20 to 100 yr. The ~ffect ge group was 
'!-) . 

sIgnifIcant (p<.OOOl) on the degrees of 

dorsiflexion to which the ankle could be 

rotated from the neutral position. Sex was 

not a significant factor. Means and 1 SO are 

shown, N = 63M, 48F, range of 8-16 per~roup. 

Open bars = males. 
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rv. DISCUSS roo 

A.' Relationship between Voluntary Strel'9th and Age 

, . 
Decreases in ,voluntary strength with aging ljeI1erally did not begin 

until the sixth decade' in this sarrple of healthy ad\llts. 
, , , 

. . - \, 

In ternS of absolute torque production, plantarf'lexor MVC decreased 

much more than dorsiflexor MVC with advancing age. The decline in 

strength with 'aging' was 'grealler for men than waren in both muscles, I:ut 

in all age c:{rouFS I1En had higher mean values. When rt;e data was 

normalized with respect to young adult means, the relative effect of 
( 

increasing age was sinrilar on both llUlscles. Ferales generally showed 

less relative change than men, except for plant~exor values in the 

oldest group of subjects. • 1 'r 

Normal izat ion of the data allowed for' corrparisons with other 

studies of the relationship between age and strel'9th in various 
~ , 

muscles. First, the obse!vation that plantar flexor MVC was not, 

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

the results of Fugl-Mejer et al. (1980) and Bel:anger ef!!' ai. (1983), who 

also exanrineatthe plantar flexor muscle group. A'sinriler conclusion was 

reached in investigations of muscles in the hand, arm and shoulder, 

upper'leg (SooJ;tiard, 1969; Shock "and NOfris, 1970;. Petrofsky and Lind, 

1975; MCl'ltoye and Laitphiear, 1977; Larsson et al., 1979; AgneW and '. ' 

Maas,1982). Too nature of 'the relationship between adult age and , 
function is somewhat controversial, because Asnussen et al. (1975) t 

reported in their longitudinal study that middle-aged subjects did have 

significantly reduce:'! handgrip strel'9th when corrparisons were made to 

94 
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~the\r values at a younger age. Changes in actiVity pattern mi~t 
, 

exp~ain this differerx:e am a mC?re rigarausly contralled langi'tudirial -

study would be necessary· ta resolve the issue. Such an inveptigatian , 

would be particularly valuable if several fIlIlscle-.graups were assessed. 

In the present research, :;n attenpt. was made ta match graups .of, , 

subjects at different ages with . .regard ta several faCtars which {)light 

.influence strength. ' These factars ar~ discussed in mare detail- below. 
4 

M'lC .of subjects aged 60 to 100 yr. Several investigatars have reported , 
a differerx:e in str,ength between young adults a~-="~le i'n the seventh 

decade; \>hen these results are compared ta values .of th present study, ' 

• less change was faurxl with' aging in t!1e latter (average = %). For 

exaIlBle, Fugl-Mejer et al. (19~ reported their graup ~f' to 65 yr 
. , \ 

.old men am wanen had, an average, 23% lqwer plantarflex6r strength, 

relative ta young adults: Davies et al.. (1983). fauiifJmean 

plantarflexar MVC ( 'L ~ less in a graup .of men with an average age ~ q~, . 
.of 69 yr (.:!: 1.4, SO)! when CClmpared taa graup .of young men. .other 

values far differences between young am alder graups, with varying age 

-ranges in the latter, tem t? fall between these extremes 1See Table 1 

in the Introductian chapter). 

Sane .of thediscrep:mcy between studies can be explained an the 

basis .of how I1Uch size differed between young am .old subjects~ In 

sel~ sarrple;s .of the PQPJlatian, I:xx1y siz,e can vary considerably 

among graups. ' Sane authars, such as Shock am Norris (1970) ,am 

Mdlooagh et al. (1984), have a!;plied correct ian Mctars .of 8% ,am 18%, .. , ' 

respectively, to their data •. These correctians were meant ta allow far 

the lower weights af'the older men i~ the farrier study, am the lower 

,', 
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heights of the older rren in the latter. 

( " 
\ ' 

"'" In the presen't study, Ixxly size 

"- was similar in the various age groups. Thus, size var-ttion did not add 

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

100 yr olds tended to qe scm::what smaller in stature, but this point is 

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

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

strength of males and females included a crnponent esser f~le size. 

• Subjects in the oldest age group still had about 50% of strength of 

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

consisted of survivors, who ~liVed longer thcin the avera life expectancy. 

~ir "results fell along the rresSion line of strength vers)JS age, made 

in ~ gj:oup of people aged 60 yr or older. It 'is noteworthy that, even 

though very old females were considerably weaker than young wc:rnen, the 

two groups had similar Ixxly weights to support and control. 

B. Possible ElIplanations for the Decreased Strength of the Aged 

(]) First hypoj:hesis: Old subjects' IIUlScles were weak due to inactivity. 

Ck1e factor kn~ to decrease voluntary str~gth is extrane. inactiv~ty such 

• 
as that caused by limb imrobilization (Sargeant et al., 1977; MacDougall 

"-et al., 1980.; Sale et al., 1982; Davies and White, 1983a). A Possible 

~anation for too decreased strength of the aged is that their habitual 

activity pattern was widely different fJ;all the younger adults, thereby 

,creating disuse atrgphy of the lIUlSc;ulature. There are several reasons 
r· , .. 

. why. this hypothesis is tmlikely. . . 

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

activi~y pattern ~~ included exerci~ of the ankle ITD.IScles obtain~ 
A 

during walking and standing. The ~scles acting ~e joint were 

particularly Sui~5 investigati~n becituse ;'f their important 

role in locarotion and in maintaining the upright human posture (Joseph 

~ 
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and Nightingale, 1952; I'linter, 1981). Subjects in the yOW1g and middle-aged 

groups were selected only if they were not engaging in high-resistance 

exercise programs to in=ease strength. Flatten and Rice (1982) have 
, 

reported little change with age in the exter.t to which subjects engaged in 

low force, endurance types of activity in their sample of 30 to 95' yr old 

male and female volW1teers living in the camnmity in an Anerican city. Their 

subjects were similar to those in the present investigation and it seans 

likely that activity levels were reasonably consistent among the various 

age groups examined herein. 
• 

.." An additional consideration is that during nonnal activity, old people 

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

,..--raaults, because absolute strength was reduced in the elderly. Hence, the. 
: ... , 

training benefits fran daily activity should be higher in the ·elderly. 

Unfortunately, a validated instrurrent has not been develope,d for precise 

~tification of the aIlOW1t of habitual activity which 

i.ould specifically enhance muscle strength. Available techniques like 

activity questionnaires and pedareters are sensitive to low-resistance,-

prolonged exercise which mainly :j.nfluences cardiorespiratory endurance 

(Laporte et al., 1983). 
, 

Gutmann and Hanzlikova (1972) have concluded in an extensive review 

of the literature dealing with aging az:d n!,!urcmuscular fW1ction that the 

muscle wasting associated with aging dces not resemble disuse atrophy but 

is a unique fom which trey designated as senile atrophy. Muscle fibres are 

lost with aging but not lost following immobilization. Furthermore, disease 

seems to cause a reduction in plantar flexor twitch times (Davies and White, 

1983a), rather then the prolongation observed with aging in the pres~t 

" study. It should also be noted that activity cannot be the only influence 

on muscle functiGR-because sore rotor units are very rarely recruited 
. ., . ,~ 

during nonnal activity (Hannerz, 1974; Gr:imby, 1984) .. Other factors, such 

I 
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as neurotrophic substances (see Pette, 1980), must be involved in the 

regulation of normal muscle mass. 

A valuable exper:immt On this question would be to test a group of aged 
. . 

CCSTpetitive weight-lifters to observe whether strength was reduced relative to 

a similar grocp of young weight-lifters. It would also be of interest to 

C!etermine whether high-resistance training can increase neuranuscular 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 

awropriate training strategies to elevate themselves aIxlve the normal curve 

of functional decline with aging. There is sate evidence in the literature 

which indicates that exercise programs can lead to increased strength in the 
• 

elderly (Perkins and Kauser, 1961; M::lritani and deVries, 1980; Aniansson and 

Gustafssan 1981). lkJwever, a cx::rrprehensive investigation of the effects of 

strength training on the elderly neuranuscular system has not been published. 

It is not known whether old muscle· fibres retain the capacity to hypertrophy 

in response· to increased danands far tension .developrent; the training effects 

observed· in the recent studies of M::lritani, and de Vries (1980) and Anianssan 

and Gustafsson (1981) were attributed to adaptaticns in the nervous system, not 

in 1WSC1e itself. Unfortunately,. M::lritani and deVries (1980) did not 

directly examine musc~e fibres in their investigation. Aniansson and 

Gustafsson (1981) observed little change in the size of aged vastus lateralis 

. muscle fibres with training, but subjects perfonred calisthenics, rather than 

high resistance exercise. It is possible that their program was not 

" strenuous enough to stirlUllate muscle gr<:h/th. 

• 
(2) Seamd hypothesis: Old subjects did not fully activate lower· m I:or 

• 
neurons dur.ing Mlle. The hYl'Othesis that Old. people were either unable 

'. 
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or unwilling to exert themselves as strenuously as young adults was not 

suf.{Xiii:ed. Tte use of the interpolated twitohduring MVe' showErl that 

old people generally achieved full activation of lower motor neurons. 

This was true in all cases for the dorsiflexor muscles and in most 

cases for the plantar flexor muscles. Belanger and Md:aras (1981) also 
I 

observed that some young adults had difficulty in eliminating 

interpolated twitch increments during plantar flexor MVe trials, whereas 

during dorsi flexor MVe tests. full act i vat ion was rout inely achieved. 

Tte group of old people sele::ted for this study had intact motor 

pathways between the brain and l1UScles tested. Davies et al. (1983) 

reported that tetanic (involuntary) muscle contraction prcrlucErl the 

same plantar flexor torque, relative to MVe, in old men as it did in 

young men. Tteir findings suggested that this sele::t group of old men, 

who sulmitted to tetanic stillUlation, awarently achieved motor unit 

activation levels equal to those of young men. Tte present study gave 

original observations on a large group of elderly rren and waren and shc:A.>ed 

IlOstwere able to achieve full motor unit activation. Even" 

individuals with interpolated twitctes present during plantar flexor MVe . 

were close to a full activation pilttern. Tte neural pathways used.were 
I 

among the l0!1gest in the bcrly and despite reports of brain atrophy with 

aging (see Jones, 1983 for review and Arrlerson et al., 1911.3), 

functional evidence of lesio~ was not found in this part of the motor 

system in the present study. It might be argOOd that minor 

degeneration in descending motor pathways could have been concealErl I:¥ 

~large safety-margin for motor unit activation. Hcwever, the 

. inability of sOlIe young 

muscles fully indicates 

subjects to ~fii::e.t~eir plantar flexor 

that, for thi Ie at least, there is 
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effectively no safety-mergin; therefore, such an explanation for the 

f~ingS in the eld~lY is not valid. 

( The old people in this study were apparently llBking opt illBl use of 

their muscle tens1on-generating capacity, according to the observed 

lack of any increase with the interpolated si:illllius. As noted in the 

Methods chapter, the interpolated twitch technique was also used to 

motivate them during measurement of voluntary strength. Several 

atterrpts at M'lC were made bt all subjects, anq in some cases a str ik.ing 

increase was registered over the first few trials. It was concluded 

that isometric ~trength testing can be used for safe, reliable 

est illBtes of muscular strength even in the very old, providing adequate 

time and explanation is allowed for in the testing procedure (see ~ C). 

Concern that sutrnaxillBl efforts might be gi ven in isometric strengtl) . 

tests (eg. Jones, 1962; Krbemer and Marras, 1980) can be alleviated bt 

use of the interpolated twitch procedure. The observatio.n that 

voluntary strength could be markedly increased bt repetition in some of 

the elderly, suggests that sinple exercise ~rograms could be E7ffective 

in increasing the work capacity of such individuals •. 

(3) Third hypothesis: old supjects had sllBller stature. Differendes in 

size were minpr between young and old adults,' except for the group of 

80 to 100 yr old subjects. In a randanly chosen group of adults that 

included four generations, a larger decrease in height with advancing 

age might be expected (Tanner, 1978), rut the present study sanple was 

a selected, more homogeneous group. The difference in strength in 

people of different heights is presUllBbly 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 geometrical 

similarity among people of different stature is assumed (Haxton, 1944; 

Asmussen, 1968; Ikai and Fukanaga, 1970; Watson and O'Donovan, 1977; Smidt 

and Roger; 1982; Schantz et al., 1983; McCullagh et al., i984). However, 

it may be that old people who are shorter have similar leg lengths 

to young adults and differences in stature are a=unted 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 be~en the age groups in this study are likely of minor 

,-irrq:x:>rtance, 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. ;>ubjects aged 60 yr or rrore were 

generally weaker than young or middle-aged adults. The explanation 

for this observation is that they had less muscle tissue in their lower 

leg than younger adults, since levels of =tor unit aCtivation were generally 

similar across age groups. Hence, rreasurahent of voluntary strength 

provided an accurate estimate of the amJUl1t of excitable mass 

present. Body weight, on the other hand, was not consistently reduced 

in the elderly subjects, nor was the circumference of the aged lower 

legs used in the ultrasound experiment. 
I 

, . 

~ cross-sectional area of the gastrocnemius and soleus muscles 

was significantly less in the group of very old people examined, as 

crnpared to young adults. This finding explained part of the 

difference in strength between these groups. However, naximurn 

plantarflexor strength values were reduced in the elderly subjects rrore 
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than their muscle cross-sectional areas, and hence, their ratio of 

strength per cross-sectional area was significa ly de:::reased. Heights 

were equivalent for these sele:::ted su!::grouFS of the subjects. Young 

and CQ-loIOrkers, who also used ultrasonic imaging methods, reported 

similar findings for the effects of aging on male quadriceFS muscle -
, . 

J 

'strength was more reduced than cross-sectional area in old men (Stokes 

et al., 1983). The effect was different in old women; they had 

equi\alent de:::reases in strength and quadriceFS ~ross-sectional area, 

when co~red to young women (Young et al., 1982). 

Fat and connective tissue may have replaced contractile material 

in the muscles of the elderly, thus occupying a greater relative 

proportiort of the ultrasound images of leg cross-sections in old 

subjects as conpare!d to young. OLE to this replacerrent of one tissue 

try another, the old person's muscle belly may appear to have only a 

minor degree of atroP'lY when examined fran the exterior. Several 

authors have noted in a qualitative manner that increased fat 

infiltration is present in aged muscle (Lowry et aI, 1942; Verzar, 

1959; Jennekens et al., 1971; Bulke et al., 1979; Barkan et al., 1983; 

Lexell et al., 1983), rut precise quantification of the relative 

amounts of muscle vs other) types of t issue in human or animal Ems has 

not yet been attenpted 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 

quantification of the composition of healthy human tissue may be" , , 

possible in the future with irrproved CAT-Scan techniques or with 

advanced nuclear magnetic resonance technology (there is currently much 

~ 
) 
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interest in using these techniques for the assessnent of IlUscle wasting 

in neuromuscular diseases such as IlUscular dystrophy, e.g. Brenton et 

al., 19B1}. 

Whole-body llUscle mass was ~t irrated to be 45% lower in very old 

men (mean age of 90 yr), as conpared to young nen, accord ing to 

measurenents of creatinine cl"earance bt Tzankoff and Norris (1977). 

This figure agrees closely with the difference in strength between very 

old and young men in the present study. Irrleed, conparisons of 

apparent muscle mass over each da::a::le fran the third to the tenth 

reported bt Tzankoff and Norris agree well with the corresponding age 

differences in streng.th in the present investigation. 
.\ 

Barkan et al. (19B3) fourrl a group of men aged 59 to 76 yr (mean 

was 69.4 yr) to have about 12.4% and 1l.7% less IlUscle cross.:sectional 

area in the upper leg and upper arm, respect i vely, than young men. 

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

Tre strength data from the present study, and fran other investigators 

. (see Tci:>le I), would seem to suggest a greater difference in muscle 

mass for subjects tested in these age ranges. It is possible that 

ra::liologic investigation of muscle mass may tend. to overestirrate values 

for old adults, whether ultrasound or CAT-Scan techniques are used • 
./" , . 

Carpound IlUscle action potential. Overall, a da::rease was observed in 

the size of the M-wave recorded from dorsiflexor and plantar flexor 

muscles in older subjects. These changes approximated the ,reductions .i.n 

vol1mtary strength with aging, e.g. the oldest group had mean M-wave values of 

. beo.een 34 to 57% of the·younq adult means ... Campbell et al. (1973) observed 

decreased M-waves fl:an the extensor digitorum brevis (EDB) IIlU5cle in the4" sarrple 
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of subjects aged 60 to 96 yr and they attr ibuted this finding to a 

progressi ve decrease with aging in the number of fuoctioning motor 

units. Motor neurons are apparently lost with aging, according to 

counts of lumbrosacral anterior horn cells (Tcmlinson and Irving, 

1977); in addition, dysfuoction occurs in other motor units (McCcmas, 

1977) • 

In the present study, decreased motor unit.counts were also found 
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in the soleus muscles of 5 very old people (00-100 yr) examined I:7r A.J. 

McCcmas, originator of the counting' technique (McCcmas et al., 1971). 

The av,:.rage motor unit count in soleus was 2832:.83 for these subjects, 

which represents a 70% reduction from ·the mean. for young and 

middle-aged adults (McCcmas, 1977: 52). This change is less than the 

decrease in EDB counts found in the group of elderly people examined 1:7r. 

Carrpbell et al. (1973). This pilot study was not expanded, but it 

would be of interest in a future investigation to compare soleus mo'tor. 

unit counts to those for the EDB muscle -in the same subjects. The 
, 

distal location of the EDB muscle necessitates longer motor neurons 

which nay be more susceptible to perifheral neuropathy (Cavanagh, 1964; 
• 

Sabin, 1982). With regard to aging in aninals, 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 group's.. Differeoces between men and waren in these factors 

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

P83k tension of the isorretr k twitch. ArDther ind kator of the arrount 

of excitable muscle tissue present is the peak tension generated during 

a maxirral muscle twitch. Re:Juca:l peak twitch torque was found in the 
~ . 

twitches of older age groups for both dorsiflexor and plantar flexor 

muscles. For the dorsiflexor muscles, the relationship"between twitch 

tension and voluntary strength, expressed as tPe ratio of peak twitch 

torque to MVC, was similar across age groups. Haolever, 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, lIDre tillE for tension develoPllEnt was 

present in twitches of old muscles. This factor would also explain why 

ferrales had higher plantarfJ.exor peak twitch torque ~o MVC ratios than ' .IJ 

rrales. Perhaps aging did not have the satre effect on this ratio in the 

case of the dorsiflexo.r muscles be::ause twitch duration was not 

increased in older age groups to the sallE extent. " 

Altered tissue elasticity rray have also been a factor in changing 

plantar flexor peak, twitch torque to MVe ratios. TIE absolute passive \ 

tension of the plantar flexor muscle-tendon complex did not vary 

systerratically with increasing age. Haolever, relative passive tension, 

expressed as a percentage of the total tension developed by the muscle 

during active contraction, was greater in the elderly. TlErefore, in I( 

proportion to the arrount of excitable mass present, old people did· 

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

elastic elarent. This change seems to represent a contJensatory effect 

of aging because the efficiency of tension developllEnt is improved with 
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a less compliant series elastic elerent. 

• I 
Irrplications of the change in excitable muscle mass. Despite the 

• 

'-...r.di 
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possibility that old nusc:t-ea.had be::ome' adapted for enhanced tension 

transmission, the average rate.of force development during the twitch 

was cle3rly slowed with increased age. Far exarrple, very old 

plantar flexor 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 

irrportant during protective, reflex muscle contractions. In such 

situations rapid tension development may prevent trauma such as falling 

- a common problem for the elderly (Cape, 1978; Greenwood and Hopkins, 
,.,J.. 

1982; Woollacott et al., 1982). 

Too de::line in muscle mass with aging may be caused by a loss of 

cells; an average de::rea~ of 24% in the estimated nunber of muscle 

fibres in the vastus' lateral is muscle was fo~nd wOOn old men aged 70 to 

73 yr were corrpared to young men by Lexell et a!. (1983). Fibre 

numbers were estil\'Bted fran cross-sectional slices of whole muscle, 

obtained at autopsy following sudden, accidental de3th. This 

percentage de::rease is similar to the change in strength found between 

these age groups in the present study. Lexell et a!. . (1983) did not 
• 

find a significant difference in fibre size between the two age groups, 

rut other authors have reported that Type II nuscle fibres had smaller 

cross-sectional areas in old suqjects (see Larsson, 1982 for review). 

This point remains controversial in the case of Type I fibres - only 

Larsson et al. (1979) have observed a de::rease in their cross-sectional 

area in older suqjects. In other investigations Type I size was 
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unchanged or even increased (Tanonaga, 1977; I"Aniansson et al., 1981; 

Clarkson et al., 1981; Gri~ et al., 1982). 

A decrease in muscle fibre number with age has also been 
. 

demonstrated in rodent hindlimb muscles (Rowe, 197~; Tauchi et al., 

'1.971; GLi:llBnn and HCI'lzlikova, 1972; Hooper, 1981). Sane authors have 

reported increased fibre cross-sectional areas in old anillBls (Rowe, 

1969; Hooper, 1981). In rats, Silberl!Bnn et al. (1983) observed this 

increase for Type I fibres only,. 

The relative proportion of Type I lTIJScle fibres llBY thus increase 
"-

in some muscles of old subjects, due to a preferential atrophy or loss 

of the Type II .fibre co~lement,and a co~nsatory hypertrophy of the 

Type I fibres (Canpbell et al., 1973; Larsson, 1982). It has been 

suggested that Type I lTIJScle fibres have a lower cap:city for isometric 

force developrrent per cross-sectional area than Type II ~bres, based 

on observations of the strength of individuals with different 

co~ositions of lTIJScle fibre types (Kani and Karlsson, 1978; Larsson et 

• al., 1979; Young( 1984). Burke (1981) has also provided eviderr:e that 

Type I fibres produce less specific tension, I:¥ analysis of in?ividual 

motor unit properties in various' leg muscles of cats. Sane, controversy 

exists on this point (e.g. Hulten et al.,' 1975; Maughan et al., 1983), 

bur-if Type I fibres are a relative handicap f<;>r isomettic force , ", 

p~uction, then' old people may be at a disadvantage. 

:rhis disadvantage of Type I fibre predaninance might be expected 

to be more pronourr:ed in dynamic strength tests which require 

concentric contra=tion with rapid force developrrent by the muscle 

fibres (Thorstensson et al., 1976;:C,¥le et al., 1979; Vandervoort et 

al., 1984). However, such an effect lias not obvious in Larsson et 

, 
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al. 's (1979) data, which involved both isorretric and dynamic strength 

measUrenent. This hypothesis should tErhaJ;5 be specifically tested i 

an investigation which includes older subjects than the 60 to 69 

men eXamined by Larsson and co-warkers. 

Greater total change with increased age was present in absolute 

plantar flexor muscle stre~ha,n dorsiflexor muscle strength. These 

muscles are an important ~rt of the anti-gravity extensor group. 

Hence, the ability to control rotation at the ankle joint is illP?ired 

with aging and the problem could be particularly important' following a 

tEriod of disuse leading to muscle atroFOy. In healthy young adults, 
~ , 
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the plantar flexor muscles work at relatively low tErcentages of maximum 

capacity during moderate activities like walking, but in
t 

the elderly 

the reserve or safety margin is reduced. 

C,. S~ of Muscle Cootraction in the Elderly 

As nentioned, both dorsiflexor and plantar flexor twitch tines 

increased in the older age grouJ;5. Similar ,observations were made for 

male plantar flexor muscles i.n the study of .rravies et al. (1983)." 

McDonagh et al.· (1984) !l0ted a trerrl to increased twitch bues in the 

elbow-flexor muscles of old l1S:-¥oung nen that fafled to reach 

statistical significance. .Twitch times for the plantar flexor muscles 
• '. 

'. were longer in the present study for both young and old subjects, as 
." 
co~red to corresponding neasurements in the labOratory of Davies and 

co-warkers. This could be due to differences in the app3ratus for 

recollding tension and in the method of measuring twitch tines. 

'" 

..., 
I 
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Hcwever, the si ze of the change in twitch t irres with aging is simi lar 
. 

in the two studies ,fran different laboratories. Sore possible 

explanations for the p~olongation of the twitch are discussed below. 

(1) First 'hypothesis: change in elastic properties of terCons. The 

'aIlDunt of elasticiotY'in a muscle's terCon'will affect the tirre-.::ourse 

of its twitch, arC a possible hypothesis is that twitch prolongation 

occured with aging .because terCon elasticity had increased, thereby 
..". 

slowing the rate of tension developrrent (Carlson arC Wilkie, 1974). 
J 

But, as discussed in the section "P63k tension of th~ isom:tric 
"-./ 

twitch", elasticity my have ~:=uallY ~nda::reased in the ~lY 

muscles. Possibly because of the reduced excitable muscle rria:;;s, iR. 
, . 

older people, absolute passi ve tensions created in th~ dorsi'flexoj: arC 
, 

plantar flexor mus91e-terCon complexes, t¥ str~tching them~o their, 
, . 

• ' U:: ... 
respective isometric eest positions, were not systematically different 

between young aixl old adults. This result was sOl1EWha~ unexpected as 

B<;rt:elho et ale (l954) arC Canp1jell et al. (l973) had foun:? greater 

resistance to stretch in elderly thumb and great toe joints, . , . ,., 
respectively. Tl:ere may be a difference betWeen these digital ,~nts 

and the ankle in their response to aging that warrants further st~. 

It also pbssible'that stretching or loosenirigup of the connective 

tissue borCs took place duri99 the testing procedures in the present 

investigation (Kottke et ai., i966). An alternative testing procedure 
. , ' 

would be to measure,passive tension using SlTBll sinusoidal Oscillations 

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

, ( 
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(2) Se::orrl hyPothesis: conversion to slower myosin ATPase in muscle 

fibres. 

(3) Third hyPothesis: preferential de::rease in number arrl/or size of 

Type II motor units. 

the 

The errl res~t of either conversion to a slower myosin ATPase in 

sane muscle frbres or of a preferential de::rease in the TyPe II 

motor unit C9'IPlerrent would be to produce a muscle with a longer 

twitch. It is difficult to separate the relative contributions of 
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• . 
these two factors (Canpbell et al., 1973). Whatever the cause, it has 

- ~. 
been reported that the proportion of TyPe I muscle fibres does increase -.- .~ 
with aging, based on several studies of human arrl animal tissue (see 

above arrl Larsson, 1982). 

It might be expected that ~he greatest changes would be obserVed 

in muscles that have the highest initial complement of TyPe II fibres. 

Changes with aging in twitch tines of the gastrocremi us rruscle, 

reported to have aJ;proximately equal proportions of TyPe II arrl TyPe I 

·fibres in young adults, were compared to changes in the soleus rrruscle, 
. ~ 

which is predominately TyPe I in composition (see Varrlervoort arrl 

Mc:Canas (1983) for a discussion of reSearch on these two rrruscles). 

Mean soleus rruscle contra::tion tines were fourrl to be similar in young 

arrl old adults but gastrocnenUus rruscles had significantly longer 

twitches. A greater effect of age was also observed in the twitch of 

the entire plantar flexor group than in the soleus alone. 

Unfortunately, no reports-of comparisons between the fibre composition 

of young r ~ld 
literature. 

An increased 

• 

soleus arrl gastrocnemi us nuscles were fourrl in the 

rruscle activi4:y pattern aJ;pears to prolong t.w~ 

p 

.",. 

0:-

> 
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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. 'Alii disuse resulted in a 'faster twitch contraction time for 

this muscle group in a study of young men whose leg had been 

immobilized (Davies and'White, 1983a). 'The same finping was reported 

for immobilized young rat soleus rruscles' (Witzrrann et al., 1982). It 

is oot koown if this effect would' also occur in old muscle that was 

immobilized. In the present study contraction times were increased in 

the elderly, the opposite effect to the immobilization response. This 

may be another indication 9f the fairly active lifestyles adopted by 

the sarri>le of old people tested - eviderx:e of disuse was' oot present in 

the twitch times. The aging process is clearly more,complex than a 

simple reflection of inc~easing inacti~ity. 

An advantage of a prolonged twitch time-course is that the muscle 

will produce a relatively greater proportion of its total 

tension-generating capacity at a given submaxirral frequency of 

stimulation. In addition, it will exhibit maximum fused tetanic 

tension at a relatively lower rate of firing. Davies aOd White (1983) 

have reported this to be the. case in comparisons of young and oid hurran 

triceps surae muscles. Coosequent1y, old people should ~ more 

efficlent, in the sense that fewer nerve imPulSes are needed to drive 
• 

their muscle contractions. It would be of interest to compare firing • 
r" 

frequerx:ies of young and old muscles during sustained voluntary 
, . 

contractions. The intrarruscu1ar recording technique of Bigland-Ritchie 

and co-workers could be used to monitor motor unit activity (e.g. 

Bellemare et al., 1983). 

, 
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(4) Fourth hypothesis: ·dJange in C/+ regulatory system (am heoce 

change in active state duration). The actual time in which ca2+ is 

bound to troponin following a twitch stimulus, ther~ releasing the 

innibitory influeoce of troponin on actin~osin interactions, may be . . 

prolonged in aged llJ.lscle ( this period of tension generation l¥ the 

ll!iofilarnents has been designated l¥ Hill (l949) as the "active state" 

duration) •. Herre, a fourth factor which could alter twitch times is a 

change in the regulation of free Ca2+ levels in .the, ll!ioplasm. 

Obtaining such information will require the use of techniques like 

els:::tron microscopy to quantify the volurre of the terminal cisternae in 

the sarcoplasmic reticulum ·(cf. Kugelberg am Thornell, 1983). 

~Presently, there are just scant reports of changes in sarcoplasmic 

reticulum of old human muscle (Tomonaga, 1977; Shafiq et al., 1978). 

Aged rats have been shown to have de::reased ·sarcoplasmic reticulum 

volumes in the gastrocnemi us muscle (Q!'Coster et al., 1981), rut aged 

mice had little change in this structure (Ludatscher et al., 1983)". 

Ludatscher et al. (l983) also found enforced endurance running caused 

formation of turular aggregates in. the old mouse gastrocnemius muscles, 

an effect which was not seen in young exercised mice. Differeoces in 

the housing conditions of animals, differences in opportunity for 

exercise, interspecies differences am even variation among strains of . ,. 
a given species can .lead to opposing cooc1usions from research using 

aniIlBl models. , 

As hypothyroidism has been shown to slow muscle contraction 

(L~t et al., 1951; Takamori et al., 1971), a specUlative hypothes~s 

would be that the elderly population tested my have had sub::1inical 

levels of this disease. However, the prevaleree of ·overt 
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hypothyroidism, including untreated cases, has been found to be only 1 

to 2% in elderly community-dwellers (see Carrpbell et al., 1981). None 

of the subjects in the present study reported taking thyroid 

medication. A further argument against this hypothesis i§ the 

observation that some increase in twitch times was also noted in the 

middle-aged adults, as corrpared to 20 to 30 yr. olds. Prolongation of 

twitch times rray thus be due, at least in part, to norrral genetic 

regulation of the developmental/ITaturation!aging sequence in hurran 

neuromuscular function. It is of interest that Rcbbins and co-workers 

(Kelly and Rcbbins, 1983) have observed changes in transmission acros.s 

mouse ne:uranuscular jun:tions beginning at middle-age for the life-sr:an 

of the strain of mice tested. 

D. potentiation of the Isometric Twitch Following MVC 

The isometric twitches of both the dorsiflexor muscles and the 

plantar flexor muscles were clearly changed in all age groups following 

a 5s MVC; peak twitch torque was increased and twitch times were 

shortened. As had been reported before, when twitch torques were 

norrralized with respect to resting values, potentiation of peak twitch 

torque was greater in the dorsiflexor muscles than the plantar flexor 

muscles (Belanger et al., 1983; Vandervoort et al., 1983). This trend 

held for all age groups except the middle-aged category. The reasol1 

for the unique r:attern in middle-aged adults was not clear,. b.Jt: the 

ratios o~ plantar flexor to dorsiflexor MVC were r:articularly high in 

this group. An overall trend of de:::reasecl potentiation with increasing 

age was observed and it may be that at middle-age the dorsiflexor 

-



.r 

114 

mus'61es have been nore affected than the plantarflexor muscles with 

regard to capacity for potentiation. 

The basis of potentiation is ot clearly understood, although 

altered kinetics of muscle-activatin ea2+ is a likely mechanism 

(Burke,1981). The pnenomenon seems to be specific to certain muscles; 

Vandervoort and McCanas (1983) did not observe potentiation in young 

adult human soleus muscles foll(].oling tetanic stitrulation, but it was 

present in the lateral gastrocnemius muscles of the same subjects. 

-
Perhaps the elderly gastrocnemius muscles were also mainly responsible 

for altered properties of the potentiated plantarflexor twitches.. The 

longer twitches of the elderly were nore suscePt~e to the speeding up 

aspect of potentiation which produces not only a l~witch tension but 
. .r 

also a shorrer twitch. A speculative hypothesis about the mechanism for this 

effect of aging is that the amount. of calcium released by the sarcoplasmic 

retiCulum foll(].oling the MIlC was relatively diminished, as CCI1l'aIed to 

young adults~ thereby producing less potentiation and a faster -
co~traction/relaxation cycle. One functional implication of potentiation 

is that ~scle can be put in a state of readiness for contraction by 

a ~ief period of MIlC prior to an intended l1'OVerrent (Belanger et al. , 
'-,' 1-· 

1983; Vandervoort et al., 1983). 

E. Flexibility of the Ankle Joint 

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

the older age groups, although the effect was not pronounced. Even the 

80 to 100 yr old ank~e could be rotated into a position of 31 0 of 

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

females was 27 0 An overall trend can be seen in the data for a 

• 



greater loss of flexibility in women and this has been observed before 

(Bell and Hoshizaki, 1981; Flatten and Rice, 1982). 
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I t is not clear frcrn the present study why the limit of 

dorsiflexion de::reased in the old subjects. The tota:l stiffness of the 

elastic tissue, as measured at 100 of dorsiflexion, did not increase 

with aging, although passive ten~ion was greater, if expressed relative 

to excitable muscle mass. It was not possible in the present study to 

determine whether it was the extent of elongation of the muscle belly 

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

HCloIever, Halar et al. (1978) have shown that moverrent of the hU/IBn 

~ ankle joint in dorsiflexion is permitted pri OJ changes in the 

length of the muscle, and that the Achilles t is relatively 

inextensible. H.ooper (1981) reJ;Orted shorter fibre lengths in hindlimb 

muscles of old mice, due to a loss of sarcomeres with aging. Such a 

change would limit joint range of motion if it occurred in hU/IBn 

muscles, but the author is unawar~ of any studies in this regard. It 

is also possible that degenerative processes had caused bony 

limitations 'to ankle joint range of motion in oldet subjects. In a 

future study, it would be useful to compare passive tensions developed 

at the limit of movement of individual ankles, 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. 

Ccnsiderable flexibility was found in the ankles of this sarrple of the 

healthy elderly. Jud;:Jing frcrn the data of Belland 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 extensi ve use in the healthy, mobile person. Trere· 

is evidence that daily stretching can improve range of motion in the 

elderly (Munns, 1981), although it is not known whether such a prcgram 

could completely prevent flexibility loss in the aged joint • 

• 



V. SUMMARY AND CONCWSIONS 

This investigation has involved observations on the maximal 

voluntary strength and isaretric twitch of the ankle dorsiflexor and 

plantarflexor mU?cle groups in a sample of III healthy men and \o.Cf11eI1 aged 

fran 20 to 100 yr. Additional ccrcparisons of twitch. times of the 

individual muscles in the triceps surae group, aJ}d measllFerrents of 

their cross-sectional areas, were made in selected groups of young and 

very old men and Y.Uren. Surnnary statements reg~ding the effects of 
'i 

aging on the human neuranuscular system are as foll=s: 

1. Reliable assessment of neuranuscular function can be made in 

old adults using measurements of maximal strength- and electrophysiolQ;jical 

techniques. 

2. Maxinrum voluntary isaretric strength of the ankle dorsi flexors 

and plantarflexors was lower in old adults than in young adults. Men 

were stronger $n Y.Uren at all ages. The trend observed in the data. 

was for a decrease in strength follCMing the fHth 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 of men and Y.Uren at all ages were able to 

utilize their descending motor pathways for optimal muscle activation, 

so that an interpolated stimulus of the motor nerve produced no additional 
~ 

tension. Sane subjects needed several practice attenpts to achieve 

this goal. 

4. A decreased excitable muscle mass was the apparent explanation 

for the lower strength of the elderly. 

5. lsaretric twitch times were prolonged and the rate of tension 

development was reduced in the elderly for both dorsiflexor and 

117 
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plantarflexor llU.ISCle groups. An additional observation was that the 

soleus I1UJScle showed less change than the gastrOO1emius I1UJScle. 

6. Capacity for past-activation potentiation of the twitch was 

present, but reduced in the older age groups. 

7. The passive t.ension induced in the d~~exor muscles and 

plantarflexor I1UJScles by 200 of ankle rotation was similar for all 

age groups. ". 

8. The limit of dorsiflexion to whlch the ankle could be rotated 

was reduced as age increased. Considerable novement of the ankle was 

still possible in the oldest subjects. 

Original observations in· this study regarding the effects of aging 

on human neuranuscular function were made by: 

(i) cx:mparing the opPosing muscles of the ankle joint. 

(ii) extending the number and age range of very old subjects tested 
beyond that of previous ~rk which measured voluntary strength, twitch 
tine and' passive tension of these muscles. . 

(iii) using the interpolated twitch procedure to dE!OCll1strate that the 
elderly oould generally achieve fun motor unit activation. 

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

(v) inplementing an ultrasound imaging technique to obtain cross­
sectional areas of ·the soleus and gastrOO1emiUS muscles. 

(vi) inplementing a sub-maximal stimulation technique to cx:mpare 
twitch tines of the gastrOO1emius and soleus llUlSCles. 

Severa.vareas of future research have been noted in the discussi~ 

of the results. These are sUlllllarized below in the form of research 

questions: 

With regard to exercise training programs for the elderly: 

Can maximal voluntary strength of the ankle joint JIlUScles be 

increased by a program of 'high-resistance exercise. gaining? 



119 

With regard to muscle fibre- ~sition in the aged dorsiflexor and 

plantarflexor muscles: 

1. Is there a decrease in the total number of muscle fibres with 

aging and what is the extent of fat and connective tissue replacement -

of muscle in the a~ed limb? 

2. Are there differences between young and old muscle in myosin 

ATPase characteristics or in the ea2+ regulatory system? 

With regard to neurClllUScular function: 

1. Are the elderly at a greater disadvantage for rapid, concentric 
• 

force production than for isometric tension development because of their 

slower rate of muscle contraction? 

-2. Are the more slowly contracting, weaker muscles 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. IDss of muscle strength in the 

disabled elderly is also an ilrq:lortant topic for research. The effects 

of prolonged immobilization on the elderly neurClllUScular system have 
. .... . 

not been docunented; nor have the expected benefits of aggressive , 
rehabilitation. , 

In sl.llllllal:Y, insight has been gained into the differences in 

neurClllUScular function between age groups of healthy\men and \o011en . . ' 

spanning the range of 20 to 100 yr. It is anticipated that this 

infonnation, besides enhancing knowledge about the aging process, will 

be applied to several situatioos: in the practice of clinical 

assessment and rehabilitation of people of different ages, in the 

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

formulation of new research questions. 



REFERENCES 

Agnew, P.J. arxl F. Maas (1982) Harxl function related to age 
arxl sex. Arch. Phys. Med. Rehabil. 63: 269-271. 

Amerson, J.M., B.M. Hubbard, G .R. Ccghill arxl W. Slidders 
(1983) The effect of advanced old age on the neurone 
content of the cerebral cortex. J. Neurol. Sci. 

~ 58: 233-244. 

Aniansson, A. and E. Gustafsson (19811 Physical training in 
elderly men with special reference to quadriceps 
muscle strength arxl morphology. Clin. Physiol. 
1: 87-98. ' 

Aniansson, A., M.Hedberg, G. Grimby and M. Krotkiewski (1981) 
Muscle morphology, enzyme activity and muscle strength 
in elderly men and women. 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: Envirorurental 
PhYsiology: Aging, H63t and Altitude. Eds., S.M. 
Horvath and K. Yousef. New York: Elsevier North 
Holland, PI? 419-428. 

Asmussen, E., K. Fruensgaard and S. Norgaard (1975) A follow-up 
fongitudinal study of sela::t~ !;hysiolcgic functions 
in former !;hysical education stdents - after forty Y63rs. 
J. Am. Geriat. Soc. 23: .442-450. 

Asmussen, E. and K. Heeboll-Nielsen (1961) Isometric muscle 
strength of adult men and wanen. Carm. Danish Natl. 
Assoc. for Infant. Paralysis No. 11. 

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 
maxinal isometric force of triceps surae in _ 
male and female elderly subjects. J. Physiol. 
334: 35P. 

Belanger, A. Y. and A. J. McCanas (1981) Extent of motor unit 
activation during effort. J. ~EPI. PhYsiol.: Respirat. 
Environ. Exercise PhYsiol. 51: 1131-1135. 

... 
\ 

120 

• 



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

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

Bellenare, F., J.J. Woods, R. Johansson and B. Bigland-Ritchie 
(1983) Motor-unit discharge rates in maximal vOluntary 
contractions of three human muscles. J. Neur0physiol. 
50: 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. . 

Barkan, G.A., D.E.-Hults, S.G. Gerzof, A.H. Robbins and 
C.K. Silbert (1983) Age changes in body composition 
revealed by cOmputed tomogra!;tly. J. Gerontol. 
38: 673-677. 

Botelho, S.Y., L. Cander and N. Gui.ti (1954) Passive and active 
tension-length diagrams of intact skeletal muscle in 
normal waren of different ages. J. AWl. Physiol., 
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. Electrany'9r. Electrodiag. 
82: 15-16. 

Brenton, D.P., R.H.T. Edwards, S.R. Grindrod and P.S. Tofts 
(1981) Canputerized X-ray tomogra!;tly to determine 
human skeletal muscle size and composition in healeh 
and disease. J. Physiol. 317: 3P. 

Brooke, M.H. and K.K. Kaiser (1970) Muscle fibre types: How 
many and What kind? An:h. Neurol. 23: S69-379. 

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

Bulke, J.A., J.-L. Termote, Y. Palmers and D. Crolla (1979) 
Canputed'Tanogra!;tly of the' Human Skeletal Muscular 
System. Neuroraclio1. 17: 127-136. 

" 

121 

, 



J 

• 

• 

, 

. 
\ 

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 P~siology. 

The Nervous System. Bethesda, MD: Am. PllYslol. Soc., 
Sect I, Vol. II, chapt. 10, pp. 345-422. 

Burke, W.E., W.W. Tuttle" C.o/Thompson, C.D. Janney and 
R.J. Weber (1953) The ..,relation of grip strength and 
grip-strength errlurance to age: J. AWl. Physiol. 
5: 628-630. 

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

CampbelL, A. ~., J. Reinken and B. C. Allan (1981) Thyroid 
disease i~the elderly in the community. Age and 
Ageing 10: 47-52. . . 

Campbell, M.J., A.J. McCanas and F. petito (1973) 
Physiological changes in ageing muscles. . 
J. Neurol. Neurosurg. PS¥chiat. 36: 174-182. 

Cape, R.D.T. (1978T-'Falling. In: Aging: Its Canplex 
Managerrent. New York: Harper and Row, pp.1l3-136. 

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

Cavanagh, J .B. (1964) Perip,eral nerve changes in 
orthocresyl p,osphate poisoning in the cat • 
J. Pathol. Bacteriol. 87: 365-383. . 

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

Close, R.I. (1972) Dynanric properties of mammalian skeletal 
~ muscles. Physiol Rev. 52; 129-197. 

Corbin, K.B. and E.D. Gardner (1937) De::rease in number of 
myelinated fibres in human spinal roots with age. 
Anat. R~. 68: 63-74. 

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

.. - .. 

122 



\ 

\ 
Davies, C.T.I-!. am M.J. Whij:e (l983) Con.tractile properties 

of elderly human tricipssurae. Gerontol. 29: 
19-25 .• 

, . 
.,J 

Davies, C.T.M. an:j M.J. White (1983a) Effects of disuse 
muscular atrophy on the mechanic~ properties of 
triceps surae in man. J. Physiol. 341: 34P. 

Davies, C.T.M., M.J. White- am K. Young (1983) 
Electrically evoked am voluntary !lBxi!lBl 
isometric tension in relation to dynanric muscle 
performance in elderly !lBle subjects, aged 69 years. 
Eur. J. AWl. Physiol. 51: ~7-43. 

" . .. 
Dill, D.B., M.K. Yousef, T.S •. Vitez, A. Goldman am R. Patzer 

(1982) Metabolic observations on Caucasian men am •. 
waren aged 17 to 88 years. J. Gerontol. 37: 
565-571. 

Edstrom, L. an:j E. Kugelberg (1968) Histochemical composition, 
distribution of fibres am fatiguability of single motor 
units. Anterior tibi"al muscle of the rat. J. Neurol. 
Neurosurg. psychiat. 31: 424-433. , 

Eldel;, G.C.B., K. Bradbury am R. Roberts (1982) Variability 
of fiber type distributions within human muscles. J. 
AWl. Physiol.: Respirat. Environ. Exercise Physio!.' 
53: 1473-1480. 

Ergel, W.K. (l962) The essentially of .histo- am cytochemical 
studies of skeletal muscle in the 1nvestigation of 
neuromuscular disease. Neurol. 12: 778-794. 

Fahim, ·M.A. am N. Robbins (l982) Ultrastructural studies' 
of young am old mouse neuromlscular junctions. J •.. 
Neurocytol. 11:.641-656. -

Fisher, M.B. an::] J.E. Birren (l947) Age am strergth. 
J. AWl. Psychol-. 31: 490-497. 

Fitch, ~.G. (1983) Influence of Muscle Length on Fatigue. M. Sc. 
Thesis, McMaster' unlversity, Hamilton, Canada •. 

Flatten, K. am P. Rice (l982) Plantar flexion strength, 
range of motion am energy expemituuJ<e'in older 

·adults. In: ProC. Se::om Annual Mtg. of Can. Soc. 
,Biomech. Kingston, Ontario, Sept. 1-3, 1982. 

~ 

Forbes, C.B. am J .C. Reina (1,970) l'odult lean body !lBSS 
declines with age; sOme longitudinal observations. 
Metabolism 19: 653-663. \ 

123 

\ 



,~ 

',-- /; 
Fugl-Meyer, A.R., • Gustafsson and Y. Burstedt (1980) 
, _ lsokinetic a sta~ic plantar flexion characteristics" 

, " 

Eur. J. Appl. Physlol.'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. 11: 43-47. --

Gardner, E.D. (1940) De::rease in hunan neurol1Els with( ~'e~ 
Anat. Rec. 77: 529-536. 

Garnett, R.A.F., M.J. 0' Donovan" J.~ SteI;hens and A; Taylor 
(1979) Motor unit organization'of hunan medial 
gastrocnemius. J. Physio!. 287: 33-43. -

I 

Germain, N.W. and S.N. Blair (1983) Variability 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., 

, ~7: 203-208. _ 

Gr~ G., B. Dannesk~61d-Sarsoe,K. Hvid and B. Saltin (1982) 
MorI;hology and enzyrnatic cafScity in arm and leg 
muscles in 78-81 year old men' and wanen. Acta 
Physiol. Scand. 115: 125-134. 

Grirnby, G. and B. Saltin (1983) The ,a9;;ng muscle. 
Clin. Physicl. 3: 209-218. (_ 

GlXh, L. (1968) "TroPhic" influences of nerve on muscle. 
Physiol ~ Rev. 48: 645-687. ; 

GlXllBnn, E. ,and V. !iClflzlikova J1972) Acp Changes in the 
• Neuromuscular !ystem. Bristol~ SClentechnica. 

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

GlXrnann, E. arxl V. Hanzlikolia (1966) "lotC)): unit in old age. 
Nature 209: 921-922. 

• GlXllBnn, E., V. Hanzlikova arxl F. Vysocil (1971) Age changes in 

Gut 

cross striated muscle of the rat. J. Physiol. 219: 
3 1-343.' '" , 
n, EI arxl I. Syrovy (1974) Contraction properties 'and 

myosin ATPase act i vi ty of fast arxl slOW senile muscle 
of the rat. Gerontologia 20: 239-244. 

124 

.) 

" 



• 

• 

, " 

(~ 
Hal'ar, E.M., "{.C. Stolov, B. Venkatesh, F.V. Brozovich ancl J.D. 

Harley (1978) Gastrocnemius muscle belly ancl tenclon length 
in stroke ~tients ancl able-bodied persons. Arch. Pilys. 
Moo. Rehabil. 59: 476-484. 

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

. 
Haxton, H.A. (1944) Absolute muscle force in the ankle 

flexo~s of man. J. Physiol. 103: 267-273. 

'Hill, A. v. (1949) TIE abrupt transition from rest to 
activity in muscle. Proc. R~. Soc. B. 136: 399-420. 

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

Hulten, B., A. Thorstensson, B. Sjodin ancl J. Karlsson (1975) 
L- Relatioaship between isometric en;jurance ancl fibre types 

in human leg muscle!; •. Acta Physiol. Scancl. 93: 135-138. 

~i, M. ancl A.H. Steinhaus (1961) Some factors modifying the 
expression of h~n strength. J. Appl. Physiol. 16: 157-163.' 

Jennekens, F.G.I., B.E:TanlinSon ancl J.N. Walton' (1971) 
Histochemical aspects of five limb muscle,S in old age. 
An autopsy study.,J. Neurol. Sci. 14: 25~276 • 

Johnson, T. (1982) Age-related differences in isometric ancl ,;] 
dynamic strength ancl enclurance., Phys. Ther.' 62: 985-989. 

'Jones, D.G. (1983) Development, maturation ancl aging of 
synapses. AdV. Neurobiol.' 4: 163-222. 

Jones, R.E. (1962) Reliability of muscle strength testing 
uncler varying .rnohvational conclitions. J .. Am. ' 
Phys. Ther: Assoc. 42: 240~245. 

Joseph, J., ancl A. Nighl:'ingale (1952)-:rlectromyography of muscles 
of posture: leg muscles in males. J. Physiol. 117: 484-491. 

Kelly, S.S. ancl N. Robbins (1983) Progression of age , 
changes in synaptic transmission of mouse neuranuscular 
junctions. J. Physiol. '343: 375-383. 

'Kani, P. ancl J. Karlsson (1978) Skeletal muscle fibre types, 
enzyne activities ancl physical performance in young 
males ancl females. Acta PhYsiOl, 'Scancl. 103: 210-218. 

• 

. 125 



',' 

.. 

Kottke, F.J., D.L. Pauley and R. Ptak (1966) The rationale 
for prolonged stretching for correctio~of 
shortening of connective tissue. Arch. Phys. 
Med. R~abil. 47: 345-352. 

Kroemer, K.H.E. and W.S. Marras (1980) Towards an objective 
aSSessrrent of the "maxirral voluntary contraction" 
component in routine mUscle strength measurerrents. 
Eur. J. Appl. Physiol. 45: 1-9. 

Kugelberg, E. and L. Thornell (1983) Contraction tirre, 
histochemical type, and terminal cisternae volurre 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.' 
Physiol. 305: 72P-73P. 

Lambert E.H., L.O. Urrlerdahl, S. Beckett and L.O. Mederos 
(1951) A study of the ankle jerk in ~xe::lma. J. , 
Clin. Errlocrinol. 11': ~186-1205. 

Larrphiear, D.E. arrl H.J. Montoye .(1976) Muscular strength 
, and body' size,. Huran siol. 48: 147-160. 

Larsson, L. (l982) Aging in mammalian skeletal muscle. 
In: The Aging Motor System. Eds., J .A. Mortirrer,­
F.J. Pirozzolo and G.J. Maletta. New York: Praeger, 
pp. 60-95. ' 

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

Larsson, L., G. G!;iml:rf and J. Karlsson, (1979) Muscle strength 
and speed of movement in ,elation 'to age and muscle 
morphology J. AWl. Physiol. 46: 451-456. . 

Lexe11, J., K. Henriksson-Larsen, B. Winblad and M. Sjostran 
(1983) Distribut ion of different fiber types in hurren 
skeletal muscle: effects of aging studied in whole 
muscle cross sections. MUscle Nerve 6: 588-595. 

Lawry, O.H:, A.B. Hastings, T.Z. Hull and A.N. Brown (1942) 
Histochemical changes ~ssociated with aging. II. 
Skeletal,\and cardiac muscle in the rat. J. BioI. 
Chern. 143: 271-280. 

r 

126 



", 

\ 

Ludatscher, R., M. Silbermann, D. Gershon ard A. Reznick 
(1983) The effects of enforce:l running on the 
gastrocnenrius 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 
and J .R. Sutton (1980) Effects of strength training 
and immobilization on human muscle fibers. Eur. J. 
Appl. Physiol. 43: 25-34. 

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

Age Ageing 9: 188-192. 

Marsh, E., D.Sale, A.J. McComas and J. Quinlan (1981) 
The influence of joint position on ankle 
dorsiflexion in man. J. Appl. Physiol.: Respirat. 
Environ. Exercise P siol. 51: 160-167. 

Maughal1', R.J., M. Nimmo, J S. Watson and J. Weir (1983) 
Influence of muscle f bre composition on the 
strength/cross-sectional area ratio in human skeletal 
muscle. J. Physiol. 343: 105P-I06P. 

McComas,A.J., P.R.W. Fawcett, M.J. Canpbe11 and R.E.P. Sica 
!l (1971) Electrophysiological estirration of the number 
of rotor units within a human muscle.'J. Neurol. 
Neurosurg. Psychiat. 34: 121-131. 

McComas, ~.J. (1977) Neuromuscular Function. and Disorders. 
London: Butterworths. 

McCAl.lragh, P., R.J. Maughan, J.S. Watson and J. 'weir (1984) 
Biomechanical analysis of the knee in" relation to 
measure:l'quadriceps strength and cross-sectional 
area. J. Pryysiol. 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. 

Mootoye, H.J. and 
in males and 
109-120. 

D .E. LaI!{lhiea'r (1977) Gdp and ann strength 
ferrales, age 10 to 69. Res. QLErt. 48: 

Moritani, T. and H.A. deVries (1980) Potential for gross muscle 
hypertroPhy in older men. J; Gerontol. 35: 672-682 • 

• 

127 



J 
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 and 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 sllBll biopsy sarrple. 
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. 41: 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. 11: 2627-2633. 

PetrofslCy, J.s., R.L. Burse and A. R. Lind (1975) Canparison 
of {i!ysio1ogical response of wanen and men to 
isometric exercise. J. Appl. Physiol. 38: 863-868. 

Petrafsky, J.S. and A.R. Lind (1975) Aging, isometric strength 
and endurance, and cardiovascular responses to static 
effort. J. AWl. Physi"ol. 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 waren, with special ,reference to age and .body fat 
content. Pflugers AICh. 360: 49:-61. . 

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

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

) 

128 

? . 



QtEtelet, A. (1835) Sur 1 'hornne et le DevelO~IlEnt de ses 
Facultes. Paris: Bacheller, IrrpriIlEur-Ll raire. 

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. ~. Geriat. Soc. 
30:.51-58. 

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

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

Sale, D.G., A.R.M. Upton, A.J. Mc;Cara& and J.D. MacDougall (1983) 
Neuromuscular function in weight-trainers. ~ 
Neurol. 82: 521-531. 

129 

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 lateral is in sedentary old 
FeDple (age 65-89 years). Acta Neuropathol. (Ejerl.) 51: 99-105. 

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

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

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

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

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



I 

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

Sica, R.E.P., A.J. McCanas, A.R.M. Upton and D. Longmire 
(1974) Estimations of motor units in small muscles 
of the hand. 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: l36-l42~ 

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

Sprott, R.I. and B.E. Eleftheriou (1974) 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., F.U. Steinberg. 
Sixth Edition. St Louis: C.V. Mosby, pp. 3-17. 

1 ' 
Steen, B., A. Bruce, B. lsaksson, T. Levin and A. Svanborg 

(1977) BeXly 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. 

Stranska, D.P. and S. Ochs (1982) Axoplasmic transport in 
aged rats. Exp. Neurol. 77: 215-224. 

\ 

Syrovy, I. and E. Gutmann (1970) Changes in speed of 
contraction and ATPase activity in striated muscle 

~ during old age. Exp. Gerontol. 5: 31-35. 

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

130 

(~ 



Tanner, J .M. (1978) .=:Fi:oe::.t::.us2':-=ic:.:n:;,t::.o:::Mai:':n:=-=:c...;;p~hy~S::.l::.;· c~a~l~G::::ro::::wt:::::::h"'=if;::r..::om:.:.: 
Conception to Maturity. London: OJ;en Books, p. 76, 
p. 151. 

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

Thorstensson, A., G. Gri.rnbj and J. Karlsson (1976) 
Force-velocity relations and fiber coposition in 
human knee extensor muscles. J. AWl. physiol. 
40: 12-16. 

Tanlinson, B.E. and D. Irving (1977) The m~nbers of limb 
motor neurones in the. hunan lumbrosacral .cord 
throughout life. J. Neurol. Sci. 34: 213-219. 

Tomlinson, 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. 

/ ' 

Tomonaga, M. (1977) Histochemical and llltrasfructural 
~ha~ges in senile hunan skeletal muscle. J. Am. 

Gerlat. Soc. 25: 125-131. 

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

Tzankoff, S.P. and A.H. Norris .(1977) Effect of muscle.mass 
decrease on age-related BMR changes. J. Appl. 
Physio1. 43: 1001-1006. 

Vanderv()Qrt, A.A. and A.J. McComas (1983) A comparison of 
the contractile proJ;erties of the hunan gastrocnemius 
and soleus muscle. Eur. J. Appl. Physiol. 51: 435-440. 

Vandervoort, A.A., J. Quinlan and A.J. McComas (1983) Twitch 
potentiation after voluntary contraction. Exp. Neurol. 
81: 141-152.. . 

Vandervoort, A.A., D.G. Sale and J. Moroz (1984) ComparisOn 
of motor unit activation during unilateral and bilateral 
leg extension. J. Appl. P~siol.: Respirat. Environ. 
Exercise Physiol. 56: 46-51. 

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

131 



-

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.O'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 
immobilization: length-tension and contractile 
properties of skeletal muscle. J. Appl. Physiol.: 
Respirat. Environ. Exercise Physio!. 53: 335-345. 

Woollacott, M.J., A. ShUllWay-Cook and L. Nashner (1982) 
Postural reflexes and aging. In: The Aging Motor 
sxstem. Eds., J.A. Mortimer, F.J. pirozzolo-
and G.J. Malet~a. New York: Praeger, pp. 98-119. 

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

Young, A., I. Hughes, P. Russel, 'M. J. Parker and P. J. R. 
Nichols (1980) erhe measurarent of quadriceps wasting 
l¥ ultrasonography. Wleumatol.· Rehabil. 19: 141-148. 

, Young, A., M. Stokes and M. Crowe (1982) The relationship 
between quadriceps size and strength in elderly 
wanen. Crin. Sci-63: 35P-36P. 

132 

Fries, J.F. and L.M. Crapo (1981) Vitality and Aging: ~an Francisco: 
W.H. Freeman • ./" II ' 

Grimby, L. (1984) Firing properties of single human rrotor units during 
lCXX1lOtion. J. Physiol.· 346: 195-2<1'2. . . 

Hannerz, J. (1974) Discharge properties of rrotor units in relation 
to recrui1::Irent order in voluntary contraction. Acta PhYsiol. 
Scand. 91: 374-384. 

Laporte" R.E., R. Black-Sandler, J.A. Cauley, M. Link, C. Bayles and .;:. 
B. !:larks (1983)' The assessment of physical activity in older waren: 
analysis of the interrelationship and reliability of activity 
monitoring, activity surveys, and caloric intake. J. Gerontol. 
38: ,394-397. 



133 
APPEl\DIX A 

CONSENT FORM (NORMAL SUBJECTS) 

I have been asked by Dr./Mr. ________ _ if I ~uld,consent 
, , 

to a research study being performed on myself/ __________________ ___ 

I have been told the purpose of the study is to study some of the 

• changes which take place in aging muscle. I underst&nd that the 

study 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 of a~y medical benefit, it is not harmful, carries 

no risk an; is similar. to investigations carried out on patients 

for diagnostic purposes. I further understand that I have the 

-right to withdraw myself/my ,ward from'the study at any time. 

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

above study to be performed on myself/ 

Guardian Date 
• • 

Doctor \ Date 

Witness Date 

~------------~----------- have received: the sun of $ 

in payment for my participation in the above project. 

DATE: 
___________________ SI~ 
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Table A1. Individual Data for ~eight,weight,passi~e 
Tension at 30 0 p and 10"D (PT30D, PT10D), and passive 
Range of Ankle Joint Movement in Dorsiflexion (ROM-DF) 
-------------------------------------------------------
Subject Sex Age Height Weight PT30P PT10D ROM-DF -----,. 

(# ) (Init) (Yr) (cm) (kg) (N.m) (N • m) (degree) 
-------------------------------------------------------
001 AM 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 

'006 HG M 82 164 57.8 1.3 2.2 ' 35 
007 RP M 80 17i 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 
011 DL F 82 155 49.3 1. 5_ 3.0 25 
012 EC F 7l~ 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 63.0 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.l 38 
020 JW 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, 1 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 61 176 94.7 3.4 7.5 20 
029 BW M 77 181 61.5 ,0.6 1.8 40 
030 Me 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 LS 1-1 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 
04.3 NN F 87 161 63.8 1.0 3.2 26 
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Subject Sex Age Height Weight PT30P PTI0D ROM-DF 
(ill (Init) (Yr) (em) (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 87.8 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.-? 3.4 2.5 29 
062 GL M, 79 166 67.8. ,I. 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 ,7 

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 
Q70 JG F 30 162 67.0 1.6 2.9 40 
071 AV F 20 165 56.3 1.3 1.4 40 
072 TC F 29 - I61 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 27 158 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 't1 26 173 64.9 1.3 2.0 38, 
080 JM M 27 . 173 70.3 L8 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 J;J M 30 165 -79.8 2.4 3.6 33 
084 SN F 26 148 45.0 1.3 2.2 31 
085 JS M 31 173 60.3 -' 2.0 2.2 40 
086 CD M 28 laO 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 

f 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 JK M 29 180 70.0 0.0 0.0 0 

• 
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Subject Sex Age Height Weight PT30P PTI00 ROM-OF 
(*) (Init) (Yr) (em) (kg) (N.m) (N.m) (degree) 

093 TV M 28 165 56.0 0.9 2.9 40 
094 O~; M 45 179 59.4 2.4 3.9 30 
095 M 45 184 82.8 1.3 2.0 35 
096 F 41. 169 70.0 O.B 1.1 40 
097 BV M 40 181 c9~.6 1.4 4.1 ~OO 
Q98 CC M 44 183 ~.9 3.3 4.5 3 
099 BC F 40 i59 65.6 0.9 1.2 40 
100 JO M 45 174 80.1 1.2 2.2 40 
101 MM M 40 178 75.5 2.0 3.6_ 30 
102EG F 49 174 67.7 1.7 2.9 40 
103AP F 43 156 56.3 1.3 3.9 30 
104 EK M 44 170 69.7 0.9 2.5 40 . 
105 OP M 43 167 70.6 2.2 5.0 28 
106 ~L 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 3~ 
110 AM M 49 181 81.7 1.5 2.9 36 
111 MM F 44 157 46.8 14.3 3.4 30 
112 LCF 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( 51_0.) 0.9 2.0 28 
--------------------------~--L--------------r------

• 

• 
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Table A2. Individual Data for RestiOj and Rltentiated·"Isanetric 
Dorsiflexor Twitches. Variables are Compound MuscleAc~ion , Rltential (~ave), COntraction Time (CT), One-Half Relaxation 
Time (1/2Rl') and Peak.- Twi tch Torque (Pt) 
-------------------------------------------------------------------

RESTING 'rorENTIATID . 
Subject Sex l'ge M-wave CT 1/2RT Pt M-wave CT 1/2RT Pt m· (Init) (Yr) (Mv) (ms) (ms) (N.m) (Mv) (ins) (ms) (N.m) 

-------------------------------------------------------------------
~001 AM F 70 9.4 100 . 80 1.7 10.0 70' 65 2.9 
002 CM M 90 5.8 130 115 4.0 6.0 ' 115 90 4.6 
003 8M M 78 9.0 '115 150 4.7 9,.0 105 95 7.5 

( 004 liM M 73 7.5 125 125 5.4 7.5 110, 90 6.1 
005 MM E' 66 8.4 125 125 3.7 8.8 110 80 4.6 

I 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 Stl M 75 11.0 10~ 90 4.7 11.3 95 70 7.2 
OO~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 4.3 
011 ' DL F 82 4.5 115 100 2.2 4.8 100 70 3.6 
012 EX:: E' 71 5.0 105 115. 1.3 5.6 85 70 1.4 
013 CM F 67 4.8 130 120 3.9 5.0 115 85 6.0 
014 RL M 70 11.0 110 90 2.7 12.0 110 60 4.4 
015 HE' M 82 4.3 95 80 2.9- 4.8 ~O 70 4.9 
016 DK F 69 3.4 lis 130 2.0 3.4 11s---9'0 2.3 
017 I\.P 'M 73 I 7·4 120 145 2.7 7.4 3a5 135 2.6 
018 VW F 66 9.0 . 110 80 1.2 8.4 85 65 2.1 
019 JG 'M i58 7.8 90 105 4.3 . 6.0 105 110 4.7 
020 JW M 73 15.5 SO' 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 MM 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 
Q?8 JH M 61 6.4 90 90 4.2 6.4 90 60 ' 5.7 ' 
029 BW M 77 5.9 110 125 4.0 5.8 110 110 4.4 r-030 M::: F 62 12.0 115 110 3.4 12.5 105 90 4.3 • 
031 JC M 68 6.0 110 105 2.9 6.1 110 90 4.3 
032 r-w . F 62 4.5 100 140 2.4 4.5 110 110 3.3 
033 CM M 62 6.7 90 90 2.0 6.2 90 " '75 2.8 
034 MR ,F 76 4.3 110 165 1.1 4.5 105 90 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 ~.O 100 75 9.7 

~ rs M ;15 
. 6.6 105 140 • 2.2 .8 85 95 2.3 

03 AS F 63 15.Q 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 OC 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 95 '4.7 



Table A2 Cent 'd , 138 

RESTING POTENTIATED 
Subject Sex lYje M-wave CT "l/2RT Pt M-wave CT 1/2RT Pt 

Uf) (Ini t) (Yr) (Mv) (ms) (ms) (N .m) (Mv) (ms) (ms) (N .m) 

042 8M M 74 3.4 120 140 1.7 3.4 130 120 2.4 ( 2.8 130 
J 

190 . 1.0 2.8 115 145 1.4 043 NN F B7 
044 WS E' 75 8.0 100 110 1.0 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 5.4 100 75 2.1 5.4 100 70 2.4 
047 RP F 91 8.0 120 100 ~.9 8.1 110 85 3.4 
048 OC M 75 9 .. 4. 125 "140 4.6 8.6 120 110 6.4 
049 DE. M B2 6.2 120 160 3.2 6.4 125 115 3.9 
050 AS F 98 3.2 . 135 150 1.7 3.2 155 145 1.4 
051 11'1 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 !lS M 94 . 5.8 .,.135 140 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 CD M 69 6.4 i25 115 3.0 6.6 130 90 4.3 
058 ill 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.'4" 
060 GB M 90 5.4 125 110 1.7 5.4 120 105 2.4 
061 AM . 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.B 150 160 2.4 5.8 155 180 2.4 
.064 Ali M _ 87 2.2 150 l75 0.9 2.5 150 125 1.0 
065 BW M 69 3.6 120 105 2.9 4.8 135 90 5.1 
066 r-f'! M 61 6.4 110 100 1.7 6.1 120 95 3.2 
067 SF F 23 10.5 . 90 85 1.4 10.5 90 65 3.6 
068 KR F 31 ]"0.5 90 BO 2.1 11.0 90 ~5' 5.0 

·069 NG F 24 6.0 100 75 4.9 6.0 90 70 7.3 
070 JG F 30 12.0 ~OO B5 2.7 12.0 95 70 3.3 
071 AV F 20 7.0 90 100 2.1 7.2 90 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 80 1.6 9.0 95 70 2.6 
074 . 'IS M 27 6.8 110 105 5.4 7.4 105 80 7.7.. ' :, 

075 PV F' 27 13.5 ;1.00 80 5.0 14.3 95 65 7.2 
076 S-I M 23 10.1 90 70 4.0 10.4 90 • 65 B.3 
077 JB M 25 5;0 110. 80 . 2.6 • 5.J,. 105 70 3.9 
078 !1M F • 29 10.5 105 105· 2.6 .11.0 100 75 4.9 
079 TB M 26 10.3· 110 75 5.1 J 10.0 105 60 7.7 
080 JM M 27 7.4 90 85. 2.3 7.8 90 65 4.3 
08~ M: M 23 ~.4 95 70 4.7 10.0 90 65 9.5 
OB2 BL' 'F 30 6.3 105 75 2.4 6.3 95 65 2.6 
083 JJ M 30 15.0 105 90 4.7 15.5 105 70 7.7 
084 SN F 26 9.6 80 60 1.3 10.~ 80 55 2.4 
085 JS M 31 9.8 100 gO 3 •. 4 10. 105 75 5.7 
086 CD M 28 . 8.4 100 80 6.9 9.0 ' 100 70 11.4 , 

" • 
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r '-~ • Table A2 Cont'd 139 ... 

RESTING POTENTIATED 
Subject Sex h;je M-wave CT 1/2Ro/ Pt M-wave CT l/2RT Pt 

(#) (Ini t) (Yr) (Mv) (ms) (ms) (N .m) (Mv) (ms) (ms) (N .m) 

087 MH M 27 10.6 100 80 4.6 10.8 95 60 7.5 
088 EC M 28 0.0 0 .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 ?9 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 C.O 0 0 0.0 0.0 0 0 0.0 
093 TV M 28 10.5 100 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 R-I M 45 9.4 115 100 2.0 9.6 110 90 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 
~ OC F 40 7.2 140 145 3.9 

(4 
130 130 3.8 

100 .JD M 45 8·.9 110 95 5.5 8.4. 105 90 8.4 
'101 '1"f1 40 rJ,0.6 "'100 3.3 10.9 

... 
M 85 90 '65 5.2 

2.5 
, 

102 EG F 49 9-;,4 105 115 \9.4 110 105 3.9 
103 AP F 43 10.0 105 90 3.1 ro •. 5 110 75 4.6 
104 EK M 44 11.0 100 90 5.2 13.0~~ 65 7.7 
105 DP M 43 11.0 95 90 4.0 10.0 95 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 JB F ~ 41 9.2 110 110· 3.6 9.4 100 95 5.0 
094 Gi 'W 42- 9.4 100 85 5.3 9.6 100 75 7.6 
110 . AM M 49 1'2.0 115 125 6.2 12.0 105 100. . 8.6 

...,-/ 111 I"f1 F 44 13.0 110 .110 3.2 13.0 105 80 4.6 .. 
~ 

[C E- 41' 9.2 115 120 4.7 9.2 115· 115 . 6.4 
13 ON F 52 12.0 110 120 4.1 12.5 100 95 6.6 

114 I"f1 F 100 5.5 140 '130 0.7 . 5.5 160 . 150 0.6 
115 liN 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 
-------------------~~------------------------------~----, 

( 
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Table A3. Individual Data for Resting and Potentiated ,Iscrnetric 
P1antarf1exor Twitches. Variables are Compound Muscle Action 
Potential (M-wave), Contraction Time (CT), One-half Relaxation 
Time (1/2RI') and Peak Twi tch Torque (Pt) 
---------------------------------------------------------------------

RESTING roTENTIATED 
Subject Sex Pge M-wave CT l/2RT' Pt M-wave CT 1/2RT P

t 
. 

(# ) (Init) (Yr) (Mv) (ms) (ms) (N .m) (t1v) (ms) (ms) (N.m) 

---------------------------------------------------------------------
001 AM F 70 12.0 150 120 11.2 13.0 150 100 14.0 
002 CM M 80 10.5 175 135 16.0 13.0 125 125 23.6 
003 -'13M ~1 78 11.5 200 210 15.2 14.5 145 180 17.9 
004 HM 1'1 73 6.4 165 125 22.9 6.9 145 115 22.9 
005 M'1 F 66 8.8 190 120 14.3 7.6 . 160 100 14.3 

"" 006 HG M 82 15.5 170 125 12.3 15.5 155 95 . . 12.3 
007 RP M 80 12.0 215 135 11.3 12.5 195 120 11.6 
008 !:W M 75 19.5 160 150 12.9 20.0 140 120 15.4 
009 MD 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 
011 OL F 82 7.8 185 135 .12.5 8.4 150 105 14.3 
012 EX: F 71 8.6 180 195 15.7 9.0 175 173 17.3 

, 

013 CM ·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 11.8 
'015 HF M 82 4.4 185 170 10.0 4.4 i50 160' . 9.7 . 
016 OK F 69 11.5 1~5 1~5 13.2. 12.0 145 '105 ·.16.8 
017 AP M ' 73 14.5" 215 190 . 16.4 14.5 170 165 . 15.4 
018 VW F 66 7.5 175. 150 . 15.4 6.5 140 130 20.7 
019 JG M 68 11.0 160 115 12.9 13.0 125 95 19.0 
020 JW M 73 13.8 160 120 13.9 17.5 140 105 . 21. 3 
021 ME F 72 8.0 , 210 130 11.1 , 8.0 180 Ill.:, _ ~~b;:";';' 
022 CE M 73 10.5 185 140 . 11. 3 10.0 160 . HO --14.3' 
023 JR M 75 8.0 175 130 14.8 8.0 145 105 17.5 
024 M'1 M 60 20.5 165 100 12.2 . 23.5 145 70 16.8 
025 KD M 73 16.0 180 115 17.2 15.0 125 100 21.8 
()26 JO M 71 14.0 160 100 15.6 16.3 145 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 10.5 140 100 23.5 
029 8W M 77 14.0 190 115 11.1 12.8 160 115 11.1 
030 M: F 62 8.5 175 145 10.0 12.0 140 130 12.9 
031 JC M 68 8.0. 190 125 13.2 6.5 170 100 15.0 

. 032 1'1N F 62 14.0 195 130 ~ 17 •. 9 14.3 170 110 21.5 
033 OM M 62 . 9.5 155 105 15.2 10.0 125 110 20.4 
034 MR F 76 10.5 195 175 11. 3 11.0 165 130 .12:5 
0.35 MH F 77' 7.4- 160 125 .8;9 8.0 140 105 12.9 
036 RE M 61 9.5 175 95 10.0 8.5 175 80 10.7 
037 LS- M' 65 19.0 160 110 10.7 19.0 135 90 ,16.1 
038 AS F 63 21.0 180 120 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 
<in MV F 63 3.8 170 110 9.1 3.7 155 95 8.6 

.... 



Table A3 Cont'd 141 

RESTING roTENTIATED 
Subject Sex i'ge M-wave CT 1/2RT Pt -wave CT l/2RT Pt 

(# ) (Ini t) (Yr) (Mv) (ms) , (ms) (N .m) (Mv) " (ms) (ms) (N .m) 

042 8M M 74 7.0 175 155 10.0 7.0 160 130 "11 •. 8 
043 NN F 87. 3.2 205 210 , 10.4 

,. 
3.8 185 ' 185 11.4 

04'4 WS F 75 6.0 175 120 17.9. 6.6 170 105/23.6 
045 BL M 69 n.o "17(1 135 12.5 12.3 140 no 19.3 
046 HL M 85 13.0 170 110 11.1 13.0 155 100 12.2 
047 RP F 91 8.2 145 130 8.9 7.4 145 111 10.7 
048 ' OC M 75 16.0 200 140 16.5 16.5 165 130 28.6 
049 DE, M" 82 9.3 190 145 15.7 9.0 170 120 17.9 
050 AS F 98 5.2 220 17El 8.2 5.7 200 155 7.7 
051 M-I M 74 5.0 175 85 5.4 4.0 140 90 8.0 

~ 
052 Fa 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 i2.7 
054 BS M 94 12.5· 180 130 10.9 10 150 115 15.2 
055 LS F 79 7.2 205 145 9.8 7.4 150 125 10.7 
056 JC F 82 8.0 195 145 11.1 9.4 140 115 10.7 • 657 CD M 69 14.0 175 135 11.1 14.0 \'. 145 115 12.9 
058 [D F 62 10.5 200 175 10.9 13.5' 190 160 12.5 
059 NS F 82 6.3 175 200 6.8 7.0' 165 180 9.1 
060 GB M 90 ~9.L 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 Ali M 87 3.4' 200 150 7.5 2.6 190 130 7.9 
065 BW M 69 14.0 175 115 20.7 ' 14.0 ' 165 125 29.3 
066, M-I 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 

-'168 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 JG F 30 21.8 150 140 12.2 2Lg1' 130 120 17.5 
on 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 ~ F 31 19.5 • 155 140 15.7 19.5 150 125 18.6 
074 ,'lB M 27 ?1.0 155 115 15.7 21. 5 130 115 20.7 

r 075 PV I'F 27 23.5 140 130 17.2 25.8 120 110 28.6 
076 SM 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 
078 KM F 29 13.3 180 120 • 10.7 13.5 170 no 11.1 
079 'lB M 26 24.5 145 95 11.4 22.0 150 " 90 14.7 
080 JM M 27 -"n.8 155 115 10.7 10.0 144 102 19.5 

'081 M: M 2~ 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 JJ 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 no 21. 5 



.) Table A3 Cont'd 142 

RESTING PJTENTIATED 
Subject Sex I'ge M-wave CT l/2RT Pt ~-wave CT 1/2RT Pt . 

(# ) (Ini t) (Yr) (Mv) (ms) (ms) (N .m) (Mv) < (ms) (ms) (N .m) 
, 
087 MH M 27 24.0 140 110 18.2 '26.3 140 90 ,22.2 
088 K: M 28 0.0 0 0 0.0 0.0 0 0 0.0 
089 KB F 22 0.0 0 0 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 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 
095 RM M 45 18.5 175. 120 17.5 21. 5 140 110 39.3 
096 

~ 
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 CC M 44 18.8 180 125 20.9 17.5 150 115 32.8 
099 OC F 40 15.5 190 170 ' 10.9 16.5 165 150 1~ 
100 JD M 45 15.0 165 115 12.8 13.5 165 115 18.5 
101 MM M 40 21.0 155 115 17.9 21. 5 130 115 29.7 
102 EG F 49 10.0 190 13.0 10.4 9.0 195 118 12.5 
103 AP . F 43 15.5 170 140 14.3 15.5 150 130 17.9 

J 104 EK M 44 19'.5 140 105 20.0 19.0 150' 95 22.9 
105 DP M 43 14.0 175 120 9.7 14.0 160 90 11.4 
106 HL F 42 21.5 190 130 13.6 22.6 185 115 13.6 
'107 SK F 47 20.0 170 140 18.6 21.0 165 130 23.6 
108 ' JB F 41"", 12.0 175 150 19.0 12.0 180 125 22.2 
109 GI M 42 23.5 155 110 12.5 22.0 130 100 23'.6 
110 AM M 49 21.5 170 120 16.5 22.0 130 110 27.2 
111 MM F 44' 14.5 180 140 14.1 15.0 165 115 17.2 
112 LC F 41 9.2 175 120 17.5 7.0 125 110 21.5 
113 ON F 52 21.5 180 .135 11.6 21.5 185 130 12.9 
114, ~F 100 6.1 230 170 2.9 6.1 196 149 2.9 
115 HN M 98 7.4. 220 160 13.6 7.8. 200 125 13.9 

\ 
116 MH F 87 6.0 205 190 8.2 6.0 190 170 13.9 
-----------------------------------------------------------

. ~ 

• 
, 

• 

.. 
-
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Table M. Ind i v id ual Data for Maximal ,Voluntary 
Contractile Strength (MVC) of tho;! Dorsiflexor 
(DF) and Plantar flexor ( PF) Muscles 
------------------------------------------------

Subject ., Sex Age DF MVC PF MVC 
(# ) (Init) (Yr) .. (N .m) (N .m) 
------------------------------------------------
001 AM F 70 24.0 70.1 
002 eM 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 

~ 
82 25.2 93.7 r-

007 RP 80 27.5 70.1 
008 SW' M 75 32.9 139.4 
009 MD F 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 23;-5 . 65.8 
014 RL M 70 24.3 85.8 
015 HF 'M 82 21.7 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 JW M 73 26.3 128.7 
021 ME F 72 23.5 100.1 
022 CE M 73 29.2' 121-.6 
023, JR M 75 54.3 146.6 

t 024 MM M ,60 31. 5 143.0 
{)25 KD M 73 37.2 164.5 . ' 026 JO M 71 38.6 146.6 
027 SP M 67 ' 44.3 13 2. 3 
028 JH M • 61 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 1;2 5. 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 

.. 036 RE M 61 35.0 107.3 
037 "ts 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 ;0,. 
0'43 NN F 87 17.2 54.3 

" 



Table A4 Cont'd 144 

Subj ect Sex Age OF MVC PF MVC 
(# ) (Init) (Yr) (N .m) (N .m) 

044 WS F 75 22.6 114.4 
045 HL M 6~., 37.2 13 5.9 
046 HL M 85 31. 5 77.2 
047 RP. F 91 20.0 62.9 
048 BC M 75 38.6 177.0 
049 DE M 82 35.8 13 9.4 
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 [,S F 79 ?-7.2 75.8 
0·56 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 18.3 94.7 
063 AM M 92 18.9 7J.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 12'll.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 Ip8.0 -. 
076 SM M 23 40.0 193.1 'J 

077 JB M 25 38.6 194.8 
078 KM F 29'~ 27.5 60.8 
079 TB M ~:z6 37.2 100.1 
080 JM 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 "" 41.5 221. 7 
088. PC M 28 0.0 . 0.0 ! 089 KB F 22 0.0 '0.0 
090 NK F 29 0.0 0.0 
.' 

J 
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Table A4 Cont'd 145 

Subj ect" Sex Age DF MVC PF MVC 
(# ) (Ini t) (Yr) (N.m) (N • m) 

091 JB M 32 0.0 0.0 
092 JK M 29 0.0 0.0 
093 TV M 28 35.8 175.2 
094 DB M 45 28.0 144.8 
095 RM M 45 41. 5 207.4 
096 PY F 41 22.9 143.0 
097 BV M 40 36.2 171. 2 
098 CC M 4A 38.0 218.7 
099 BC F 40 15.2 91. 3 
100 JD M 45 35.8 137 :9 
101 MM M 40 38.6 202.0 
102 EG F 49 28.6 103.7 
103 AP F 43 22.6 100.1 
104 EK M 44 42.2 160.9 
105 DP M 43 35.8 128.7 
106 HL F 42 ,31. 5 150.2 
107 SK F 47 30.9 143.0 
108 JB F 41 22.3 157.3 
109 GH M 42 34.3 137.6 
110 AM M 49 41.5 203.8 
III MM F 4'l\ " 2;2.9 1l0.8 • 

112 LC F 41 37.2 168.0 
113, DN F 52 24.0 100.1 
114 MM F 100 5.9 16.1 
115 HN M 98 28.6 93.0 
116 MH F 87 18.6 50.1 -' 
--------------------------------------------

-, ' 

" 

! . , 

\ 
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Table A5. Individual Data for Resting Isometric TWitch Characteristics 
of the Lateral Gastrocnanius (LG), Medial Gastrocnanius (MG), 

,Soleus (SOL) and Entire P1antarflexcir (PF) Muscles. Variables 
are Contraction Tilne and One-half Relaxation Tilne 
---------------------------------------------------------------------

CONTRACTION TIME ' 1/2' RE[AXATION TIME 
Subject Sex Pg'e LG ~G SOL PF LG MG SOL PF ' 

(# ) (Ini t) (Yr) (ms) (:ns"j 
---------------------------------------------------------------------
007 RP 1'1 80 120 150 160 205' 130 170 170 125 
011 DL F 82 110 160 160 185 170 140 230 140 
012 EX: , F 71 120 130 180 175 120 125 220 175 
,015 !iF M 82 ' 125 110 165 165 130 100 190 150 
025 KD M 73 140 135 175 15~ 90 120 155 100 
032 i'W 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, 87 135 125 145 165 200 140 ,260 180 
044 WS F 75 110 120 160 145 100 90 195 115 

'045 ~L M 69 110 130 160 160 120 130 190 120 
046 HL M 85 110 120 130 160 100 95 145 100 
047 ' RP F 91 110 145 205 145 95 110 240 130 
048 llC M 75 145 140 190 200 150 125 170 140 
051 FB M 100 90 110 140 145 100 195 170 '185 
061 AM ~' 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 'ffi M 27 100 130 185 155 90 llO 200 115 
075 PV F 27 100 140 , 170 135 110 145 160 145 
085 MJ M 23 95 115 130 130 95 125 125 120 
088 PC M, 28 95 105 150 130 60 90 130 110 
089 'KS F 22 105 145 160 ·135 130 140 145 145 
090 NK F 29 115 125 175 150 115 120 160 115 
091 JB M 32 90 80 165 140 100 105 205 145 
092 JK 1-1 29 85 90 145 140 55 85 115 100 
093 TV 11'- 28 95 110 140 140 105 85 120 105 

, , 
----------------------------------------------------------

./ \ 

• , - ) 

.J 



147 

, 
Table A6. Individual Data for Cross-sectional 
Area of the Gastrocnemius and Soleus Muscles .-:0 -----------~-----------------~------------------
Subject Sex Pge Cross-sectional Area (CI1\ 2) 

(# ) (Ini t) (Yr) -.. . 
Soleus GastrocnemlUS 

------------------------------------------------
011 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 91 9.99 9.90 
050 AS F 98 5.63 9.35 
'052 Fa M. 100 10.96 15.17 
056 JC F 82 11.66 13.18 
060 GB M 90 14.10 16.23 
063 11M M 9.2 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!V F 27 16.38 15.26 
076 s-t M 23 18.67 23.50 
078 KM F - 29 14.53 18.82 
080 JM M 27 15.57 16.58 
082 BL -• F 30 15.44 16.34 
083 JJ M 30 21.86 20.11 
{l85 JS M 31 17.39 17.65 
093 TV M 28 14.92 16.28 
---------------------------------------
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APPFlIDIX C 

Reliability of Me,u;urerrents Made on Two Ser:erate Days 
------------------------------------)---------------------------------
Measure 

• 

Passi ve Tension 
At 10~ (N.m) 
At 300 p (N.m) 

Range of motion (0 OF) 

PF Resting Twitch 
M-Wave (Mv) 
CT (ms) . 

1/2 RT (ms) 
P

t 
(N.m) 

PF Potent iated Twitch 
M-Wave (Mv) 
·CT (ms) . 
1/2 RT (ms) 
P

t 
(N.m) 

OF MIlC 
PF MIlC 

• 
Gastrocnemi us a2? 
Soleus CSAs\cm ) 

Mam 1 

2.8 
1.7 

31.3 

12.0 
187.1 
133.6 
13.4 

12.6 
155.8 
107.5 
16.8 

25.9 
98.6 

Mean 2 

2.5 
2.0 

33.0 

11.9 
180.0 
131.4 

12 .2 

12 .5 
147·.5 
117.5 

18.5 

26.5 
100.7 

17.84 

ME (V) 
% 

10.0 
17.9 

9.0 

11.0 
5.4 
7.2 

10.8 

8.8 
5.8 

13.0 .. 
12.9 

3.2 
11..1 

5.8 

Pairs of 
Ol:servat ions 

7 
7 

7 

7 
7 
7 
7 

6 
6 
'6 
6 

9 
9 

10 

For ~eliability assessrrents, all subjects were over 60 yr of age, 
except in the case of ultrasourrl rreasurerrents, for which young . 
adults were used. There was at least a week between tests. 
tiooe of the means were signifiqantly different: ...... 

, The uethod error statistic for rreasU1"arents made twice' on a group 
. of subjects is calcUlated usirig the formula: 

ME ~L(d-d!2 / 2n-l 
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• 

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

ME was expressed as a coefficient of variation via the formula 
• 

x 100 • 

• 




