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Abstract
Maintaining adequate levels of functional capacity and mobility are 

central to preserving an independent lifestyle and high quality of life, but 

deteriorating physical performance and diminished functional capacity are 

common features of ageing. The rate and scale of deterioration in the 

performance of particular activities, along with those factors which underlie it, 

are less well established.

A number of factors may limit physical performance including muscular 

strength, endurance, balance and coordination, whose relative importance will 

vary between activities. The investigations detailed in this thesis have examined 

the relationships between changes in muscle function with age, and the 

performance of activities to which the legs are central, particularly the vertical 

jump. The contribution of flexibility and balance to successful performance in 

young and elderly subjects has also been examined.

A clear age related decline was evident in a number of activities, and 

most obvious in the vertical jump. In a group of 10 males aged 70.1 

(SDHh3.95) years the mean vertical jump height attained was 0 .12(SD Ji0.02)m, 

compared with 0.40(±,0.02)m in a group of 10 males aged 26.7 (SDJi2.3) 

years. A similar age related decline in performance was evident in females, 

and this was associated with a decrease in strength and power.

One striking observation was the considerable variation in performance 

between apparently similar individuals which, within an age group correlated 

only weakly with muscle strength and power. A poor correlation was found 

between performance in the vertical jump and power in young subjects, 

suggesting that other factors may change with age such as balance, flexibility 

and coordination. On examination however, the latter factors were found to be 

no more variable in the elderly than in the young. Consequently the major 

change associated with the decline in performance with age is the loss of 

strength and especially power of the quadriceps, which was well correlated with



jumping ability.

In females the age related decline in power was attributed to a loss of 

strength, but in males deteriorating muscle strength was accompanied by a 

reduction in maximal velocity of shortening. This in turn seems to be a 

function of the loss of fibre numbers and particularly the relative atrophy of the 

fast, type II fibres whose cross-sectional area was the best predictor of jumping 

ability.



Acknowledgements

I would like to express my gratitude to my supervisors, Prof. David A 
Jones and Dr Joan M Round, for their guidance, encouragement and 
considerable patience during the years which have led to the completion of this 
thesis. Special thanks are due to the great facilitator, David McIntyre.

Sincere thanks to those, too numerous to mention, who willingly 
volunteered to participate in my experiments. Thanks also to those who 
submitted less readily.

Finally, thanks to my Parents, my wife, Nina, and our friends, for 
putting up with me over the past few years.



Contents

List of figures 
List of tables

1 Introduction 1
1.1 Biological and social perspectives on ageing 2

1.1.1 Introduction 2
1.1.2 Theories of ageing 2
1.1.3 Genetic control of ageing 3
1.1.4 Cellular injury and ageing 4
1.1.5 The consequences of ageing 5
1.1.6 The ageing population 8
1.1.7 Summary 10

1.2 The ageing muscle 11
1.2.1 Functional characteristics 11

1.2.1.1 Muscle strength 11
1.2.1.2 Isometric strength 12
1.2.1.3 Dynamic strength 13
1.2.1.4 Speed of movement 14
1.2.1.5 Force-velocity characteristics 15
1.2.1.6 Summary 17

1.2.2 Morphological features of ageing muscle 19
1.2.2.1 Muscle size and cross-sectional area 19
1.2.2.2 Muscle fiber number and area 21
1.2.2.3 Muscle fiber type proportion 23
1.2.2.4 Neural regulation of ageing muscle 25
1.2.2.5 Patterns of activation and recruitment 26
1.2.2.6 Summary 27

1.3 Ageing, muscle function and physical performance 28
1.3.1 Muscle function and physical performance in young subjects28
1.3.2 Summary 31
1.3.3 Ageing, muscle function and physical performance 32
1.3.4 Summary 35

1.4 Conclusion 35

2 Methods 37
2.1 Introduction 38
2.2 Subjects 38
2.3 Consent and health screening 38
2.4 Measurement of isometric quadriceps strength 39
2.5 Measurement of vertical jump height 42
2.6 Measurement of weight 47
2.7 Measurement of height 47
2.8 Measurement of balance 49
2.9 Statistical methods 53

2.9.1 Differences between groups 53
2.9.2 Differences within groups 53



2.9.3 Correlation and regression analysis 53

3 Physical performance, mobility and ageing 56
3.1 Introduction 57
3.2 Methods 59

3.2.1 Subjects 59
3.2.2 Protocol 59
3.2.3 Statistical methods 60

3.3 Results 61
3.3.1 General observations 61
3.3.2 Quadriceps strength 61
3.3.3 Step climbing 62
3.3.4 Standing from sitting 63
3.3.5 Walking speed 64
3.3.6 Jumping 64
3.3.7 Strength and performance 65

3.4 Discussion 67
3.5 Conclusion 74

4 Ageing, leg strength and vertical jumping ability 75
4.1 Introduction 76
4.2 Methods 77

4.2.1 Subjects 77
4.2.2 Protocol 77
4.2.3 Statistical methods 78

4.3 Results 79
4.3.1 Observations on jumping performance 79
4.3.2 Vertical jumping performance 82
4.3.3 Knee extensor strength 84
4.3.4 Strength and performance 85

4.4 Discussion 87
4.5 Conclusion 91

The contribution of the arm swing and counter-movement to vertical 
jumping ability 93
5.1 Introduction 94
5.2 Methods 95

5.2.1 Subjects 95
5.2.2 Protocol 95
5.2.3 Statistical methods 96

5.3 Results 97
5.3.1 Quadriceps strength 97
5.3.2 Vertical jumping performance 97

5.4 Discussion 101
5.5 Conclusion 104



6 Ageing, knee extensor dynamic contractile properties
and vertical jumping ability 105
6.1 Introduction 106
6.2 Methods 108

6.2.1 Subjects 108
6.2.2 Protocol 108
6.2.3 Statistical methods 109

6.3 Results 110
6.3.1 Vertical jumping 110
6.3.2 Isometric force 110
6.3.3 Angle specific torque 113
6.3.4 Velocity specific torque 114
6.3.5 Knee extensor instantaneous power output 119

6.4 Discussion 122
6.5 Conclusion 128

7 Ageing, muscle morphology and vertical jumping ability 130
7.1 Introduction 131
7.2 Methods 133

7.2.1 Subjects 133
7.2.2 Protocol 133
7.2.3 Statistical methods 135

7.3 Results 136
7.3.1 Anthropometry 136
7.3.2 Vertical jump performance 136
7.3.3 Muscle strength 137
7.3.4 Muscle morphology 137
7.3.5 Fiber type distribution and mean fiber area 137

7.4 Discussion 140
7.5 Conclusion 144

8 Ageing, lower body flexibility and vertical jumping ability 146
8.1 Introduction 147
8.2 Methods 149

8.2.1 Subjects 149
8.2.2 Protocol 149
8.2.3 Statistical methods 153

8.3 Results 154
8.3.1 Vertical jump performance 154
8.3.2 Lower limb joint range of motion 154
8.3.3 Lower spine mobility 156

8.4 Discussion 158
8.5 Conclusion 161

9 Ageing, balance and vertical jumping abibty 162
9.1 Introduction 163



Methods 166
9.2.1 Subjects 166
9.2.2 Protocol 166
9.2.3 Statistical methods 167
Results 168
9.3.1 Vertical jumping 168
9.3.2 Sway 168
9.3.3 Whole body sway 169
9.3.4 Sway range 171
9.3.5 Centre of pressure path 172
9.3.6 Mean centre of pressure velocity 177
9.3.7 Maximum centre of pressure velocity 178
Discussion 180
Conclusion 183

10 General discussion 185
10.1 Introduction 186
10.2 Variation in performance between individuals of the same age 186
10.3 Variation in performance between age groups 191
10.4 Directions for further research 193
10.5 Conclusion 194

References 
Appendix 1 
Appendix 2 
Appendix 3 
Appendix 4 
Appendix 5 
Appendix 6



List of Figures

Figure 2.1 The strength chair apparatus used to measure isometric
quadriceps strength

Figure 2.2 Measurement of isometric quadriceps strength. A subject
seated in the strength chair apparatus. (Note: electrodes for 
percuteanious stimulation are not shown).

Figure 2.3 A sample force recording showing the results of three maximal 
effort isometric knee extension efforts with superimposed 
twitch interpolation. (Note: The absence of superimposed 
twitches on the contraction indicates full activation of the 
muscle).

Figure 2.4 Measurement of vertical jump height. [A] shows the Jump Box
apparatus in use [B] shows the friction brake assembly which 
prevents return of the steel tape

Figure 2.5 Shows the video camera arrangement used to record vertical
jump height during assessment of the Jump Box

Figure 2.6 shows the relationship between jump height estimated by the
Jump box and [A] video recording [B] flight time. The 
regression line for jump box versus video recording is 
described by Y = l.OX + 0.009, and Y = 1.15X + 0.008 
versus flight time.

Figure 2.7 Measurement of stature. A subject standing at the stadiometer.

Figure 2.8 The Postural Sway Meter. [A] the single pillar strain gauge and
semi-conductor strain gauges and [B] the pillar strain gauge 
mounted between aluminium base and footplates, ready for use.

Figure 2.9 shows [A] the calibration of the pillar strain gauge in the lateral
plane and [B] in the sagittal plane. Postural sway meter 
sensitivity in both planes showed good linearity. The 
correlation between calibration weight position and the device 
output was r=0.99 in both cases.

Figure 2.10 schematic diagram showing the centre of pressure position of 
a subject standing on the postural sway meter footplate.

Figure 2.11 Regression analysis of two variables both prone to error.
Regression was carried out twice, X on Y and Y on X to 
produce two lines encompassing the error in both 
measurements. A final line was drawn by eye between these 
tow lines to represent the relationship between the two 
variables.



Figure 3.1 shows [A] absolute quadriceps strength and [B] vertical jump 
height attained by young and elderly males and females. The 
difference in jump height between young and elderly subjects 
is almost 3 times greater than that in strength.

Figure 4.1 shows the sequence of movements during a vertical jump.

Figure 4.2 shows photographic records of vertical jumping technique in
[A] young and [B] elderly subjects.

Figure 4.3 shows [A] the height attained in the arm, counter-movement
vertical jump and [B] the Isometric quadriceps strength 
produced by males and females at different ages (males ■  
females □).

Figure 4.4 shows the relationship between speirific strength and vertical jump height
expressed as a fraction of leg length for males and females (males ■  
females □). The regression line, fitted by eye as described in section 
2.9.3, is described by Y = 0.06.X - 0.16 (Uncertainty of regression line 
positioning; 32%)

Figure 5.1 Mean height of rise of centre of mass in the arm counter
movement jump of young and elderly males and females

Figure 5.2 Mean height of rise of centre of mass in the counter-movement
jump, eliminating the use of arms, for young and elderly males 
and females.

Figure 5.3 Mean height of rise of centre of mass in the squat jump for
young and elderly males and females.

Figure 5.4 shows the build-up of muscle force during a vertical jump with
a counter-movement (—) and without a counter-movement, 
using a squat jump (-—). The counter-movement facilitates 
muscle activation so that the push-off is initiated with greater 
force. The shaded area represents the reduction in net ground 
reaction impulse when the counter-movement is eliminated 
from a vertical jump.

Figure 6.1 Force-velocity characteristics of fast [—] and slow [—] muscle.
Ageing may result in a change of contractile characteristics 
from that of fast muscle to those of slow muscle. Maximal 
strength may be affected only to a small extent, but power 
output may be severely compromised (Sargeant, 1992).

Figure 6.2 shows [A] the relationship between specific isometric quadriceps strength 
and counter-movement Jump height and [B] squat jump height in young 
and elderly subjects. (Young = ■ , Elderly = □). The regression lines 
are fitted by eye and are described by [A] Y =0.06.X - 0.23 (Uncertainty 
of regression line positioning; 17%) and [B] Y=0.065.X - 0.263 
(Uncertainty of regression line positioning; 22%)



described by [A] Y =0.06.X - 0.23 and [B] Y=0.065.X - 
0.263.

Figure 6.3 shows the torque produced by young and elderly subjects
during isometric contraction at 110, 90, 60 and 30 degrees of
knee flexion (Young males =  ■ , Young females= a , Elderly 
males=□ , Elderly females = a  ) .

Figure 6.4 shows the mean torque per unit body mass produced by young
[-------] and elderly [--------] subjects during dynamic knee
extension at increasing angular velocity. (Young M ales=B,
Young Females=A, Elderly Males=o, Elderly Females= A).

Figure 6.5 shows torque as a percentage of maximum at each angular 
velocity in [A] young males and females and [B] elderly males 
and females. (Young males □, Young females a . Elderly males 
■  , Elderly females a ) .

Figure 6.6 shows torque as a percentage of maximum at each angular 
velocity in (A) young and elderly males (B) young and elderly
females. ( A: Young males ■ , Elderly males a , and B:
Young females a , Elderly females a )

Figure 6.7 shows [A] the relationship between torque per unit body mass at 120 deg/s 
and counter-movement jump height and [B] squat Jump height in young 
and elderly subjects. (Young = ■ , Elderly = □). Regression lines are 
fitted by eye and are described by [A] Y = 0.35.X - 0.215 (Uncertainty of 
regression line positioning; 12%) and [B] Y=0.36.X - 0.34 (Uncertainty 
of regression line positioning; 14%)

Figure 6.8 shows the mean power per unit body mass produced by young
and elderly males and females during knee extension at 
increasing angular velocity. (Young males ■ , Young females 
A, Elderly males □, Elderly females a )

Figure 6.9 shows [A] the relationship between peak power per unit body mass and 
counter-movement jump height and [B] squat jump height in young and 
elderly subjects. (Young = ■ , Elderly = □). Regression lines are fitted 
by eye and are described by [A] Y=0.13.X - 0.1 (Uncertainty of 
regression line positioning; 11%) and [B] Y=0.13.X - 0.13 (Uncertainty 
of regression line positioning; 13%)

Figure 6.10 Knee extensor power and maximal velocity of shortening for
elderly males and females and young females [------- -j, and
young males [ j. Velocities between points A and B were
examined in this study where there are relatively small 
differences in power. At higher velocities, between points B 
and C the differences in power between young males and the 
other subjects become more obvious. Extrapolated from data 
shown in Fig. 6.8.



Figure 7.1 The Penny & Giles, M series twin axis goniometer attached to 
the lateral aspect of the knee to measure the degree of flexion.

Figure 7.2 A sample Goniometer trace showing the degree of knee flexion 
with time during a counter-movement vertical jump. The trace 
is divided into the different phases of the jump used to calculate 
speed of movement.

Figure 7.3 Type II fiber area versus performance in the counter-movement vertical 
jum p. (■ ) young males, (□) elderly males, ( a ) previously acquired data 
for females. The regression line is fitted by eye and described by \ 
Y=(1.6x10-4).X - 0.27 (Uncertainty of regression line positioning; 18%). ^

Figure 8.1 Measurement of hip flexion in a subjects lying supine.

Figure 8.2 measurement of hip extension in a subject lying prone.

Figure 8.3 measurement of knee flexion in a subject lying prone.

Figure 8.4 measurement of knee extension in a subject lying prone.

Figure 8.5 measurement of plantarflexion and dorsiflexion.

measurement of lower spine mobility in a standing subjects.Figure 8.6 

Figure 8.7 Shows the relationship between maximum range of hip extension and 
vertical jump performance in young (□) and elderly (■ ) subjects. The 
regression line is described by Y = 0.028X - 0.16 (Uncertainty of 
regression line positioning; 36%).

Figure 8.8

Figure 9.1

shows the relationship between maximum range of knee flexion and 
vertical jum p performance in young (□) and elderly (■ ) subjects. The 
regression line is described by Y = 0.016X - 1.9 (Uncertainty of 
regression line positioning; 42%).6SS10I1 JLlIIv p O IS lllC llllO g^  /O ) •

degree of postural sway, measured using visual feedback, versus 
vertical jump performance in young (■ ) and elderly subjects (o). The 
regression line, drawn by eye, is described by Y = -1.31X + 0.52 
(Uncertainty of regression line positioning; 38%).

Figure 9.2 a typical sway path recording from [A] a young male and [B] 
an elderly female using visual feedback.

Figure 9.3 a typical sway path recording from [A] a young male and [B] 
an elderly female standing with their eyes open, facing a blank 
wall.

Figure 9.4 a typical sway path recording from [A] a young male and [B] 
an elderly female standing with their eyes closed.



Figure 10.1 Shows the vertical jump height achieved by 12 young subjects.

Figure 10.2 Shows the specific knee extensor strength achieved by subjects 
1 to 12 in figure 10.1.

Figure 10.3 Shows the whole body sway measured in subjects 1 to 12 in 
figure 10.1.

Figure 10.4 Shows the maximum range of hip extension measured in 
subjects 1 to 12 in figure 10.1.

Figure 10.5 Shows the knee extensor power produced by subjects 1 to 12 
in figure 10.1.



List of tables

Table 2.1 The coefficient of variation for three methods of assessing
vertical jump height.

Table 3.1 Absolute and specific quadriceps strength in young and elderly
males and females (Mean+.SEM).

Table 3.2 Step height climbed by young and elderly males and females
(MeaniSEM).

Table 3.3 Seat height firom which young and elderly subjects could rise
(MeanJhSEM).

Table 3.4 Walking speed over 30 metres of young and elderly males and
females (Mean+iSEM).

Table 3.5 Mean broad and vertical jump performance in young and
elderly males and females.

Table 4.1 Vertical jump height, absolute quadriceps strength and specific
quadriceps strength by decade between 20 and 80 years of age 
^ean+.SD).

Table 5.1 Absolute and specific quadriceps strength of young and elderly
males and females (Mean+_SEM).

Table 5.2 Jump height attained using arm, counter-movement jump,
counter-movement jump (without arms) and squat jump 
(MeanJiSEM).

Table 6.1 Performance in the counter-movement and squat vertical jump
(MeanjfSEM) for young and elderly males and females.

Table 6.2 Isometric knee extensor forces measured in young and elderly
males and females at 90 degrees of knee flexion (Mean 
(±SEM).

Table 6.3 Peak power and peak power per unit body mass achieved
during knee extension in young and elderly males and females.

Table 7.1 Stature, leg length and mass of young (n=4) and elderly (n=4)
men (Mean±SEM).

Table 7.2 Vertical jump performance, scale and velocity of knee
movement during different phases of the jump in young (n=4) 
and elderly males (n=4) (Meanj^SEM).



Table 7.3 Fibre type distribution, mean fibre area and muscle area due to
each fibre type in young (n=4) and elderly (n=4) males 
(Mean+.SEM).

Table 8.1 Vertical jump height achieved by young and elderly males and
females (Mean_+SEM).

Table 8.2 Lower limb joint range of motion in young and elderly males
and females (MeanJiSEM).

Table 8.3 Lower spine mobility in young and elderly males and females
(MeaniSEM).

Table 9.1 Vertical jump height attained by young and elderly males and
females (Mean±SEM).

Table 9.2 Sway measured during 30 seconds quiet standing with eyes
open, closed, and using visual feedback in young and elderly 
males and females (MeanjfSEM).

Table 9.3 Whole body sway measured during 30 seconds quiet standing
with eyes open, closed, and using visual feedback in young and 
elderly males and females (Mean+iSEM).

Table 9.4 Lateral and sagittal sway range measured during 30 seconds of
quiet standing using visual feedback, with eyes open and closed 
(Meanjf SEM).

Table 9.5 Centre of pressure path length measured during 30 seconds of
quiet standing with eyes open, closed and using visual feedback 
in young and elderly males and females (MeanJiSEM).

Table 9.6 Centre of pressure mean velocity measured during 30 seconds
of quiet standing with eyes open, closed and using visual 
feedback in young and elderly males and females 
(Mean+iSEM).

Table 9.7 Centre of pressure maximum velocity measured during 30
seconds of quiet standing with eyes open, closed and using 
visual feedback in young and elderly males and females 
(MeanJiSEM).



Chapter 1

Introduction



1.1 Biological and Social perspectives on ageing
1.1.1 Introduction

Mankind has a morbid fascination with the gradual deterioration of 

physical and mental faculties which occur with ageing. Philosophers, charlatans 

and scientists have sought not only to prevent or delay death, but also to reverse 

the decrepitude associated with old age and one good reason for the sustained 

pursuit of the elixir of life has undoubtedly been the vested interest of the 

investigators, to whom the threat of mprtality also extends.

The yearning for perennial youth is expressed nowhere more vividly than 

in Lucas Cranach’s "Fountain of Youth", depicting the elderly women returned 

to youthful beauty by the restorative powers of a magical pool and it was the 

alchemists who began the first systematic investigations of the ageing process. 

The philosophers stone sought not only to translate base metals into gold, but 

also to yield the secret of eternal youth to allow leisurely contemplation of new 

found wealth. Unfortunately, the discipline of alchemy provided neither wealth 

nor immortality.

The irresistible progression of human ageing, described by the Seven 

Ages of Man in Shakespeare’s "As you like it", remains true to this day even 

though the average lifespan has increased substantially since the seventeenth 

century. The maximum recorded chronological age of 113 years, 124 days, 

was attained by a French Canadian bootmaker Pierre Joubert who died in 

Quebec city on November 16, 1814 (Shephard, 1987).

1.1.2 Theories of Ageing
The term, ageing, can be used to describe the characteristics of physical 

degeneration associated with increasing age in all organisms, a result of a 

process, or processes, affecting all normal cells. Ageing at a cellular level 

leads to a reduction in the capacity for self replication, through mitotic division.



and deterioration in the structure and function of remaining cells. Finite 

growth potential, or number of cellular divisions, has been observed in almost 

all human diploid cell types (Martin et al, 1987). Based upon observations of 

foetal and adult fibroblast cell cultures Hayflick et al (1961) and Martin et 

al(1970) have suggested that normal cells undergo a maximum of approximately 

50 divisions. The final mitotic division is followed by cellular degeneration and 

death. Theories of ageing fall broadly into those proposing direct, genetic 

control of ageing and longevity, and those proposing that ageing is the result 

of cellular damage accumulated from random, injurious events.

1.1.3 Genetic control of ageing
Comparison of lifespan in identical (monozygous) and non-identical 

(heterozygous) twins have demonstrated a closer similarity of lifespan in 

identical than in non-identical twins (Kallman et al, 1948; Carmelli et al, 1982). 

These studies of twins indicates the importance of inherited factors in longevity 

or the predisposition to ageing, but are confounded by uncontrolled 

environmental and social factors. Genetic, or developmentalprognwmctheories 

of ageing, are largely based on observations of isolated tissue cultures in vitro, 

where environmental factors can be rigorously controlled, suggesting that 

selective gene action may be responsible for both cellular ageing and longevity 

(Norwood, 1990). It has been proposed, for example, that the age related 

decline in proliferative capacity of fibroblast cell lines may result from the 

production of a DNA synthesis inhibitor (Harris et al, 1967). Alternatively, 

messenger peptides coding for the initiation of cell division may be displaced 

from their binding site by a gradually accumulating competitive blocker, or 

"mortalization" protein (Shall et al, 1979). The production of similar 

substances may selectively affect the expression of a wide variety of genes, 

coding for a range of regulatory proteins and enzymes, leading to a gradual



deterioration in overall cell function. Glucose intolerance, for instance, is 

increasingly common with age and is mainly due to a decreased tissue 

sensitivity to insulin (Fink et al, 1983).

1.1.4 Cellular injury and ageing
Szilard (1959), suggested that ageing was not the result of a 

developmental program encoded in DNA, but occurred as a result of 

spontaneous mutations leading to the production of mis-specified proteins and 

enzymes. The loss of normal conformation in these proteins and enzymes 

would lead to compromised, or total loss, of function. Despite the fact that a 

progressive build up of abnormal DNA has been observed in ageing cells 

(Cutler et al, 1974), experimental observations have not conclusively proven the 

role of spontaneous mutation in cellular ageing (Norwood, 1990). The error 

catastrophe theory proposed by Orgel (1963) suggests that mis-specified proteins 

are the result of uncorrected transcription errors from normal DNA, even in the 

absence of mutation. The theory suggests that the product of a random 

transcription error may lead to significant disruption of cellular function, 

ultimately resulting in an irretrievable decline in cellular integrity, or 

catastrophe. In common with the somatic mutation theory, evidence of the 

existence of abnormal proteins in senescent cells is equivocal (Norwood, 1990).

High energy irradiation of a molecule with a free electron pair may result 

in the formation of an extremely reactive free radical. Free radicals are also 

formed from oxygen during normal mitochondrial respiration (Commoner et al, 

1957). Damage to structural lipids of the plasma membrane, and disruption 

of normal gene structure are known sequelae to oxidation through free radical 

interaction (Brooks et al, 1973). The general interest in free radicals, and 

suggestions that anti-oxidant supplementation may extend cellular lifespan 

(Golczewski et al, 1984), has lead to the proposal of a free radical theory of



cellular damage and ageing (Harmon, 1987). Accumulated, random free radical 

damage to genetic material may disrupt gene structure, resulting in the 

formation of abnormal proteins and deteriorating cellular function.

Despite widespread interest in the mechanisms of cellular ageing, there 

is no definitive evidence in support of any single hypothesis to explain this 

phenomenon. Any, or all of the proposed mechanism may contribute to the 

characteristic decline of cellular integrity and function observed with increasing 

age. It is clear however, that the effects of ageing are pervasive, affecting 

every normal cell of the organism.

1.1.5 The consequences of ageing
The effects of ageing on individual human tissues have been thoroughly 

reviewed by Shephard (1987). Age related deterioration is evident in every 

major organ system of the body and data collected by Bromley (1974) further 

suggest that complex, integrated functions are affected by age to a greater 

extent than simple ones. Reaction times, for instance, decline faster than the 

conduction velocity of nerves subserving the reflexes involved. There are two 

major consequences of ageing which produce the frequently observed 

characteristics of old age in the whole individual. The first is a diminished 

capacity to regulate the internal environment, or maintain homeostasis (Kohn 

et al, 1985). The second is a poorer ability to interact with the external 

environment, through physical activity.

Rowlatt and Franks (1973), described ageing as "a progressive loss in the 

individual of the physiological adaptability to the environment, culminating in 

death". An illustration of this assertion can be found in the response to severe 

haemorrhage, where the chances of survival decrease logarithmical with age for 

a given loss of blood (Simms, 1942). A further example is the regulation of 

blood glucose, where, in otherwise healthy individuals, there is usually a



progressive deterioration in glucose tolerance with age. Beginning in the forth 

decade, fasting blood glucose levels rise by approximately l-2mg/dl per decade 

(Davidson et al, 1979). The regulation of the body core temperature is also 

compromised by ageing. A survey by Goldman (1977) found that 3.6% of old 

people admitted to hospital during winter presented with unsuspected 

hypothermia. Evidence suggests that elderly individuals may not only be less 

likely to detect a decrease in environmental temperature (Collins, 1977), but 

will also demonstrate a lower capacity to increase metabolism and minimise 

heat loss (Wagner et al, 1974).

Physical frailty is probably the most visible and common characteristic 

of old age, with poorer physical performance, immobility and disability. This 

is evident even among the fittest and healthiest members of society. Moore 

(1973) and Shephard (1974) collected world records from different age groups 

in a range of athletic events. These records presumably represent the upper 

limits of performance for each age group. Both studies found a consistent age 

related deterioration in maximum performance in all events. The decline in 

performance was particularly marked in events such as sprinting and jumping, 

which require explosive strength and power.

Walking is one of the most common forms of physical activity. Unlike 

participation in sport, walking is an essential daily activity central to the 

maintainence of mobility and deteriorating gait and walking velocity following 

injury or in old age may both result in loss of mobility and independence. 

Imms and Edholm (1981) found a strong correlation (r= -0.795) between 

chronological age and velocity of walking on a walkway. The average speed 

of walking in subjects between 60 and 99 years was 0.74, with a range of 0.16 

to 1.43 m/s. Gifford et al (1977) timed young people walking at a comfortable 

pace in the street and found a mean speed of 1.25m/s. Using similar methods 

Drillis et al (1953) found a mean walking speed of 1.45 m/s. Lundgren-



Lindquist et al (1983) measured the comfortable walking speed in 79 year old 

subjects and found that it was below the 1.4 m/s recommended for traffic 

crossings in Sweden. To cross the road in the allowed time required a near 

maximal effort from the elderly subjects.

Rising from a chair and climbing steps are both instrumental activities of 

daily life. A minimum and critical level of ability is required for activities such 

as climbing steps and rising from a chair or toilet to prevent the elderly 

individual from becoming institutionalised. In a study of 22 subjects aged 

between 64 and 105 years, Weiner et al (1993) found that only 41 % could rise 

unaided from a seat 0.43 m in height. Seat height had to be increased to 0.55 

m before 91% of the elderly subjects could successfully rise to standing. 0.43 

m represented the lower limit of US standard chair heights, with a 

recommended UK height of 0.46 m (Barkla, 1961). Step climbing ability is 

central to ascending stairs, pavements and steps, and mounting many forms of 

public transport. Lundgren-Lindquist et al (1983) reported that elderly subjects 

may find difficulty in using public transport such as buses and trains involving 

high steps. These investigators found that only half of a sample of 112 seventy- 

nine year old women could climb a step of 0.50m, although all 93 men 

succeeded. Skelton (1992a, 1992b) found similar results in men and women 

between 65 and 84 years of age. All but 4 males from a sample of 40, could 

climb a step of 0.50m, but the step had to be reduced to 0.40m before a similar 

proportion of females succeeded.

Walking, step climbing and rising from a chair were among the functional 

activities examined in the 1984 US National Centre for Health Statistics, 

National Health Interview Survey (NCHS, 1984). The results, documented in 

the supplement on ageing, detail the proportion of the non-institutionalised 

population over 65 years of age finding difficulty with activities of daily living 

which are essential for independence. These activities included walking,



bathing, getting outside, getting in and out of chairs and bed, dressing, using 

the toilet and eating. 17% of those between 65 and 74 years of age found 

difficulty with one or more activities of daily living. This figure increased to 

26% between 74 and 84, and 46% in those over 85 years of age. By far the 

greatest impairment, across all groups, was found with walking, with 20% of 

interviewees admitting to difficulty with this activity. Approximately 10% of 

interviewees admitted to difficulty in bathing, getting outside and getting in and 

out of chairs and bed. A survey of important activities of daily living, 

including housework, shopping and preparing meals, revealed similar level of 

disability. 25% of interviewees admitted to difficulties with heavy housework, 

12% had difficulty shopping and 7% found difficulty in preparing meals.

The functional change and dependence in a group of 508 subjects over 

65 years of age was assessed in a 6 year longitudinal study by Strawbridge et 

al (1992). Dependence in terms of activities of daily living, was defined as 

having difficulty with one of seven activities: bathing, eating, dressing, using 

the toilet, walking, rising from a chair or bed and grooming. Mobility 

impairment was defined by needing help in walking half a mile or in climbing 

a flight of stairs. 16% of subjects became dependent in activities of daily 

living, and 24% became mobility dependent over the 6 year period. These 

results are in good agreement with those found by the NCHS (1984). Jagger 

et al (1993) carried out a seven year longitudinal study of dependence in 1203 

elderly males and females over 75 years of age. During these seven years there 

was a 58% mortality, 7% institutionalisation and 34% of subjects remaining 

independent. Loss of independence was associated with self rated poor health 

and declining capacity for activities of daily living.

1.1.6 The ageing population
One of the major consequences of industrialisation on modern societies



has been a reduction in morbidity and mortality. Improved nutrition, living 

conditions and medical care have substantially extended life expectancy in 

recent times, and the proportion of elderly individuals in the population has 

increased dramatically. At the turn of the century, 3.1 million Americans, 

representing approximately 4% of the population, were over 65 years of age. 

By 1986 the US Bureau of Census (USBC, 1990) estimated that the number of 

individuals over 65 had grown to 29.2 million individuals, or 12.1% of the 

population. Further, those over 85 years of age, termed "the oldest old" or 

those of "extreme old age" (Shephard, 1987), form the most rapidly growing 

segment of the population. A comprehensive survey of demographic changes 

in the United Kingdom, specifically describing changes in the elderly 

population, is presently unavailable, but Her Majesty’s Office of Population 

Censuses and Survey is currently compiling demographic data for publication 

in the near future.

Assuming that mortality rates will stabilise, the US Social Security 

Administration has predicted an approximate doubling of the older population 

by the year 2040 (United States Social Security Administration, 1988). 

Projections suggest that 69 million Americans (22% of the population) will be 

over 65 years of age, and that 12 million of these will be over 85 years. 

Guralink et al (1988) calculate that 27% of the population, some 87 million 

Americans, will be over 65 years of age if mortality rates continue to decline 

in the US at the present annual rate of 2%. Twenty-four million of these, 7.3% 

of the population as a whole will be over 85 years of age. Recent advances in 

the treatment of those pathologies affecting major mortality in the elderly, 

particularly heart disease and neoplastic malignancy which account for 

approximately 60% of deaths (United States National Center for Health 

Statistics, 1971), suggest that a continued decrease in mortality rates is not 

unrealistic.



The increasing proportion of elderly individuals in society carries wide 

implications for the provision of long term care and financial support by the 

state for senior citizens. Paillat (1971) attempted to quantify the economic 

burden place upon wage earners to support pensions for elderly citizens. In 

European countries he estimated that up to 9% of earned salaries would be 

directed toward the provision of pensions for the elderly. Shephard (1986) 

estimated corresponding figures for Canada and North America at 9.5% and 

9.96% respectively. Institutionalised care of senior citizens in 1983 was 

estimated by Shephard (1986) at $3820M per annum in Canada and $2574M pa 

in North America, adding substantially to the cost of pensions. Further, a 

survey by Ross (1978) indicated that the cost of institutionalisation accounted 

for 22% of the total medical care expenditure on the elderly in the UK and 

USA. Denton (1980) attempted to assess the proportion of elderly individuals 

who relied on wage earning adults by calculating a dependency ratio 

(Dependents : Wage earners) for Canada. An old age dependency ratio of 0.16 

was estimated for the year 1976, with projections which indicated that there 

would be a progressive increase to 0.33 by the year 2031.

Loss of independence in old age not only implies an increased financial 

burden for society, but also a significant reduction in the quality of life for the 

individual. Travelling freely and visiting friends, managing the home and 

taking care of oneself, are important social and personal functions which have 

connotations of freedom and a positive self image. The financial and 

psychological consequences of an ageing population present strong arguments 

for a determined effort by society to maintain the independence of the elderly.

1.1.7 Summary
Ageing is a characteristic of all normal cells. While the mechanisms 

underlying the ageing process remain unclear, the result is a progressive
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deterioration in the structure and function of every organ in the body. At the 

level of the whole body, the consequences of ageing are a compromised 

homeostatic regulation and a reduced capacity for physical activity. Ageing is 

characterised by increasing frailty and susceptibility to disease and disability. 

These factors increase the probability of dependence and the need for long term 

care, entailing considerable financial burden for the state and deterioration of 

the quality of life for the individual. Recent surveys predict a rapid increase 

in the proportion and age of elderly people in society, indicating a significant 

financial and social problem of increasing scale.

1.2 The Ageing Muscle

1.2.1 Functional characteristics

1.2.1.1 Muscle strength
Human movement is achieved by muscles generating forces under the 

coordinated control of the central nervous system. With few exceptions, 

muscular forces are transmitted through the skeleton to produce movement 

about joint articulations against the resistance of internal (frictional) and external 

(gravitational) loads. The central position occupied by strength in the human 

movement schema implies that deterioration in the ability to generate and 

regulate muscular forces may have serious consequences for physical 

performance. These circumstances may arise as the result of injury, disease or 

as part of the physical deterioration associated with normal ageing. The force 

of muscle contracting in vivo cannot be measured directly, but can be estimated 

by its effect on an external load, usually termed muscular strength. Since the 

initial systematic investigations of muscle strength in humans by Quetelet 

(1835), it has become clear that a progressively deteriorating ability to generate 

muscular forces is a universal feature of normal ageing.
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1.2.1.2 Isometric strength
The early data of Quetelet (1835) described a 40% loss of grip strength 

in men between a peak in the mid-twenties and measurements made at 65 years 

of age. Ufland (1933) found a similar 44% loss of elbow flexor strength in a 

cross sectional study of men between 25 and 65 years of age. A somewhat 

more recent investigation by Burke and Tuttle (1953) examined isometric grip 

strength in 311 males between 12 and 79 years of age. They found peak 

strength in the mid-twenties, which was followed by an accelerating decline 

throughout adulthood. The total decrease in grip strength between 25 and 75 

years of age was estimated at 32%. Kallman et al (1990) found a similar 37% 

decrease in isometric grip strength between 35 and 85 year olds in a mixed, 

longitudinal study. In this study the decline in strength did not appear to begin 

until the end of the fourth decade.

The deterioration in muscular strength associated with normal ageing 

appears to proceed at a faster rate in the lower limbs. McDonagh et al (1984) 

documented a 20% reduction in elbow flexor strength by 70 years of age, 

accompanied by a 31 % decline in plantarflexion strength. Bemben et al (1991) 

found a 23 % decline in isometric grip strength over a similar age range, with 

plantarflexor and dorsiflexor strength reduced by 37% and 35% respectively. 

A similar 30-40% reduction in plantarflexion strength has been documented by 

Davies et al (1986) between males under 22 and over 65 years of age. In a 

cross section of males between 20 and 100 years of age Vandervoort et al 

(1991) have reported a reduction of over 50% in plantar and dorsiflexion 

strength.

Klitgaard and Mantoni (1990) observed that the faster deterioration in 

lower limb muscle strength was also apparent in a comparison of elbow flexors 

and knee extensors. They found that a 32% reduction in elbow flexor 

strength was accompanied by a 44% decline in isometric knee extensor force
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by the end of the seventh decade.

The quadriceps muscles are central to any movement involving knee 

extension, such as climbing stairs, walking, and rising from a chair and because 

of this functional significance, a large number of investigators have attempted 

to quantify the decline in knee extensor strength associated with ageing.

Assmussen et al (1961) reported an average 24% decline in isometric 

knee extensor force between a peak in the mid twenties and 70 years of age. 

Young Crowe and Stokes (1984) found a 37% difference in strength between 

20-28 year old and 71-81 year old females. A similar 39% deficit in knee 

extensor force was found in comparable groups of males (Young et al, 1985). 

Stalberg et al (1989) reported a 35% deterioration in the strength of males 

between 20 and 70 years of age, which was in good agreement with Young et 

al (1985), but a smaller 29% reduction in females.

1.2.1.3 Dynamic strength
A number of investigators have compared changes in the capacity of 

ageing knee extensors to produce force during dynamic and isometric 

contractions. The age related loss of knee extensor strength appears to be the 

same during isometric and isokinetic contractions. In a cross sectional study of 

114 males aged 11 to 70 years, Larsson et al (1979) reported a 26% loss of 

strength between 25 and 65 years of age, beginning at the end of the fourth 

decade. The decline in knee extensor strength was similar over a range of 

velocities from 0 to 180 degrees per second during dynamic contractions. 

Murray et al (1980) found a loss of isometric strength of 40-45 % between 20- 

35 and 70-86 years of age, accompanied by a similar loss of dynamic strength. 

Comparing knee extensor force produced by young and elderly males, 24.5 and 

70.7 years of age. Overend et al (1992) found a 22-32% loss of force at 

velocities of 0 and 120 degrees per second. Aniansson et al (1986) compared

13



the knee extensor force produced by 23 males aged 77(+0.4) years following 

initial measurements seven years previously. Strength was reduced by 10-22% 

at all velocities of knee extension between 0 and 300 degrees per second. The 

relatively large decline in strength over such a short period may suggest an 

accelerating deterioration in strength after the seventh decade of life.

1.2.1.4 Speed of movement
Slower movement is a common characteristic of old age. Few studies 

have examined the maximum speed of movement in human muscles. Birren 

(1955) documented decreased speed of handwriting in elderly subjects, 

suggesting decreased velocity of shortening in the muscles of the hand and 

forearm, but handwriting is clearly a complex task, and speed in this activity 

may not simply reflect maximal velocity of shortening. Larsson et al (1979) 

examined the maximum speed of unloaded knee extension in 114 males aged 

between 11 and 70 years, as an indicator of maximal velocity of shortening. 

Knee extension speed decreased by 7 % between 20 and 60 years of age. The 

reduction in speed of movement was considerably less than the 26% reduction 

in knee extensor force recorded over the same age range. Aniansson et al 

(1980) reported no difference is maximal knee extension velocity between 70 

year old men and women, despite a significant difference in strength. There 

appears to be relatively little evidence that there is a reduction in the maximal 

velocity of shortening of ageing muscle. The previous observations suggest 

however, that any alterations in the maximal velocity of muscular shortening 

may be relatively small and occur independently of changes in muscle strength.

The results of electrically stimulated twitches from young and elderly 

muscles are consistent with a decreased maximal velocity of shortening related 

to age. Davies et al (1986) examined the mechanical properties of the triceps 

surae (ankle plantarflexor) in 22 and 69 year old males. The time to peak
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tension and half relaxation time of a supramaximal, electrically evoked twitch 

were both increased by 20% in elderly subjects. Similar results were 

documented by McDonagh et al (1984) and Vandervoort et al (1986). 

McDonagh et al (1984), who also examined the twitch characteristic in the m. 

brachii biceps, suggested that the upper limb muscles were not affected by 

ageing to the same extent as those of the lower limb. Newton (1986) however, 

demonstrated a prolongation in the time to peak tension of the first dorsal 

interosseous (index finger abductor) in 70-79 year old subjects.

The prolonged time course of the electrically evoked muscle twitch in 

elderly muscle is reflected in its response to tetanic stimulation. Da.v’sea 

(1996) described lower fusion frequencies for the quadriceps and adductor 

pollicis of elderly muscle, based upon subjects aged 5-63 years. As a 

consequence of a lower fusion frequency, the force produced at low frequencies 

of stimulation (lOHz) relative to higher frequencies (50Hz) is higher in elderly 

muscle compared with young subjects. Davies et al (1986) found that the peak 

tetanic force produced by stimulating the triceps surae of elderly subjects at 

lOHz was 57% of that produced at 50Hz. In young subjects the relative force 

at lOHz was 52%, but this difference was not significant.

1,2.1.5 Force Velocity characteristics
Based upon observations of human muscles. Hill (1922) suggested that 

an inverse, linear relationship existed between muscular force and velocity of 

shortening, but Levin (1927) was unable to reproduce the linear relationship 

described by Hill using dogfish muscle. Based upon an isolated frog muscle 

model (Fenn, 1934) and an isolated cat sartorius model, Penn (1935) described 

the now familiar hyperbolic relationship between force and velocity. A 

description of the force velocity relationship during concentric muscular 

contractions in isolated muscle was refined by Hill (1938), now generally
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known as the Hill equation. The relationship between force and velocity for in 

situ human muscle, was described by Wilkie (1950). After complex 

mathematical correction for joint mechanics and inertia the human data was 

found to be similar to that found in isolated muscle.

The age related decline in maximum voluntary force production and a 

potential reduction in the velocity of shortening may affect the characteristics 

of the force velocity curve of ageing muscle. In human muscles fbrce-velocity 

characteristics are most readily examined by isokinetic dynamometry with 

machines such as the "Cybex II" (Perrine et al, 1968). The force produced 

during maximal dynamic contraction is assessed with movement constrained to 

one speed. The peak force produced over a range of velocities can be used to 

estimate the force velocity characteristics of a muscle. Perrine et al (1978) has 

demonstrated that in situ human muscle at low contraction velocities may not 

follow the force-velocity curves described for isolated muscle. The force 

produced at zero velocity is often less than half that which would be predicted 

by the Hill equation (Perrine et al, 1978. Gregor et al, 1979. Caiozzo et al, 

1981). Maximum force is often observed during dynamic contractions at an 

angular velocity of 30 degrees per second, and decreases with increasing 

velocity.

There have been relatively few examinations of the force-velocity 

characteristics of ageing human muscle. Larsson et al (1979) documented a 

26% decrease in force during isokinetic knee extension at all velocities between 

0 and 180 degrees per second in males aged 20 to 65 years. The decline in 

strength was accompanied by a 7% reduction in maximum speed of knee 

extension and suggested a decrease in velocity of shortening as well as 

maximum force. No attempt was made to construct force-velocity curves for 

young and elderly subjects, but these result may suggest a leftward shift of the 

knee extensor force-velocity curve related to ageing.
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Stalberg et al (1989) reported the torque produced during isokinetic knee 

flexion in subjects aged 20 to 70 years. Elderly subjects were significantly 

weaker than younger subjects at all angular velocities. A significantly greater 

decrease in relative peak torque was found above angular velocities of 1.57 

radians per second (90 degrees per second) for males over 65. Harries and 

Bassey (1990) found that 17 young women (aged 21 yrs) were significantly 

stronger than 16 elderly women (aged 68 yrs) at all angular velocities between 

0 and 5.24 radians per second (0 - 300 degrees per second). They also a found 

a greater rate of decline in relative peak torque for elderly women with 

increasing angular velocity.

A possible explanation for the faster decline of force at high angular 

velocities in elderly subjects is a failure to achieved full muscle activation. 

Thomas et al (1987) reported that a brief maximal isometric contraction 

immediately before the limb is released into a dynamic contraction may ensure 

full muscle activation and higher forces. Using the release method, Harridge 

(1990) found a similar pattern of reduction in relative peak torque with 

increasing velocity of movement in young and old subjects. Thors tensson 

(1976) reported a faster decrease in relative knee extensor torque with 

increasing angular velocity for subjects possessing a large proportion of type I 

muscle fibres. The resulting force-velocity relationship indicated a lower 

maximal knee extensor velocity of shortening. Harries et al (1990) and Stalberg 

et al (1989) suggested that the rapid decline in torque observed in elderly 

subjects may result from a relative increase in type I fibres, or decrease in type 

II fibres.

1.2.1.6 Summary
Ageing muscle is characterised by a decline in strength and speed of 

contraction. The loss of strength may proceed faster in the muscles of the
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lower limbs, and accelerate beyond the seventh decade of life. The maximal 

velocity of muscle shortening may be affected by age independently, and to a 

lesser extent than muscle strength. Estimations of the force-velocity 

relationship in elderly muscle suggest a more rapid decline in force with 

increasing velocity of shortening in elderly muscle when compared to young 

muscle.
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1.2.2 Morphological features of ageing muscle

1.2.2.1 Muscle size and cross-sectional area
Lean body tissue is lost during the course of normal ageing. 

Korenchevsky (1961) found a significant loss in the mass of muscle, liver, 

kidney, adrenal gland and brain measured from young and elderly cadavers. 

Using renal creatinine excretion, Tzankoff and Norris (1977) estimated the 

muscle mass of 959 healthy subjects aged between 20 and 97. A decrease in 

muscle mass was observed from 20 years of age, amounting to a total loss of 

20% at 60 years. Beyond 60, the rate of muscle loss appeared to increase 

reaching a total loss of 50% by 80-90 years of age. Using whole body 

Potassium f̂ °K) counting, Grimby et al (1982) found a reduction in muscle mass 

of 15% between 70 and 80 year olds.

The age related decrease in muscle mass is reflected in decreased muscle 

cross sectional area (CSA). Lexell et al (1983) used the remains of accident 

victims across a range of ages to assess the CSA of the vastus lateralis muscle. 

A 15-20% reduction in muscle CSA was found between muscle from subjects 

under 30 and over 70 years old at the time of death. A later investigation 

(Lexell et al, 1988) indicated an accelerating reduction in muscle CSA from a 

peak at 20-30 years, amounting to a 40% reduction by 80 years of age. Davies 

et al (1986) also estimated a 15% reduction in muscle CSA from lower leg 

circumference measurements of 22 to 69 year old males, corrected for 

subcutaneous adipose tissue using calliper skinfold measurements. A slightly 

greater reduction in CSA was observed in the quadriceps femoris and m. brachii 

biceps by Kiltgaard et al (1990) using computerised tomography. Scanning 

young (28±.0.1yrs) and elderly (68Ji0.5yrs) individuals, quadriceps CSA was 

reduced by 24% and biceps CSA was 20% lower in elderly subjects.

Tzankoff & Norris (1977) found a strong linear relationship, between

19



creatinine excretion and lean body mass calculated from anthropometric 
measurements. Over a 24 hour period one gram of creatinine was excreted for 
each 24.8 Kg of lean body mass. Tzankoff noted however, that the variation 
between creatinine clearance and anthropometric estimations of lean body mass 

increased for those beyond 65 years of age. It was suggested that the 

discrepancy was due to the replacement of lean tissue with adipose and 

connective tissue. Infiltration of muscle by fat and connective tissue may 

maintain muscle size and CSA, even during loss of contractile material and 

strength.

MacLennan et al (1980) reported a disproportionate decrease in grip 

strength relative to lean body mass ŝsesEcdby skinfolds, in 270 healthy men and 

women over 65. Reed et al (1991) reported that strength and muscle mass were 
well correlated in the upper and lower limbs of 218 healthy men and women 

over 65 years of age. Using bilateral transverse ultrasound scanning Young et 

al (1984 & 1985) made direct measurements of quadriceps CSA. Strong 
correlations were found between quadriceps CSA and strength measured during 

isometric knee extension for elderly men (r=0.77), elderly women (r=0.81), 

and young women (r=0.63), but not young men (r==0.15). Young men 
produced disproportionately high knee extensor forces for a given CSA. Young 

et al (1985) suggested that this discrepancy might be explained on the basis of 

qualitative differences in the muscle of young males, such as a higher 

percentage of type 11 (fast twitch fibres).

Muscle strength is strongly related to muscle size and CSA. The reported 

loss of muscle mass and decrease in muscle cross-sectional area are of the same 

order as documented decreases in strength with advancing age. The 

deterioration in muscular strength associated with normal ageing is probably 

largely the result of a progressive loss of muscle tissue during adulthood.

The disproportionate strength of young males, relative to muscle CSA, reported
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by Young et al (1985) suggests that qualitative changes in muscle morphology 

may also influence age related losses of strength.

1.2.2.2 Muscle fibre number and area
A decreased total number of muscle fibres and the reduction in size of 

surviving cells, may be mechanisms underlying the loss of muscle mass in 

normal ageing. Grimby et al (1982) estimated a 25% decrease in total body 

cells mass by the beginning of the eighth decade using whole body potassium 

C”̂ )  counting. Needle biopsy (Bergstrom, 1962) samples taken from m. vastus 

lateralis indicated relatively little change in fibre area and size up until the 

eighth decade of life. Grimby concluded that the observed decrease in muscle 

mass in elderly subjects was primarily the result of decreasing fibre number.

Lexell et al (1983) counted the total number of muscle fibres 

remaining in mid-sections of m. vastus lateralis taken from the remains of 

accident victims. Fibre number progressively decreased from a mean of

478.000 in males between 19 and 37 years at time of death, to 364,000 in 

males aged 70 to 73. This represents a 24% decline in muscle fibre number, 

and is in good agreement with body cell mass estimations made by Grimby et 

al (1982). In a later study, Lexell et al (1988) demonstrated a similar decline 

in muscle fibre number in 43 previously healthy males accident victims. Mean 

fibre number declined by 50% from a mean of 648,000 for 20 year olds, to

323.000 in the muscles of 80 year olds. The decline in muscle bulk indicated 

by muscle fibre number found by Lexell in this investigation is similar to 

estimations made by Tzankoff and Norris (1977) using creatinine excretion.

In addition to an age related decrease in muscle fibre number, Lexell et 

al (1988) reported a decrease in mean fibre size, measured as mean cross 

sectional area over 30 fibres. There was a significant decrease in type II fibre 

size, amounting to a 26% reduction in area between 20 and 80 years of age.
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Mean type II fibre size in 20 year olds was 3589 microns compared with 2728 

microns in 80 year olds. Type I fibre area was not significantly affected by 

age, but actually demonstrated a small 2% increase between 20 and 80 years 

of age. Lexell demonstrated a significant inverse relationships between type I 

fibre size and total muscle fibre number. He suggested that the increase in type 

I fibre size may represent a compensatory hypertrophy in response to loss of 

total muscle mass.

The preferential decrease in type II fibre area has been observed in needle 

biopsy samples of muscle tissue taken from different age groups. Larsson et 

al (1978) demonstrated a significant decline in the size of both type II, and type 

I fibres in needle biopsy samples taken from the m. vastus lateralis of 114 

males between 20-29 and 60-65 years of age. Type I fibre area was reduced 

by 25%, but there was a considerably greater, 43 % reduction in type II area. 

Aniansson et al (1980) demonstrated similar results in biopsy samples of the m. 

vastus lateralis in a cross section of ages ranging from 16 to 80. Type I fibre 

area decreased by 21% between 25 and 70 years, but there was a greater, 40% 

decline in type II fibre area.

The reduction in muscle fibre area, particularly in type II fibres, may 

proceed at a faster rate beyond the seventh decade. Grimby et al (1984) 

collected needle biopsy specimens from the m. vastus lateralis of 52 women 

aged 66 to 100 during surgery. An overall reduction of type II fibre area of 

25%, 20% from the type Ila compartment and 5% from the type Ilb 

compartment, was reported between 66-75 and 86 -100 year olds. A small 

increase in type I fibre area was noted, similar to that documented by Lexell et 

al (1988), but this was not significant. Aniansson et al (1986) reported a 39% 

reduction in type II fibre area (14% type Ila and 25% type lib) over a seven 

year period in 23, 79 year old males. No significant change was reported in 

type I fibre areas.
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The evidence from investigations of muscle tissue collected from different 

age groups indicate that the losses of muscle mass associated with ageing are 

the result of a reduction in the number and size of muscle fibres. The 

reductions in total muscle fibre number, estimated by direct examinations of 

muscle sections (Lexell et al, 1988), are in good agreement with muscle mass 

estimated indirectly (Tzankoff et al, 1977) and may partly explain the age 

related loss of muscular strength. A decrease in individual muscle fibre size, 

particularly from the type II fibres, also contributes to the reduction in muscle 

mass. Larsson et al (1979), Tesch et al (1978) and Thomstensson (1976) have 

demonstrated significant correlations between isometric strength, isokinetic 

strength and type II fibre area in the knee extensors. Reduced type II fibre 

area is probably also related to the loss of strength observed with age. Type 

I fibres do not appear to be affected by ageing to the same extent as type II 

fibres, and may even increase in cross sectional area with age. Larsson et al 

(1979), Tesch et al (1978) and Thomstensson (1976), found no relationship 

between type I fibre area and maximal strength.

1.2.2.3 Muscle fibre type proportion
Larsson (1978) reported that the percentage of type II muscle fibres 

decreased linearly with age in males, based upon needle biopsy specimen taken 

from the m.vastus lateralis. Between 22 and 65 years of age the percentage of 

type II fibres decreased from 59(4-4)% to 45(4-4)%. This finding suggested 

a preferential loss of type II fibres with age, and important ramifications for 

ageing and muscle function, but has not been corroborated by other 

investigations of human muscle. An age related loss of muscle fibres is 

associated with a reduction in muscle mass and strength. Based upon a 

comparison of biopsy specimens, muscle cross-sectional area and strength of the 

knee extensors, Young et al (1984) has suggested that type II fibres may be
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inherently stronger than type I fibres. Preferential loss of type II fibres could 

therefore result in a disproportionate decline in strength. A lower proportion 

of fast contracting, type II fibres may also be expected to alter the overall force- 

velocity characteristics of a muscle, reducing maximum force and velocity of 

shortening.

Biopsy studies carried out on the m. vastus lateralis subsequent to the 

results documented by Larsson (1978) generally agree that fibre type proportion 

is not affected by ageing. For instance, Aniansson et al(1980) Essen- 

Gustavsson et al (1986) and Grimby et al (1982) found no evidence of altered 

fibre type distribution in subjects between 20 and 70 years of age. Fibre 

distribution may also be unaffected in older subjects. Grimby et al (1984) 

found no alteration in fibre distribution in older women, aged 66-100, and 

Aniansson et al (1986) found no change in 79 year old males over a 7 year 

period.

Grimby and Saltin (1983) pointed out that the small sample of muscle 

tissue delivered by needle biopsy may not demonstrate quantitative changes in 

fibre type distribution. Needle biopsy delivers only a few hundred fibres which 

represents only a tiny fraction of the 350 to 600 thousand fibres in the m.vastus 

lateralis of 20 -70 year olds (Lexell et al, 1988). Accepting the limitations of 

the biopsy technique, Lexell et al (1988) counted the numbers of different fibres 

in whole cross sections of m.vastus lateralis taken from the remains of accident 

victims. No significant preferential loss of type II fibre numbers, or alteration 

of fibre type distribution was observed between 20 and 80 years of age.

Young muscle is characterised by a random distribution of fibre types. 

Grouping and enclosed fibres are rare, and usually associated with an extreme 

fibre type distribution (Johnson et al, 1973). Grimby et al (1982) has reported 

that fibre grouping and enclosed fibres are increasingly common in old age. 

4% of 70 year olds (Aniansson et al, 1980) and 30% of 80 year olds
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demonstrate enclosed fibres. Also, pathological changes appear to be more 

common in the lower limbs than muscles of the arms (Nygaard et al, 1982). 

Fibre type grouping in the m.vastus lateralis appears to occur predominantly for 

type I fibres (Grimby et al, 1982) and may be evidence of neural reorganisation 

involving denervation and reinnervation. Other neurogenic changes are evident 

as small, angular fibres and atrophic fibres, and occur more commonly in the 

distal muscles (Jennekervs et al, 1971).

Myopathic changes and alterations in protein expression have also been 

observed in ageing muscle. Grimby et al (1982) has reported the occurrence of 

central nuclei in the muscles of subjects over 70 years of age. Replacement of 

muscle tissue with fat and connective tissue may also be observed, probably 

representing muscle degeneration. Klitgaard et al (1990b) has documented 

increased coexpression of different myosin isoforms in single muscle fibres of 

elderly men. The m.vastus lateralis of elderly men showed 20% of fibres 

expressing myosin heavy chain type I and Ila, compared with 8% in young 

males. The functional consequences of many of these pathological changes is 

unclear.

1.2.2.4 Neural regulation of ageing muscle
The function and morphological characteristics of skeletal muscle are 

intimately dependent upon an intact nervous supply as was first demonstrated 

by the cross innervation studies of Duller, Eccles & Eccles (1960). Evidence 

of neural reorganisation is increasingly common in ageing muscle, particularly 

in distal muscles. The appearance of fibre type grouping, enclosed fibres and 

small, angular fibres, suggests a process of denervation and subsequent 

reinnervation from motorneurones with different characteristics.

Neuronal death, without subsequent replacement, occurs throughout life. 

The loss of neurones from the central nervous system may result in a decrease
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in brain weight of 10-20% between 20 and 90 years of age (Brody et al, 1980). 

The presence of small angular fibres in ageing muscle indicates atrophy, 

secondary to loss of neural supply. This may result from loss of terminal 

synaptic connection as a result of peripheral nerve damage or neuronal death. 

Terminal sprouting is a process of motomeurone end-plate repair, in response 

to mechanical damage or degeneration, which occurs throughout the lifespan 

(Barker et al, 1965; Tuffreyet al, 1971; Wemig et al, 1986). The capacity to 

form collateral terminal sprouts may be compromised by ageing (Cardasis et al, 

1983; Pestronk et al, 1980), with less probability that a muscle fibre will be 

reinnervated following the death of its motomeurone. A proportion of muscle 

fibres lost during the course of normal ageing, may result from reinnervation 

failure and subsequent atrophy.

Fibre type grouping and enclosed fibres indicate reinnervation of 

denervated muscle fibres by collateral terminal sprouting from surviving 

motomeurone. Using needle electrodes and a multi single-unit 

electromyography technique Stalberg et al (1982, 1989) reported an increase in 

the territory of motor units in human muscles. Vandervoort et al (1986) 

documented an age related decrease in the compound action potentials (M 

waves) recorded from ageing triceps surae muscle in humans. Similar results 

were obtained by Campbell et al (1973), supporting a reduction in the number 

of functioning motor units with age. Brown et al (1988) used needle EMG and 

spike triggered averaging techniques to estimate the number of functional motor 

units in the m. brachii biceps of subjects aged 17 to 74. A mean of 911(+254) 

motor units was found in subjects under 60 years of age, decreasing by almost 

50% to a mean of 479(4-220) motor units in subjects over 60 years of age.

1.2.2.5 Patterns of activation and recruitment
Ikai (1967) suggested that voluntary effort may not result in maximal
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muscle recruitment in aged muscle, describing a 30% increase in force with 

electrical stimulation. This result suggested that an altered pattern, or 

efficiency of muscle recruitment may result from the neural changes observed 

in ageing muscle. Harridge et al (1990), however, found no difference in the 

torque produced by elderly subjects during voluntary isokinetic knee extension, 

or with electrical stimulation. Using percutaneous electrical stimulation, 

Rutherford et al (1992) found that most of 216 females aged 21 to 82 could 

fully activated their quadriceps muscle during voluntary, isometric knee 

extension. Vandervoort et al (1986) found similar results in the triceps surae, 

attributing the age related decline in voluntary strength to loss of muscle fibres 

rather than any loss of volitional recruitment.

1.2.2.6 Summary
Ageing is accompanied by a progressive loss of muscle mass and size, 

which is related to deteriorating muscular strength. This appears to result 

largely from a loss of muscle fibres, with some reduction in the size of type II 

fibres. Fibre type proportion appears to remain constant throughout adulthood, 

with little evidence of preferential loss of either fibre type related to age. The 

occurrence of pathological findings in biopsy specimens increases with age, 

particularly in distal muscle. Pathological findings in ageing muscle appear to 

be largely the result of neural reorganisation, probably secondary to 

motomeurone death. Neuronal death and reorganisation may contribute to the 

loss of muscle fibres and increased motor unit territory with age, but does not 

appear to affect the ability to activate the muscle with a voluntary effort.
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1.3 Ageing, muscle function and physical performance

1.3.1 Muscle function and physical performance in young 

subjects
Childhood growth and development is characterised by a progressive 

increase in stature and weight (Tanner et al, 1966). Boys and girls of the same 

age are of similar stature and weight until the onset of puberty. A period of 

accelerated growth during puberty is followed by rapid deceleration and the 

attainment of adult dimensions by the age of about 18 in boys and 

approximately 2 years earlier in girls. Due to an earlier and somewhat smaller 

growth spurt, the final adult stature and weight of females is smaller than that 

of males.

Muscle mass, estimated by urinary creatinine excretion and estimates of 

body composition, increases throughout childhood in a pattern related to growth 

in stature (Malina, 1969, 1986). Jones et al (1949) measured the handgrip 

strength of Californian children aged 11 to 17. Boys and girls produced similar 

grip strength until around the age of puberty, but then the strength in boys 

accelerated, becoming significantly greater than girls of similar age. Parker et 

al (1990) investigated the development of muscular strength during growth in 

a cross section of 551 (267 male) school age children. Little difference was 

observed in the strength of younger prepubertal boys and girls. With the advent 

of puberty the strength of girls began to lag behind that of the boys. Isometric 

muscle strength of the elbow flexors and knee extensors was strongly related 

to stature, increasing as a function of height squared and cubed respectively.

A number of studies have examined physical development and 

performance in children in a variety of activities. Epenschade et al (1940), 

Morris et al (1982) and Haubenstricker et al (1986) reported cross-sectional data
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on the development of throwing ability, running speed, broad jump length and 

vertical jump height in children aged 5 to 18 years. The development of 

physical performance in each activity demonstrated a similar pattern to that of 

stature and muscular strength. It is likely that improved performance during 

growth is the result of increased size, strength and the acquisition of specific 

skills, but no attempt was made by these investigators to quantify the 

relationship between increasing strength of specific muscle groups and 

performance of complex tasks.

The data regarding the relationships between muscle function and 

performance in children is extremely limited. Clarke et al (1957) examined the 

relationship between broad jumping ability and a variety of isometric strength 

measurements in eighty-one, 12 year old boys. Broad jump length was 

significantly correlated with elbow flexor strength (r=0.47), hip extension 

(r=0.39), plantarflexion (r=0.32) and knee extension (r=0.28). Harris et al 

(1937) documented a similar relationship between leg strength and vertical jump 

height in girls. Mero et al (1991) suggested that muscle function and physical 

performance in children may also be related to muscle morphology. They 

examined the relationship between vertical jumping and fibre type distribution 

in eighteen, athletic 11-13 year old boys. The percentage of type II fibres was 

assessed by needle biopsy of m. vastus Lateralis. Ten weightlifters and 

sprinters had 59.2Ji 6.3% type II fibers compared with 39.44: 9.8% in 8 

endurance runners and tennis players. Performance was assessed with a 

maximal jumping test in which cummulative flight time was recorded over 60 

seconds. The weightlifters and sprinter produced significantly better jumping 

performances than the endurance runners and tennis players. Further, 

performance was positively correlated with the percentage of type II fibres.

Relatively few studies have examined the relationships between muscle 

function and physical performance in young adults. This is probably because,
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unlike elderly subjects, young individuals rarely find difficulty with any 

activities. There is therefore no requirement for preventative, or corrective 

interventions, and little impetus for systematic investigation. Improved 

performance is mainly sought by young adults in sports activities. Considerable 

lay-attention has been directed toward the benefits of strength training, but the 

relationship between strength and performance remains poorly understood. 

Collected athletic record data, probably representing the upper limits of 

performance, indicate that peak performance in "strength" events, such as 

powerlifting is attained in the mid-twenties (DeGray et al, 1974). Peak 

performance in events demanding extreme concentration and skill refinement, 

such as target shooting, are attained in the mid-thirties. The age at peak 

performance for "strength" events coincides with the age of peak strength of 

individual muscle groups as documented in cross-sectional studies by Burke et 

al (1953) and Larrson (1978), and implies a relationship between the two 

variables.

Laboratory investigations of muscle function and performance in young 

adults have concentrated mainly on jumping activities. A number of 

investigations have examined vertical jumping as a measure of dynamic leg 

strength. Berger et al (1966) measured the isometric and dynamic leg extension 

strength of sixty-six, 18-21 year old male college students. A significant 

correlation was found between both measures of strength and vertical jump 

height. The correlation between dynamic strength, measured in a squatting 

movement against weights, and jump height (r=0.71) was slightly better than 

that with isometric strength (r=0.64). McClements et al (1966) found a similar 

relationships between isometric knee extensor strength and jump height in 

another group of young males (r=0.65). Potter (1986), examined the 

relationship between stair running time, a jump reach test and isometric knee 

extensor strength. A correlation of r=0.68 was found between strength and
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vertical jump height, and r=0.65 with stair running time. Smith et al (1961) 

however, did not find a significant correlation between leg strength and vertical 

jump height achieved by young males.

Vertical jumping was frequently employed as a test of dynamic leg 

strength until the introduction of isokinetic dynamometers. These devices 

provided a means of quantifying dynamic muscle strength in specific muscle 

groups, at a range of speeds. Several studies have examined the relationships 

between dynamic muscular forces measured isokinetically, and vertical jumping 

ability. Perrine (1976) documented a correlation of r=0.87 between isokinetic 

knee extensor force and vertical jump height achieved by collegiate volleyball 

players. The same authors documented a similar relationship between 100 m 

sprint times and knee extensor force in women track athletes. Bosco et al 

(1983) also documented a strong relationship between vertical jump height and 

isokinetic strength. A correlation of r=0.74 was found between jump height 

and peak torque achieved by 12 male athletes.

1.3.2 Summary
Childhood growth is characterised by increasing size, strength and 

physical performance. Few investigations have examined the relationships 

between muscle function and physical performance in young adults and there 

is little information regarding the muscular limitations to daily activities. 

Athletic records suggest that peak performance in power events is attained at 

the same age as peak strength and laboratory measurements indicate significant 

relationships between muscular strength and performance in jumping, sprinting 

and cycling activities.
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1.3.3 Ageing, muscle function and physical performance

Walking is an important daily activity, central to mobility. Imms and 

Edholm (1981) have demonstrated a progressive decline in walking speed with 

age. Bassey et al (1988) examined the relationship between isometric 

plantarflexion strength and the speed of self-paced walking over 100m in 56 

males and 66 females over 65 years of age. Males were 23% stronger than 

females and walked 12.5% faster. A significant correlation was found between 

plantarflexor strength and walking speed for males (r=0.41) and females 

(r=0.36). The correlation coefficients found in this study suggest that 

individual differences in strength can explain only a small proportion of the 

variation in walking speed. The body weight which must be carried may also 

be an important determinate of walking speed, but the strength data from this 

study was expressed in absolute terms, and not corrected for individual 

differences in body weight. In a later investigation of 26 males and females 

aged 80.5-94.5, Bassey et al (1992) documented that variations in power, 

measured in a single leg extension (Bassey et al, 1990), could explain up to 

86% of the variation in walking speed. The subjects studied were considerably 

older than the previous investigation, and the conclusions regarding muscle 

function and performance may not be directly transferable to younger age 

group. Also, walking speed was calculated over 6.1m, rather than 100m, so 

that acceleration and fatigue may confound comparison of results still further.

The function of the quadriceps muscles is central to many daily 

activities involving the legs. Walking, stepping and rising from a chair all 

involve knee extension produced by the quadriceps. Muscle strength during 

isometric and isokinetic knee extension and plantarflexion was assessed by 

Danneskoild-Samsoe et al (1984) in 52 men and women, 78-81 years old. No 

correlation was found between self paced walking speed over 30m and any
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measurement of force in either sex. The maximum height onto which subjects 

could step was also examined. A correlation of r=0.62,(P<0.05) was found 

between step height and knee extensor strength at a velocity of 60 degrees per 

second in men, but not women. No relationships were found between strength 

and performance of any other task for men and women. As with Bassey (1986) 

strength data from the Danneskoild-Samsoe study was expressed in absolute 

terms, but the body weight which must be lifted is almost certainly an important 

factor in stepping ability. The lack of relationships between strength and 

performance may have resulted, at least in part, from a failure to correct 

strength data for differences in body weight.

Skelton (1992a, 1992b) documented a trend toward deteriorating step 

climbing ability in men and women between 65 and 84 years of age. Only four 

males, and no females were able to climb a step of 0.50m without use of their 

arms. All male subjects were able to negotiate a step 0.40m in height. All 

females could climb a 0.20m step. The deteriorating step climbing ability was 

accompanied by a linear decline in knee extensor strength of 1.7-1.8% per 

annum, but no significant correlation was found between the two variables. 

Leg extension power was measured in the same investigation, and it was found 

to decline faster than isometric knee extensor force, at a rate of 3.5-3.7% per 

annum. There was also no relationship found between power and step climbing 

ability.

The ability of elderly people to rise from the seated position has received 

considerable attention (Weiner et al, 1993; Kerr et al, 1991; Alexander et al, 

1991). It is clear that the comfort with which elderly individuals can rise is 

inversely related to chair height. Kauffman (1982) applied a subjective, 

manual test of hip strength to 58 healthy elderly subjects between 44 and 98 

years of age. A significant relationship was found between hip strength and the 

ease with which subjects could stand. These results must be treated with some
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caution however, due to the subjectivity of both the muscle strength test and 

assessment of rising ability. Skelton (1992a, 1992b) found no relationship 

between knee extensor strength and the speed at which elderly males and 

females could rise from a seat of 0.42m.

Athletic records documented for different age groups (Moore, 1973; 

Shephard, 1974) suggest that jumping ability may deteriorate faster with age 

than the performance of many other activities. Komi et al (1980), investigated 

the net impulse generated on a ground reaction force plate by 226 males and 

females between 4-73 years of age during a maximal vertical jump. A squatting 

jump was employed and the height of rise of the centre of mass (jump height) 

was calculated from jump flight time. Jump height declined by 67% in males 

and 60% in females between 18-28 and 71-73 years of age. The decline in 

jumping ability was accompanied by a smaller relative decline in ground 

reaction impulse. Net impulse generated by leg extension declined by 42% in 

males and 30% in females. The authors did not correlate the ground reaction 

impulse and jump heights, but it seems likely that the two variables are 

associated.

Makrides et al (1985) measured the total work output over 30 seconds of 

maximal, isokinetic cycling in 100 subjects (50 male) aged 15 to 70 years. 

Total work increased throughout childhood, reaching a peak in the mid-twenties 

which was higher in males than females. Following the age at peak 

performance, total work declined throughout adulthood. At a pedal frequency 

of 60 rev/min, total work over 30 seconds declined by 6% per decade. The 

decline in total work was significantly correlated with age (r=-0.65) and lean 

thigh volume (r=0.84) estimated anthropometrically. Lean thigh volume gives 

a measure of muscle mass, and which may be proportional to power. The 

correlation between ageing, lean thigh volume and total work may therefore, 

imply a relationship with strength. Margaria et al (1966) found a similar
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relationship between age and leg power, calculated from the vertical component 

of a timed stair run, and age. The loss of power estimated from this study was 

higher than that for total work measured by Makrides et al (1985), amounting 

to a decline of 10% per decade between 20 and 70 years.

1.3.4 Summary
Muscular strength and power may be related to a number of important, 

functional activities in the elderly, but the documented relationships between 

strength, power and physical performance in the elderly, generally explain only 

a small proportion of the variation in the data. Declining physical performance 

with advancing age may be related to changes in muscle function but the nature 

of this relationship is unclear. The majority of studies appear to be based upon 

the assumption that absolute strength or muscular power are largely responsible 

for limiting performance. The influence of differences in body weight and 

limb dimensions has generally not been taken into account. It is likely that the 

successful performance of any activity is produced by a number of factors. 

Skill, flexibility and balance may also be important for the performance of 

many activities, and may explain some of the individual variation in 

performance unaccounted for by differences in muscular strength and power.

1.4 Conclusion
Even the fittest and healthiest members of society demonstrate a 

progressive deterioration in physical condition and performance with age. The 

generation of muscular forces is central to the human movement schema and it 

seems reasonable to postulate a causitive relationship between increasing muscle 

weakness and deteriorating physical performance with advancing age. There 

have been a large number of studies which have investigated age related
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changes in muscle function, but relatively few which have considered the 

relationships between ageing, muscle function and performance. Where 

relationships have been demonstrated between strength and performance in the 

elderly (Bassey, 1988; Danneskoild-Samsoe, 1981), the investigators have not 

normalised their results to take into account the influence of body weight. 

Equally, the effect of individual differences in physical dimensions, such as 

stature and leg length, have not been considered. The primary importance of 

strength to physical performance is frequently assumed, but the studies cited 

above indicate that strength may not account for all of the individual variation 

in performance. Factors such as balance, flexibility, coordination and 

motivation may also influence performance, but their contribution has generally 

not been examined alongside measurements of strength.

There is an obvious need for further research to examine the relationships 

between muscle function, physical performance and ageing. An improved 

understanding of these relationships may help the development of interventions 

to retard the progressive functional deterioration related to age.

The lower limbs are central to mobility and maintained independence and 

so the investigations documented in this thesis concentrate on the effects of 

ageing on activities using the legs. Measurements of strength have been made 

as in previous investigations and related to various indices of performance such 

as walking, jumping and stepping. The influence of body weight and size on 

performance have been examined and in addition to measurements of strength, 

indices of flexibility, balance and coordination, and their contribution to 

performance, are also considered.
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Chapter 2

Methods
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2.1 Introduction
This thesis is based upon observations made on 152, normal volunteers, 

aged between 3 and 81 years old. Practical and analytical methods which were 

used frequently throughout the investigations are described in this chapter. 

Additionally, the construction, validation and use of the Jump Box (Mills, 1993) 

and Postural Sway Meter (Mills & McIntyre, 1993) are described here. These 

two devices were designed specifically to fascilitate the investigations described 

here.

2.2 Subjects
One hundred and fifty-two healthy, normal volunteers (74 male), with an 

age range of 3 to 81 years, were recruited to act as subjects for the population 

study presented in Chapter 4. Smaller samples of subjects were recruited from 

this population to participate in the investigations detailed in other Chapters.

2.3 Consent and health screening
Parental consent was obtained for all children prior to participation in any 

investigation. Consent was obtained following a thorough explanation of the 

experimental protocol, potential risks and subject rights. Verbal consent was 

obtained from all young adult subjects. Elderly subjects, defined as those over 

65 years of age, were required to complete a health questionnaire (Appendix 

2A). This was done in the presence of the investigator. Following successful 

health screening, written consent was obtained for participation in each 

experiment (eg Appendix 2B). Consent was obtained following a written 

explanation of the investigation, and all the proceedures were approved by the 

local Ethical Committee.
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2.4 Measurement of isometric quadriceps strength
Isometric strength of the quadriceps was assessed using the strength chair 

described by Parker et al (1990), and strain gauge described by Jones et al 

(1989). An illustration of the apparatus is shown in Fig 2.1, and a photograph 

of the strength chair in use is shown in Fig 2.2. The back of the chair was 

adjusted such that when the subject was seated, the back of their knees were in 

contact with the front of the seat. The thigh was parallel to the floor and the 

knee was flexed to 90 degrees. The subject was asked to fold their arms across 

their chest. A seat belt was fastened around the subjects waist to secure them 

in the chair. A canvas cuff was placed around the ankle, attached to the strain 

gauge via a steel cable. The height of the strain gauge was adjusted so that the 

cable was parallel to the thigh.

Adjustable
Seat

Seat
Belt

Ankle
CuffStrain

Guage

Figure 2.1 The strength chair apparatus used to measure isometric quadriceps 
strength
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The subject performed a maximal effort knee extension against the strain 

gauge. To determine whether or not the contraction fully activated the muscle, 

percutaneous electrical stimulation was applied at a frequency of IHz 

(Chapman, 1984; Rutherford, 1986). The strain gauge signal was amplified and 

displayed using a Micromovements M-llOA oscillograph. Forces were 

calculated from a calibration using known weights hanging vertically from the 

strain gauge. The highest force from three maximal knee extension efforts was 

recorded. A sample force record is shown in Fig 2.3. Repeat measurements 

of knee extensor force with 12 subjects (6 female) indicated a coefficient of 

variation of 7% (Appendix lA)
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Figure 2.2 Measurement of isomeric quadriceps strength. A subject seated in the 
strength chair apparatus. (Note: electrodes for percutOAcous stimulation 
are not shown).
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Newtons

1

5 Seconds

Figure 2.3 A sample force recording low in g  the results of three maximal effort 
isometric knee extension efforts with superimposed twitch interpolation. 
(Note: The absence of superimposed twitches on the contraction indicates 
full activation of the muscle).

2.5 Measurement of vertical jump height
The height achieved by the centre of mass of the body in a vertical jump 

can be measured by a variety of methods. The jump-reach test, or Sargeant 

jump, and jump flight time are two simple means of measuring vertical jump 

performance. The Sargeant jump provides a direct estimate of the height of 

rise of the centre of mass. The test requires no special equipment and is ideal 

for field testing performance, but requires an asymmetric jump and use of the 

arms. Measurement of jump flight time requires a force plate, or pressure 

sensitive mat, and timing device, but permits a greater range of jumping
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techniques. The height of rise of the body’s centre of mass is calculated from 

the flight time, and assumes the same body configuration at take-off and landing 

(Komi et al, 1980). In practice, take-off is achieved with the legs fully 

extended, while landing is made with the legs flexed. Flexing the legs prior to 

landing extends flight time and can lead to an overestimate of jump height, i  

the following investigations the height of rise of the body’s centre of mass 

during a vertical jump height was measured with the "Jump Box" described by 

Mills (1993). The apparatus consists of a wooden box, within which is a steel, 

sprung tape measure. The tape measure is attached to a belt worn by the 

subject around their waist. During the jump an inelastic cord tied to the belt 

pulls the tape from the box, as shown in Fig 2.4A. A friction brake, shown in 

figure 2.4B, prevents return of the tape, the length of which can then be read 

from the box. The tape is set to zero with the subject standing on tip toe, the 

position at which the subject leaves the ground. Jump height is the vertical 

displacement of the centre of mass from the starting position to the apex of the 

jump. The coefficient of variation for repeated jump height results using the 

jump box was 8%. (Appendix IB)
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Steel
Sprung
Tape

Adjustable
Belt

Jump
Box Guide

Friction
Brake

Figure 2.4 Measurement of vertical jump height. [A] shows the Jump Box apparatus
In use [B] shows the friction brake assembly which prevents return of the 
steel tape

To compare the jump height measured by flight time and with the jump 

box, 4 subjects were asked to each perform 20 maximum effort vertical jumps 

with hands on hips. Flight time was recorded using a timer connected to a 

pressure sensitive pad upon which subjects jumped. Flight time was measured 

from take-off to landing. Jump height was measured at the same time using the 

jump box. To compare the jump height measured by video footage and jump 

box, 4 subjects each performed 20, maximum vertical jumps with hands on 

hips. Jump height was recorded using the jump box and video recording of the 

height of rise of the head against a graduated background. The video camera 

was fixed, horizontally on a tripod and mounted on a platform at the level of 

the subject’s head, as shown in Fig 2.5. Shutter speed was set to 50 frames per 

second. The relative position of camera, background and subjects was kept
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constant in all tests. The height attained by the highest point on the head was 

measured from the video footage using an acetate graticule overlaid on a 

television screen in an editing suite.

Graduated
Screen Video

Camera

,Tripod

Jump
Box

Figure 2.5 Shows the video camera arrangement used to record vertical jump height 
during assessment of the Jump Box

There was no significant difference in the mean jump height measured 

with the jump box or using video recording. Mean height of rise of centre of 

mass calculated from flight time was significantly greater than that measured on 

the jump box. The coefficient of variation for vertical jump height was lowest 

for the Jump Box measurement and greatest for heights calculated from flight 

time. This data is summarised in table 2.1.

Measurement Jump Box Video Flight time

Coefficient 
of variation

8% 11% 20%

Table 2.1 The coefficient of variation for three methods of assessing 
vertical Jump height
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Figure 2.6 shows the relationship brtween jump height estimated by the Jump box 
and [A] video recording [B] flight time. The regression line for jump box 
versus video recording is described by Y =  l.OX +  0.009, and Y =  1.15X 
+ 0.008 versus flight time.

46



A strong correlation was found between jump height measured on the 

jump both and using video footage (r=0.87, P<0.05), shown in Fig 2.6A, and 

flight time (r=0.88, P<0.05), shown in Fig 2.6B. The slope of the regression 

line for jump box versus flight time, but not versus video, is greater than the 

line of identity and consistent with an overestimate of jump height using flight 

time measurements.

2.6 Measurement of weight
Weight was measured with a beam balance scale. Subjects wore indoor 

clothing and removed shoes. Weight was recorded to the nearest 0.1 Kg.

2.7 Measurement of height
Stature was recorded using a portable stadiometer (Holtain Ltd), similar 

to that shown in Fig 2.7. Subjects removed their shoes and stood with their 

heels and back against an upright. The neck was slightly stretched by upward 

manual pressure. Stature was recorded to the nearest millimetre. Subischial 

height, was recorded using the same procedure with the subject sitting. The 

height of the seat was subtracted from the sitting height. Leg length was 

calculated by subtracting subischial height from stature.
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Figure 2.7 Measurement of stature. A subject standing at the stadiometer.

2.8 M easurement of balance

Quantitative examinations of balance have been used to determine the 

scale of spontaneous postural movements, or sway, that occurs during quiet 
standing (Hellebrant et al, 1938). Sheldon (1963) assessed perturbations of the 

torso in standing subjects using a pen recorder attatched to their shoulders. 

Movements about the waist were used to assess postural sway by Imms and 
Edholm (1981) and Overstall et al (1977). The upright posture can only be 

maintained when the centre of gravity is kept within limits circumscribed by the 

feet, or base of support. Movement of the torso may be accompanied by small 

perturbation of the centre of gravity through compensatory displacement of 

other body segments. Sway measured using this method may therefore not 

always reflect perturbations of the centre of pressure . The centre of pressure 

applied through the feet onto the floor is directly below the centre of gravity.
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The centre of pressure can be located using a ground reaction force plate (eg. 

Era et al, 1985; Hayes et al, 1985; Maki et al, 1990; Teasdale et al, 1991) and 

may represent a more meaningful indication of balance and risk of toppling. 

Unfortunately the installation and use of a ground reaction force plates is often 

prohibitively expensive.

In the investigations described here balance was assessed using the 

postural sway meter described by Mills & McIntyre (1993). The sway meter 

is based upon a four sided, single pillar strain gauge mounted centrally between 

two aluminium plates as shown in Fig 2.8A and B. Semiconductor strain 

gauges (Kulite, type DDP 350-500[3]) were mounted in pairs on opposing faces 

of the pillar. Movements of the centre of pressure applied by a subject standing 

on the footplate are measured by the semiconductor strain gauges as bending 

forces in the X and Y planes on the central pillar.

50mm

Semiconductor 
Strain gauge

Pillar Strain Gauge

600mm

Pillar strain gauge

Aluminium piates

Postural Sway Meter

Figure 2.8 The Postural Sway Meter. [A] the single pillar strain gauge and 
semi-conductor strain gauges and [B] the pillar strain gauge 
mounted between aluminium base and footplates, ready for 
use.

49



The voltage produced by each pair of strain gauges can be used to give 

the coordinates of the centre of pressure on the foot plate. The strain gauge 

signals are amplified (Radiospares Strain gauge amplifier and PCB) and then fed 

to an Amplicon A-D converter within an IBM compatible PC.

A data collection program, written expressly for use with the device 

converts the voltages received by the A-D converter into a real time visual 

display of centre of pressure movements on the footplate. The mean centre of 

pressure is established at the beginning of a data collection and is used as a 

reference point for further movements. The data analysis program provides 

results which are expressed in strain gauge units and broken down into mean, 

standard deviation, maximum and minimum perturbations in the lateral and 

sagittal planes. Centre of pressure path and velocity of movement are also 

calculated. A calibration, shown in Fig 2.9A and B, using known weights 

placed at exact distances from the centre of the footplate, enables the display 

in strain gauge units to be converted into torque. The centre of pressure 

position can then be expressed as a distance, in metres, from the centre of the 

footplate.
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Figure 2.9 shows [A] the calibration of the pillar strain gauge in the lateral plane and 
[B] in the sagittal plane. Postural sway meter sensitivity in both planes 
showed good linearity. The correlation between calibration weight 
position and the device output was r=0.99 in both cases.
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An estimate of sway in degrees can be made if the subject’s height and 

weight are known. The subject’s centre of gravity is located at approximately 

50% of their stature and the body weight can be taken as a force acting directly 

down from this point onto the footplate, shown in Fig 2.10. The centre of 

pressure is the point on the footplate through which this force acts. The centre 

of pressure can be located using the calibration factor. The degree to which a 

subject, of a given height and weight, must lean over to position their centre of 

gravity directly over this point can be calculated using basic trigonometry (see 

Appendix IF). A mean degree of sway is calculated based upon the mean 

position of the centre of pressure throughout a data collection. The estimate of 

sway, in degrees, assumes that the body remains straight and that sway 

originates from the ankles during quiet standing as indicated by Nashner (1985) 

and Daleiden (1990). Sway measured in a group of subjects on two separate 

occasions indicated a coefficient of variation of 4% (Appendix IE).

Subject

Center of gravity

Sway angle

Center of pressure Foot plate

Pillar strain gauge

Figure 2. 10 schematic diagram showing the centre of pressure position of a subject 
standing on the postural sway meter footplate
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2.9 Statistical methods

2.9.1 Differences between groups

The subjects participating in the following investigations fell into four 

broad groups; young males, young females, elderly males and elderly females. 

Initial comparisons of performance differences between groups were made using 

four way factorial analysis of variance (ANOVA). Where ANOVA indicated 

significant variation between groups post hoc analysis was carried out using 

Student’s t-test. A confidence interval of P<0.05 was set to represent 

significance.

2.9.2 Differences within groups
Differences in performance within a group of subjects, under different 

experimental conditions, were assessed using Student’s paired t-test.

2.9.3 Correlation and regression analysis
Many of the following investigations were concerned with the possibility 

of causal relationships between performance and factors such as strength, 

flexibility and balance. Correlation between variables was assessed by 

calculating Pearsons Rho. Regression was confounded by the fact that none of 

the variables could be measured completely free of error. While potential 

errors may be estimated by calculating a coefficient of variation from repeated 

measurements, under these conditions it is difficult to identify dependent and 

independent variables. The presence of errors in both variables also renders 

model I and II regression inappropriate. The problems of regression are further 

confounded by the fact that as is often the case with physiological data, many 

of the variables measured are themselves surrogates for other factors. Vertical
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jumping for example, is a surrogate for skill and leg muscle power, and this 

may further increases potential sources of error in measurement.

The difficulties inherent in regression analysis of physiological data were 

highlighted by the discussion which followed presentation of data regarding 

strength and cross-sectional area of the quadriceps in men and women by 

Winter and Maughan (1991). On the basis of regression analysis Winter 

asserted that the quadriceps muscles of young men had a higher force 

generating capacity per unit cross-sectional area than that of females. 

Wooledge (1991) pointed out however, that errors in measurements of muscle 

cross-sectional area had not been fully taken into account, and that when this 

was done there was no significant difference between males and females.

In order to take account of the potential range of error presented by both 

variables during regression analysis Wooledge (Personal Communication) 

suggested regressing regressing the variables twice, X on Y and then Y on X. 

This produces two regression lines encompassing the error present in both 

variables. The true relationship between the two variables lies between the 

limits delineated by the two regression lines and can be represented by a line 

drawn by eye between them, as shown in Fig 2.11. The intercept of the line 

drawn by eye can be read from the axes and the slope calculated over a range 

of values for the X and Y variables.

There is a certain amount of uncertainty implicit in the positioning of the 

regression line produced in this way. The level of uncertainty can be quantified 

using the variance of the data, calculated from the correlation coefficient, and 

errors known to be present in the measurements, represented by the coefficients 

of variation. The uncertainty is equal to the variance (l-r)xlOO, minus the sum
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of the coefficient of variation for both variables. Therefore, for two variables, 

both of which produce a coefficient of variation of 10% and a correlation 

coefficient of r=0.60, the uncertainty in the positioning of the regression line 

is (l-0.60)xl00 minus 20 (the sum of the coefficient of variations for both 

variables), or 20%.
6

X on Y
5

Line drawn 
by eye

4

Yon X

I-
2

0
663 4210

Variable X

Figure 2.11 Regression analysis of two variables both prone to error. Regression was 
carried out twice, X on Y and Y on X to produce two lines encompassing 
the error in both measurements. A final line was drawn by eye between 
these tow lines to represent the relationship between the two variables.

The significance of the regression line slope was assessed by calculating 

the Y variable residual standard deviation for data scattered about the regression 

line to set a 95% confidence interval for the slope (Altman, 1991). In a 

number of investigations the regression line intercepted the X axis at a point 

above zero. The significance of a positive, X axis intercept was assessed by 

calculating the X variable residual standard deviation to set a 95% confidence 

interval for X when Y was equal to zero (Altman, 1991).
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Chapter 3

Physical performance, mobility
and ageing
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3.1 Introduction
Deteriorating physical performance and diminished functional capacity are 

common features of ageing. The rate and scale of deterioration in the 

performance of particular activities, along with those factors which underlie it, 

are less well established. Maintaining adequate levels of functional capacity and 

mobility are central to preserving an independent lifestyle and high quality of 

life. Observations on the performance of various activities in different age 

groups may improve not only our ability to predict those populations at risk of 

diminished independence but also to design preventative interventions.

A number of factors may present significant limitations to physical 

performance. Among these are muscular strength, endurance, balance and 

coordination, the importance of which will vary between activities. Ageing 

may affect factors limiting performance to different extents. Indeed, data 

collected on age group records for various athletic events suggest that those 

activities requiring great muscular power, particularly jumping, deteriorate more 

with age than those, such as the marathon, which are based on endurance 

(Moore, 1975; Shephard, 1974).

Many investigations of functional ability in old age have concentrated on 

developing a single index of performance from a variety of daily activities (eg 

Reuben et al, 1990; Siu et al, 1990). Limited data is available describing the 

relationships between laboratory measurements of strength, power and 

performance of aged individuals in functional activities (Aniannson et al, 1980; 

Skelton, 1992a&b; Bassey et al, 1988) and interpretation of these relationships 

is confounded by the fact that most investigators have documented 

measurements of muscle function, such as strength, in absolute terms and not 

taken into account differences in body size and weight.

Few data are presently available comparing such measurements in young 

and elderly individuals. Greig et al (1994) have pointed out a generally poor

57



correlation between ergometry testing in the laboratory and functional ability in 

everyday tasks. They suggest that controlled laboratory measurements should 

be accompanied by a variety of functional tests. Greive et al (1978) 

recommended the use of common activities such as stepping, walking and sit 

to stand times for assessing the functional capacity of the lower limbs. The 

present investigation has examined the performance of young and elderly 

subjects in walking, stepping and jumping activities, which are central to 

mobility and an attempt has been made to relate quadriceps strength, to 

performance in each task for young and elderly subjects after taking into 

account body weight.
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3.2 Methods
3.2.1 Subjects

26 healthy, elderly volunteers (10 male) with an age of 70.1 _+ 3.95 

(Mean ±_ SD) yrs participated in the investigation. The elderly subjects were 

all recruited from the University of the Third Age, London, where they 

attended as students or instructors. 21 healthy, young volunteers (10 males) 

with a mean age of 26.7 JL 2.3 yrs also took part in the study. Young subjects 

were recruited from the students and staff at University College and University 

College Hospitals. The subjects were all white Caucasian.

3.2.2 Protocol
Elderly subjects were required to complete an extensive health 

questionnaire and meet rigorous exclusion criteria prior to admission to the 

study.

Stature, subischial height and weight were measured in each subject. 

Quadriceps strength was assessed during an isometric contraction with the knee 

flexed to 90 degrees. Percutaneous electrical stimulation at IHz was 

superimposed onto the contraction to assess muscle activation. Subjects were 

provided with visual feedback of force generated and verbally encouraged. The 

highest force measured from three attempts in each leg was recorded.

Physical performance was assessed in a series of activities.

[1] A custom built step, the height of which could be increased from 0.2 to 

1.0 metre in 0.1 metre intervals. The maximum height of step was 

recorded onto which subjects could climb with arms folded across their 

chest.

[2] Using the same steps, the lowest seat was recorded from which subjects 

could rise, with arms folded across their chest, using first only the left, 

then the right, and then finally both legs.
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[3] The maximum distance achieved in a broad jump was measured using a 

3m runway marked on the floor. Use of the arms was permitted to 

prevent overbalancing.

[4] Using a "Jump Box" (Mills 1993), the maximum height achieved by the 

centre of gravity was recorded during a counter-movement jump. Once 

again, use of the arms was permitted to prevent overbalancing.

[5] The fastest time to walk a flat 30m course was recorded.

Three attempts were made at each task, with the exception of walking.

3.2.3 Statistical methods
Differences in performance between groups was assess with 4 way, 

factorial ANOVA. Post hoc analysis was carried out, where ANOVA indicated 

significant variation between groups, using the Student’s t-test. The correlation 

between strength and performance was assessed using Pearsons Rho. 

Significance was determined by a confidence interval set at P<0.05.
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3.3 Results
3.3.1 General Observations

Physical performance of the elderly subjects was consistently and 

significantly worse than that of the young subjects in almost every activity. The 

relative ranking of each group of young and old, males and females, was 

generally the same. Young males produced the best performances in every case. 

Young females produced the second best performance, followed by the older 

males, while the elderly females produced the poorest performances. The only 

exception was seen in knee extensor strength when expressed as absolute force, 

where elderly males were significantly stronger than the young females.

In addition to the quantitative differences in performance between young 

and elderly subjects, there were also striking qualitative differences in 

performance. Elderly subjects exhibited greater caution in attempting the tests, 

and appeared to move more slowly than their younger counterparts. This 

behaviour was particularly evident in the stepping and jumping activities.

3.3.2 Quadriceps strength
Mean absolute quadriceps strength was 22.5% lower in the elderly 

subjects when compared to the young subjects. The difference in strength 

between age groups was the same in males and females. Expressing strength 

per unit body weight had no effect on the difference observed between age 

groups. There was no significant difference in strength, in any group, between 

left and right leg. There was also no evidence of a lack of full activation in any 

subject. Mean quadriceps strength for each group of subjects are summarised 

in Table 3.1.
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Quadriceps
Strength

Young male 
n=10

Young female 
n=10

Elderly male 
n=10

Elderly female 
n=10

Absolute 537 362 441 296
(N) (±33) (±19) (±23) (±18)

Specific 7.35 6.2 5.5 4.8
(N/Kg) (±0.4) (±0.3) (±0.3) (±0.2)

Table 3.1 Mean (+ SEM) absolute and specific quadriceps strength (N/Kg 
body weight) in young and elderly males and females

3.3.3 Step climbing
The maximum step height onto which elderly subjects could climb was 

39% lower and significantly different to that achieved by young subjects. Mean 

step height achieved by each group of subjects is summarised in Table 3.2. 

Mean step height achieved by young subjects was 0.74 JL 0.08 m. Mean step 

height achieved by elderly subjects was 0.46 ± 0 .1 1  m. The reduction in 

stepping ability was greater in females than males. The step height achieved 

by elderly females was 42% lower than that achieved by young females, 

compared with a 29.5% reduction in elderly males.

Subjects Young
males

n=10

Young females 
n=10

Elderly males 
n=10

Elderly 
females 

n = 10

Step height 
(m)

0.8
(±0.02)

0.68
(±0.01)

0.57
(±0.01)

0.38
(±0.03)

Table 3.2 Mean (±SEM) step height climbed by young and elderly males 
and females
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3.3.4 Standing from sitting

Standing
Sitting

Young male 
n=10

Young female 
n=10

Elderly male 
n=10

Elderly female 
n=10

1 legged 
(m)

0.23
(±0.02)

0.3
(±0.02)

0.36
(±0.03)

0.42
(±0.03)

2 legged 
(m)

0.2
(±0.0)

0.28
(±0.01)

0.21
(±0.01)

0.25
(±0.03)

Table 3.3 Mean (±SEM) seat height from which young and elderly 
subjects could rise

The ability of elderly subjects to rise from sitting using only one leg was 

significantly worse than that of young subjects. These results are summarised 

in table 3.3.

The average seat height from which elderly subjects could rise was 0.40 

zL 0.10 m. This seat height was 43% greater than that required by young 

subjects. On average, young subjects could rise from a seat 0.27 ±_ 0.06 m 

from the ground. Unlike stepping, the reduction in the ability to rise from 

sitting using one leg was greatest in the older males. The seat height from 

which elderly males could rise was 53% greater than that required by young 

males. Elderly females required a smaller increase in seat height, amounting 

to a 41% increase over that required by young females.

Four way ANOVA indicated intergroup variation, between young males 

and females, in the ability to rise from sitting using both legs which was only 

just significant. The mean seat height from which young subjects could rise 

using 2 legs was 0.21 ±_ 0.03 m, compared with 0.23 JL 0.07 m in the elderly. 

Young males were able to rise from a significantly lower seat than young 

females. There was no significant difference in the seat height from which 

elderly males and females could rise. There was a trend towards poorer 

performance in elderly males and females when compared with young subjects.
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but this was not significant.

3.3.5 Walking speed

Subjects Young
males
n=10

Young females 
n=10

Elderly males 
n=10

Elderly
females
n=10

Walking
speed

(m/s)

1.94
(±0.05)

1.76
(±0.02)

1.67
(±0.05)

1.39
(±0.05)

Table 3.4 Mean (+SEM) walking speed over 30 metres of young and 
elderly males and females

The time needed for elderly subjects to walk a flat 30m course 

averaged 20.3 2.8 seconds. This corresponds to an average walking speed

of 1.51 ±_ 0.21 m/s and was significantly slower than the speed attained by 

young subjects. Young subjects covered the 30m course in an average time of 

16.4 1.5 seconds, walking at an average speed of 1.84 J i  0.16 m/s. The

reduction in walking speed with age was greatest in elderly females who 

produced the slowest walking speeds, averaging 1.4 0.15 m/s. The walking

speed of elderly females was 21% lower than, and significantly different to, 

young females. There was no significant difference in walking speed between 

young females and elderly males. The walking speed of elderly males was 14% 

lower and significantly different to that of the young males. Walking speed for 

each group of subjects is summarised in table 3.4.

3.3.6 Jumping
Broad jump distance achieved by young subjects was significantly greater 

than that achieved by elderly subjects. Broad jump and vertical jump 

performance are summarised in table 3.5. Young subjects jumped an average
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distance of 1.94 _+ 0.37 m compared with 1.25 ±_ 0.31 m achieved by elderly 

subjects. The 45% reduction in broad jump distance with age was similar in 

males and females. The was no significant difference in the broad jump 

distance achieved by young females and elderly males.

Subjects Young
males
n=10

Young females 
n=10

Elderly males 
n=10

Elderly
females

n=10

Broad jump 
(m)

2.18
(±0.09)

1.69
(±0.07)

1.86
(±0.09)

1.36
(±0.15)

Vertical
Jump
(m)

0.40
(±0.02)

0.27
(±0.02)

0.12
(±0.02)

0.07
(±0.01)

Table 3.5 Mean broad and vertical jump performance in young and 
elderly males and females

The greatest reduction in performance with age was observed in the 

counter-movement vertical jump. The average height reached by young 

subjects (including males and females) was 0.33 ±_ 0.10 m, and significantly 

greater than the average height of 0.095 Hi 0.06 m attained by elderly subjects. 

The decrease in vertical jump height with age was similar for elderly males and 

females, amounting to a reduction of 73%. There were highly significant 

differences between the performances produced by all subject groups. Young 

males achieved and average jump height of 0.40 Hi 0.07 m compared with a 

significantly lower 0.12 Hi 0.07 m in elderly males. Elderly females produced 

the poorest average performance of 0.07 Hi 0.04 m, which was significantly 

lower than the 0.27 i f  0.07 m achieved by the young females.

3.3.7 Strength and performance
Regression analysis revealed significant negative correlations between
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quadriceps strength per unit body weight and the ability to rise from sitting 

using one leg in both young (r=-0.75) and elderly subjects (r=-0.60). The 

correlation between counter-movement jumping ability and strength in young 

subjects of r=0.45 was significant. No other significant correlation was found 

between strength and performance in young subjects. For elderly subjects step 

performance (r=0.62), broad jump distance (r=0.60) and walking speed 

(r=0.55) were positively and significantly correlated with strength.
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3.4 Discussion

This study has investigated the difference in performance between young 

and elderly subjects in a variety of activities using the legs. The results of the 

present investigation indicate a common hierarchy of performance capacity in 

almost every activity. Young males produced the best performances, followed 

by young females, and elderly males. Elderly females invariably produced the 

poorest performances. Our results also indicated the effect of ageing was not 

equal in all activities. While vertical jumping ability was severely reduced in 

the elderly subjects, rising from sitting using two legs was not significantly 

affected.

Walking is probably one of the most common forms of physical activity 

and is central to maintained mobility. Deteriorating gait and walking velocity, 

following injury or as a result of old age, may both result in loss of mobility 

and independence. The results of the present investigation indicate a significant 

reduction in walking velocity between 25 and 70 years of age. Reduced 

walking velocity becomes particularly problematical for the elderly individual 

when crossing roads using timed traffic signals or mounting a moving escalator, 

both of which are design for the faster, normal walking speed of younger 

individuals. Walking velocities observed in our subjects were somewhat higher 

than those previously recorded in comparable groups of young adults. Gifford 

(1977) found a mean walking velocity of 1.2 m/s, using a stopwatch to time 

people in the street. Using similar methods Drillis (1953) estimated mean 

walking velocity at 1.45 m/s.

Documented mean walking velocity of elderly subjects are also somewhat 

lower than those found in the present investigation. Bassey et al (1988) found 

walking speeds of 1.33 m/s in healthy men, and 1.16 m/s in women over 65 

years of age. A similar velocity of 1.3 m/s was found in men between 64 and
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66 years of age, still employed in industrial work (Bassey et al, 1976). 

Aniannson et al (1980), has documented a lower walking speed of 1.0 m/s in 

subjects between 71 and 81 years of age, which is consistent with the age 

related decline suggested by Imms and Edholm (1981). The lowest mean 

walking velocity of 0.74 m/s, documented by Imms and Edhom (1981) may 

reflect the extreme range of ages of subjects studied, some of whom were 

around 99 years old. The discrepancy between documented walking speeds and 

those found in the present study is probably explained by the fact that while the 

previous studies were based upon self-paced walking, subjects in the present 

study were asked to walk as fast as possible. Lundgren-Lindquist (1983) found 

that 79 year olds did not exceed 1.4 m/s when walking comfortably, but that 

most could only attain this speed during brief bouts of maximum effort. 

Observations documented by Leiper et al (1991), studying maximum walking 

velocity, indicate a mean speed of 1.42m/s in women over 65 years of age. 

The upper limit of walking velocities documented by Imms et al (1981) is 1.43 

m/s. This is considerably higher than the mean value of 0.74 m/s produced by 

that study, and in good agreement with the results of the present investigation.

There is little data concerning the maximum height of step onto which 

subjects of different ages can climb. Severe reduction in step climbing ability 

in old age may preclude the use of public transport, such as buses, which have 

high steps. The consequence to elderly individuals with no alternative means 

of transport is severe impairment to mobility. Stepping is clearly a highly 

complex activity, involving four distinct movements; lifting the leading leg onto 

the step, leaning the trunk forward over the knee of the leading leg, a counter

movement and jump from the trailing leg and straightening of the leading leg. 

The results of the present investigation demonstrate a considerable reduction in 

step climbing ability with age. An age related decline in the ability to carry out 

any one of the fundamental stepping movements may compromise performance.
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No data is available concerning the step height onto which young subjects can 

climb, but observations made on 65-70 year old men (Skelton, 1992a) and 

women (Skelton, 1992b) are in good agreement with the results of the present 

investigation.

Rising from a chair to the standing position has received considerable 

attention. However, most studies have considered either speed of ascent from 

sitting or the ease with which this can be achieved from seats of varying height 

(Kerr et al, 1991). This data may provide a useful index of the comfort with 

which elderly subjects can rise from sitting. Few studies have documented seat 

heights from which individuals of different ages can rise. Ultimately one 

either can, or cannot rise from sitting on a seat of particular height. While the 

effort required to rise from sitting is certainly important, the lowest seat from 

which a subject can rise may have greater functional significance. In a study 

of 22 subjects aged 64-105 years, Weiner et al (1993) found that only 41% 

could rise unaided from a seat 0.43m in height. This proportion rose to 91% 

when the seat was raised to 0.55m. There was no significant difference in the 

ability of young and elderly subjects in the present study to rise from sitting. 

Almost every elderly subject could rise from a seat 0.20m high without the use 

of their arms. Standard chair heights of between 0.45 and 0.51m (Weiner et 

al, 1993), with a recommended seat height of 0.46m (Barkla, 1961), would 

therefore present no challenge to these elderly individuals. One factor which 

may partly explain the unprecidented performance of the elderly subjects in the 

present study is the use of a variable height platform to assess rising rather than 

a chair. The platform was relatively narrow so that the subjects necessarily sat 

near the edge with their feet under their thighs. This sitting position facilitates 

leaning the trunk forward, shifting the center of gravity over the feet and 

increases the ease of rising. Moving to the edge of a seat prior to rising is a 

common strategy employed by young and elderly individuals alike. When
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sitting back in a chair with the thighs parallel to the floor and feet under the 

knees, it is almost impossible to shift the center of gravity far enough forward 

to facilitate rising.

The population from which the subject samples were drawn may also 

influence the results of mobility studies. The subjects in the present study were 

all extremely healthy and independent, unlike the subjects examined by Weiner 

et al (1993) who were all institutionalised. Pressumably, institutionalisation was 

precipitated by an underlying pathology rendering the individual of independent 

living, which may also affect their performance in everyday activities.

Young subjects could successfully rise from significantly lower seats than 

elderly subjects when using only one leg. While this activity is rarely used for 

rising from sitting, a similar movement is employed in stepping and stair 

climbing, and may therefore have functional significance.

By far the greatest reduction in performance with age, was observed in 

the jumping activities. Vertical jumping ability, in particular, demonstrated the 

greatest reduction with age of any activity. Vertical jump height (height of rise 

of the centre of gravity) was estimated from jump flight time in similar age 

groups by Komi et al (1980). They observed a similar reduction in jump height 

across the same age range. With the exception of the elderly females however, 

the jump heights documented by Komi in each age group were considerably 

lower than those recorded in our study. Costill et al (1968) measured the 

vertical jump height achieved by young males in a jump reach test. A mean 

height of 0.53 (±0.07)m is documented from this study which represents the 

extreme upper limit of performance recorded in the present investigation. 

Smith et al (1961) found similar results in another group of young males. 

Differences in jump height between studies may reflect differences in the 

population studied or the methods used to measure jump height.

The reduction in broad jumping ability in elderly subjects was not as
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great as that observed in vertical jumping. This may reflect different factors 

limiting performance in these apparently similar activities. The force generated 

during the push-off phase is central to successful performance in both jumps. 

Broad jump distance is measured from the starting position to the point at which 

the feet touch down. Optimal performance is dependent upon the angle of take

off and maintaining balance during landing. Landing technique is not an 

important factor determining height achieved in a vertical jump. It is possible 

that even if the force generated in the push-off were to deteriorate with age, 

technique may be well preserved and reduce the impact of age in .the broad 

jump.

Vertical jumping is a component of many activities. The push-off from 

the trailing leg during stepping onto a high platform is a good example of 

vertical jumping as an important component of an everyday activity. The great 

deterioration in vertical jumping ability when compared with stepping, and 

particularly with walking velocity, may reflect relative unfamiliarity with the 

task. Many of the older subjects may not have performed any form of jumping 

for decades. The age related reduction in jumping ability may also be explained 

by changes in muscle function which render elderly individuals less able to 

produce rapid, forcefiil, muscular contractions. Vertical jumping success 

requires the rapid production of large forces to accelerate the body’s mass 

against gravity. The instantaneous power output during a vertical jump is 

therefore very large. Force plate measurements by Komi et al (1980) from 

young and elderly subjects performing a vertical jump have demonstrated a 

significant reduction in force impulse and power with age. Leg extension 

power (Bassey et al, 1990), stair running times (Margaria et al, 1966) and 

sprint cycling (Makrides, 1985) demonstrate a similar, progressive decline 

throuhgout adulthood. This is consisW; with age group athletic records 

demonstrating a particular sensitivity of jumping, and other events focusing on
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speed and power, to the effects of ageing (Moore, 1973. Shephard, 1974).

The deterioration in muscular strength with age is well documented (eg 

Bemben et al, 1991. Young et al 1985 a,b.). but the relationship between 

strength and physical performance is less well established. Quadriceps strength 

was measured in this study because forceful knee extension is central to many 

of the activities examined. It has been assumed that quadriceps strength will 

be representative of strength in all leg muscles and measurement of quadriceps 

strength also offers the advantage of safe and easy application to elderly 

individuals.

Regression analysis of data from the present study suggests that only 

rising from a seat using one leg is related to Quadriceps strength per unit body 

weight in both young and elderly subjects. Evidence regarding the correlation 

between strength and performance of functional tasks is unclear. While Bassey 

et al (1988) have demonstrated a significant relationship between strength in the 

calf muscle and walking velocity in elderly subjects, Danneskoild-Samsoe et al 

(1981) found no relationship between this variable and quadriceps strength. 

The latter study also found no consistent relationships between quadriceps 

strength and step height which could be climbed. Both Bassey et al (1988) and 

Danneskoild-Samsoe et al (1981) expressed strength in absolute terms, and did 

not account for differences in body weight. Activities such as stepping, rising 

from sitting and jumping require that body weight must be overcome. A 

heavier individual may therefore be at a disadvantage relative to a lighter person 

of similar strength. It would be reasonable to assume that expressing strength 

relative to body weight may result in a better relationship with performance 

than when it is expressed in absolute terms. In practice however, this treatment 

has little effect because individual differences in weight are relatively small 

when compared to the variation in strength.

Kauffman (1982) found a significant relationships between the ability of
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elderly subjects, over 65 years of age, to stand from sitting and hip extensor 

strength measured in a subjective, manual test. The subjective nature of the 

strength test employed in this investigation, suggests that this evidence must be 

treated with some caution however. Berger et al (1966), McClements et al 

(1966) and Potter (1986) have all demonstrated similar, significant relationships 

between isometric measurements of leg strength and vertical jumping ability in 

young adults (r=0.64-0.68). These relationships are somewhat better than that 

found for young subjects in the present investigation (r=0.45). There was 

considerable variation in jumping performance for similar individuals in this and 

previous investigations which may explain the correlation differences.

The relatively small number of subjects involved in the present 

investigation, makes it difficult to draw conclusions regarding the relationships 

between age, strength and performance. The similar pattern of deterioration 

observed in strength and physical performance suggests an association between 

these two variables. It is clear however, that performance may decline with age 

to a greater extent than muscular strength. A 73% deterioration in vertical 

jumping ability, 45% reduction in broad jump distance and 43% increase in seat 

height required to rise using one leg in elderly subjects, was accompanied by 

a 22.5% reduction in absolute quadriceps strength and the difference was not 

explained by making allowances for differences in body weight. The 

deterioration in performance, in all but walking speed, was significantly greater 

than that in strength. The reduction in vertical jumping ability, as an extreme 

example, was three times greater than that in strength, and this is illustrated in 

Fig 3.1. The present results suggest a complex relationship between strength 

and performance, or may indicate the importance of some other factor.
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Figure 3.1 shows [A] absolute quadriceps strength and [B] vertical jump height 
attained by young and elderly males and females. The difference in jump 
height between young and elderly subjects is almost 3 times greater than 
that in strength.

3.5 Conclusion

The results of the present investigation confirm that ageing results in a 

deterioration in physical performance. Physical performance appears to 

deteriorate to a greater extent than strength during normal ageing. The effect 

of ageing was not equal in all activities. Activities requiring high instantaneous 

power output, such as the vertical jump, seem particularly susceptible to the 

effects of ageing. The relationship between vertical jumping and strength is the 

subject of detailed investigation in subsequent Chapters.
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Chapter 4

Ageing, leg strength and 
vertical jumping ability in humans
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4.1 Introduction

The investigation described in Chapter 3 indicated significant 

deterioration in physical performance and strength associated with ageing. The 

greatest decline in performance with age was in the vertical jump. This is 

consistent with age group athletic records documented by Moore (1975) and 

Shephard (1974).

There are many factors which could limit vertical jumping ability. 

Among these are body size and shape, muscular strength, flexibility and 

balance. Regression analysis of the data presented in Chapter 3 indicated a 

significant relationship between strength and vertical jumping ability in young 

subjects. Similar results were documented by Berger et al (1966), McClements 

et al (1966) and Potter (1986). No significant relationship was found between 

vertical jumping performance and strength in elderly subjects, but this may 

reflect the small number of subjects participating in the study.

The investigation described in this Chapter examined vertical jumping 

performance and strength in a greater number of subjects, with ages ranging 

across the entire lifespan.
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4.2 Methods
4.2.1 Subjects

Subjects were drawn from similar socio-economic groups and were all 

white Caucasian. Pre-school age children and those from infant school 

(<  llyrs) were recruited through colleagues at University College London. 

School age children ( > llyrs) were recruited from Southgate School, N. 

London. Adult subjects (18-65yrs) were recruited from staff and students at 

University College London and The Middlesex Hospital. Elderly subjects 

(>65yrs) were recruited from the University of the Third Age, Camden, 

London.

4.2.2 Protocol
Healthy, normal volunteers participated in this cross-sectional study. 

Children aged 5 to 16 took part in the study with parental consent. Verbal 

consent was obtained from adults under the age of 65. Subjects over the age 

of 65 were required to complete a health questionnaire and meet rigorous 

exclusion criteria.

Stature and subischial height were measured together with body weight. 

Isometric knee extensor strength was measured at 90 degrees of knee flexion, 

using the strength chair described by Parker et al 1990. The highest force 

produced from three maximal efforts was recorded.

Vertical jump performance was measured using the Jump-Box as 

described by Mills (1993). The arm counter-movement jump was demonstrated 

to the subject, who then familiarised themselves with the technique with several 

practice jumps. Subjects performed three, maximal effort vertical jumps using 

the arm, counter-movement jump. The best performance produced by the three 

attempts was recorded.
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4.2.3 Statistical methods
Differences in performance between groups was assessed with single 

factor ANOVA. Post Hoc analysis was carried out using the Student’s t-test. 

The correlation between strength and performance was assessed using Pearsons 

Rho. Significance was determined by a confidence interval set at P<0.05.
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4.3 Results

4.3.1 Observations on jumping performance
Every individual, over a wide age range, who participated in the study 

was able to perform a vertical jump which achieved take-off. Despite 

considerable variation in performance the technique used was remarkably 

similar in all age groups. Observation and photographic recordings 

demonstrated that individuals generally employed a stereotyped sequence of 

movements.

Figure 4.1 shows the sequence of movements employed in the vertical 

jump. Trunk and leg movements were invariably executed in a proximal to 

distal order with little obvious difference in the scale of movement about joints. 

The arm movements showed some variation, but were generally straightened 

and extended behind the body during the counter-movement and then swung 

forward and flexed at the elbow during the jump. The hands were drawn up 

along the body to a point just below the chin, and shoulders pulled upward 

toward the ears. Fig 4.2 shows sample photographic records of a young and 

elderly subject during a vertical jump and demonstrates a similar sequence of 

movements.

Departures from the stereotyped technique were seen in a small number 

of very young children, two adult females and one elderly female. A curious 

technique employed by two females was to flick the feet up toward the buttocks 

just after take off, as in skipping rope. This movement was not seen in any 

males. Very young children tended to display some disorganisation of 

movement. Erratic use of the arm was accompanied by a shallow counter

movement and an asymmetrical take off from only one foot. Older adults 

occasionally displayed some hesitation in performing a jump. Even after 

considerable practice, older adults appeared to move more slowly during the
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counter-movement than their younger counterparts. The degree of knee and hip 

flexion employed by elderly subjects in the preparatory counter-movement may 

also have been slightly smaller than that seen in the younger subjects.

Push-OffCounter-Movement Landing

Figure 4.1 shows the sequence of movements during a vertical jump.
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Figure 4.2 shows photographic records of vertical jumping technique in [A] young 
and [B] elderly subjects
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4.3.2 Vertical jumping performance
Peak performance was attained by both sexes in the middle of the third 

decade, following a progressive increase during childhood and early adulthood. 

The peak in performance was followed by progressive deterioration with 

advancing years. Mean performance is summarised mainly by decade in table 

4.1. Vertical jumping ability demonstrated considerable variation between 

similar individuals of the same age. Fig 4.3A, shows the jump height attained 

by males and females of different ages using the arm, counter-movement 

vertical jump. The highest jump recorded was 0.52m, produced by a 26 year 

old male, who was also the strongest subject. The highest jump produced by 

a 20 year old female was 0.38m, who was not the strongest female subject.

The poorest performance was produced by an 81 year old female, 

attaining a jump height of 0.01m. The poorest performance produced by a 

male was 0.06m, at 73 years of age. There was a significant correlation 

between age and vertical jump height in adults (r=-0.55). A comparison of 

mean performances between 20-30 and 70-80, suggests a deterioration in 

jumping ability amounted to 51% in males and 70% in females. The decrease 

in jump height per decade over this age range was approximately 12% for adult 

males and 14% for females.
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Figure 4.3 shows [A] the height attained in the arm, counter-movement vertical jump 
and [B] the Isometric quadriceps strength produced by males and females 
at different ages (males ■  females □).
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Age Group Gender
Absolute
Strength

(N)

Specific
Strength
(N/Kg)

Jump
Height

(m)

0-10
Males
Females

106 (±11) 
160 (±67)

4.9 (±0.5)
6.9 (±1.7)

0.13 (±0.06) 
0.12 (±0.05)

10-20
Males
Females

441 (±75) 
334 (±93)

8.0 (±1.2) 
6.5 (±1.4)

0.25 (±0.08) 
0.19 (±0.08)

20-30
Males
Females

605 (±239) 
395 (±76)

7.7 (±2.1) 
6.5 (±1.0)

0.35 (±0.10) 
0.27 (±0.06)

30-40
Males
Females

607 (±90) 
355 (±68)

7.8 (±1.3) 
6.1 (±1.1)

0.29 (±0.07) 
0.17 (±0.05)

40-60
Males
Females

489 (±61) 
295 (±83)

6.7 (±1.2) 
5.1 (±1.5)

0.33 (±0.01) 
0.25 (±0.05)

60-70
Males
Females

443 (±141) 
264 (±66)

5.6 (±1.5)
4.6 (±1.2)

0.21 (±0.11) 
0.14 (±0.08)

70-80+
Males
Females

396 (±66) 
283 (±47)

5.1 (±0.8) 
4.5 (±0.9)

0.15 (±0.07) 
0.08 (±0.06)

Table 4.1 Mean (+SP) vertical jump height, absolute quadriceps strength 
and specific quadriceps strength by decade between 20 and 80 
years of age.

4.3.3 Knee extensor strength
Quadriceps strength demonstrated a similar pattern of development to 

vertical jumping ability across the lifespan. Figure 4.3B, shows the isometric 

knee extensor strength measured from males and females of different ages. 

Mean absolute and specific quadriceps strength are summarised by decade in 

table 4.1. Peak strength was attained by both sexes in the middle of the third 

decade and appeared to decline thereafter. The greatest peak strength was 

1060 N, or 12.1N/Kg, produced by a 26 year old male. The greatest strength 

produced by a female was 561 N, or 7.2 N/Kg, at 25 years of age. The

84



weakest adult individual was a 57 year old female, producing 165 N, or 

3.1N/Kg. The weakest male adult was 65 years of age, and produced 274N, or 

3.21N/Kg. There was a significant correlation between age and absolute

quadriceps strength (r=-0.41) and specific quadriceps strength (r=-0.56) in

adults. A comparison of mean absolute quadriceps strength between 20-30 and 

70-80, suggests a decline of 35% in males and 29% in females. The reduction 

in specific strength over the same period was 34% in males and 31% in

females. These values correspond to a deterioration in strength of

approximately 8% per decade in adult males and 7.5% per decade in females.

4.3.4 Strength and performance
In order to take account for the potential effects of body weight and leg 

length on vertical jump performance quadriceps strength was expressed relative 

to body weight (Specific quadriceps strength) and jump height was expressed 

relative to leg length (Relative jump height). Figure 4.4, shows strength per 

unit body weight plotted against jump height expressed as a fraction of leg 

length for all adult (18+ Yrs) subjects. The scatter of data demonstrates a clear 

trend toward better performance from stronger individuals. There is however, 

considerable variation in performance between individuals of similar strength. 

Some individuals who were relatively weak can be seen to perform better than 

those with considerably greater strength. The scatter of data points also 

indicates a significant intercept on the X axis suggesting that a minimum 

specific strength of approximately 2N/Kg is required for take-off. Given the 

scale of the variation between individual performances, it is likely that the 

intercept covers a range between 1 and 4 N/Kg.

Regression analysis of the adult data ( those over the age of eighteen) 

demonstrated a good correlation (r=0.64, P<  0.001) between quadriceps 

strength and vertical jump height. The correlation between specific strength
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and jump height fell to r=0.60 (P < 0.001). When jump height was expressed 

relative to leg length, the correlation with specific strength fell still further to 

r=0.53 (P<0.001).
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0.6 - r=0.53
(P<0.05)
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Figure 4.4 shows the relationship between specific strength and vertical jum p height 
expressed as a fraction of leg length for males and females (males ■  
females □). The regression line, fitted by eye as described ill section 
2.9.3, is described by Y = 0.06.X - 0.16 (Uncertainty of régression line 
positioning; 32%)
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4.4 Discussion

This investigation has examined the relationship between strength and 

performance in the counter-movement vertical jump (CMVJ) over an age range 

representing most of the normal human lifespan. We have observed an increase 

in strength and performance during childhood which reached a peak at around 

20 years of age. Peak strength and performance were followed by a 

progressive decline throughout adulthood. We have found significant 

differences between strength and performance in groups of young and elderly 

subjects. We have also demonstrated a significant relationship between strength 

and performance in adulthood.

Deteriorating physical performance is a common feature of ageing. A 

number of studies have examined age related changes in performance, but 

probably the best are those which have examined athletic records achieved at 

different ages. The performances recorded probably represent the upper limit 

possible at each age and it seems unlikely that these results are confounded by 

differences in health, nutritional status, exercise habits or motivational factors. 

A review of age records by Moore (1975) compiled by Shephard (1974) 

revealed a steady decline in performance of track and field events with age for 

both males and females. The difference between young and old athletes was 

particularly marked in the performance of events requiring speed and power 

such as the shot-put and 200m sprint. Further, speed appeared to be 

particularly sensitive to ageing in females beyond the age of 30. Examination 

of 1987 world track and field records by Schulz & Cunrow (1988) indicate that 

the greatest effects of ageing are seen in the performance of jumping events.

The pattern of vertical jumping ability across the life span observed in
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the present study is consistent with the pattern of age group performances 

recorded in sprint and power events. The results of the present investigation 

are in good agreement with Bosco and Komi (1980) who employed a CMVJ in 

a study of leg extensor muscle mechanical behaviour in different age groups. 

Both investigations demonstrate that performance increases throughout 

childhood without significant difference between boys and girls. Differences 

in performance between males and females become apparent in the mid-teens. 

Peak performance is achieved around the end of the second decade of life, and 

is reached earlier in females than the males. Mature females consistently 

produce poorer performances than age matched males. Sex differences in 

performance probably reflect earlier onset and attainment of maturation in 

females and the action of the sex steroids. The very best performance 

recorded, was a jump amounting to half the stature, but in comparison to many 

other species then, humans are relatively poor jumpers (Schmidt-Nielsen, 1985)

Since the work of Quetelet (1836) it has become well established that 

normal ageing is accompanied by a decline in muscular strength (eg Fisher et 

al, 1947; Burke et al, 1953; Aniansson et al, 1980 and Reed et al, 1993). Age 

related changes in muscle size, strength and function are reviewed in Chapter 

1. The results of the present investigation are consistent with previous reports 

of age related changes in the strength of the knee extensors, and other muscle 

groups.

Few studies have examined the relationships between changes with age 

of muscle function and performance. Makrides et al (1985) examined the total 

work produced by 100 subjects (50 male), between 15 and 70 years of age, 

during 30 seconds of isokinetic cycling at 60 rev/min. Peak work was 

achieved in the mid twenties and declined at a rate of 6% per decade during 

adulthood. Similar relationships were found for leg power calculated from 

stair running times by Margaria et al (1966) and vertical jump heights recorded
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by Bosco et al (1980).

Margaria et al (1966) calculated a loss of leg power amounting to 10% 

per decade between 20 and 70 years. The data presented by Bosco et al (1980) 

indicates a decline in jumping performance of 11.5% per decade. Makrides et 

al (1985) found that total work during 30 seconds of maximal cycling was 

negatively related to age (r=-0.65) and positively with lean thigh volume 

(r=0.84). The correlation with lean thigh volume suggests a relationship 

between performance and an age related deterioration in muscle mass and 

strength. Linear regression of data presented by Bosco et al (1980) indicate a 

strong relationship between net ground reaction impulse, average force and 

jump height in adults between 18 and 73 years. The correlation between CMVJ 

height and average reaction force was r=0.62. The correlation between net 

ground reaction impulse and CMVJ height was r=0.94.

The results of the present study (shown in Fig 4.4) demonstrate a highly 

significant relationship between quadriceps strength and vertical jumping ability 

in adults (>18 years). The correlation of r=0.64 is in good agreement with 

that estimated between average reaction force and jump height from data 

presented by Bosco et al (1980). Paradoxically, when the effects of leg length 

and body weight are taken into account, the correlation between strength and 

vertical jump performance is reduced (r=0.54). This effect is difficult to 

explain when the physical constraints on jumping ability, derived from 

Newtons’ second law of motion (F=ma), predict the importance not only of 

applied force but also leg length and body mass in jumping success 

(Offenbacher, 1969). The vertical jump height achieved will depend upon the 

velocity at take-off. This in turn will be a function of the acceleration achieved 

and the time over which the body is accelerated. The acceleration is given by 

the force applied divided by the body mass, hence the use of specific strength. 

The distance over which the body can be accelerated should be related to the
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leg length of the individual. When the vertical jump height data was normalised 

to account for differences in leg length, the correlation between strength and 

performance was reduced. This is probably because, as discussed in the 

previous chapter with regard to body weight, individual differences in leg length 

will be relatively small when compared to differences in strength. The effect 

of making allowance for individual differences in leg length in the relationship 

between strength and performance is therefore likely to be small.

It is clear that a short individual produces a better relative performance 

than a tall subject who jumps to the same height. Normalisation of the jump 

height data to account for differences in leg length, in much the same way that 

expressing strength in specific terms accounts for differences in body weight, 

seems an appropriate and logical treatment. While it is surprising that 

normalisation of the jump height data results in a reduced correlation with 

strength, correction of jump height for subject leg length or stature may still be 

valuable for comparisons of performance between individuals.

The results of the present investigation suggest that age related changes 

in strength cannot completely explain the deterioration in performance. The 

average rate of decline in CMVJ performance was 12-14% per decade during 

adulthood. This value is in good agreement with the age related deterioration 

documented in stair sprinting (Margaria et al, 1966) and vertical jumping 

(Bosco et al, 1980). The average decline in knee extensor strength in the 

present study was 7-8% per decade, and 9% for average reaction forces 

documented by Bosco et al (1980). The rate of deterioration in performance is 

therefore considerably greater than that of strength.

The results of the present investigation suggest that a minimum level of 

strength, between 1 and 4 N/Kg, is required to overcome body weight and 

achieve take-off in the vertical jump. This assertion is based upon the X axis 

intercept in figure 4.4. Theoretical calculations of the jump height attained by
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an individual of specified strength and weight, shown in Appendix 4, 

demonstrate a similar relationship between strength and performance. The 

minimum level of strength is probably dependent upon the body weight. 

Additional strength, above that required to support the body weight, must be 

available to accelerate the body and attain an upward velocity sufficient to 

achieve take-off. Strength below this range may be insufficient to accelerate the 

body mass to overcome the pull of gravity.

Vertical jumping performance demonstrated considerable variation 

between individuals of similar strength. The correlation between absolute 

quadriceps strength and vertical jump height (r=0.64) suggests that at best, 

strength can account for 41% of the variation in performance. It has been 

assumed that quadriceps strength is representative of strength in other muscle 

groups involved in jumping, such as the gluteals and gastrocnemius. The 

relative strength of leg muscle groups may demonstrate some individual 

differences. Additionally, quadriceps strength may be affected to a different 

extent by age than other muscle groups involved in vertical jumping.

4.5 Conclusion
Vertical jumping is clearly a complex activity. The present study has 

demonstrated that performance in the vertical jump and the decline which is 

observed with age is related to a deterioration in muscular strength. The age 

related deterioration in performance occurs at a considerably greater rate than 

that of strength. There is considerable variation in performance between 

individuals of similar size and age, which can not be explained by strength. 

A minimum level of strength also appears necessary to accomplish a vertical 

jump. A number of other factors are obviously important for successful 

performance in this and other activities. These may include muscle speed,
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storage of elastic energy, skill, flexibility and balance. Identification of 

performance limiting factors and their relative importance at any age will 

require further examination.
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Chapter 5

Ageing and the contribution of the arm 
swing and counter-movement to vertical 

jumping performance
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5.1 Introduction
Deteriorating physical performance is a common feature of ageing. 

Physical performance may be limited by a number of factors, among which are 

strength, endurance and skill. The decline of muscular strength in adulthood 

has been well documented (eg, Bemben et al 1990; Young et al 1984, 1985; 

Aniansson 1981). The previous Chapter, detailing a cross-sectional 

investigation of muscular strength and vertical jumping ability across the 

lifespan indicated that although strength was important in vertical jumping 

performance, other factors must be involved. Observations of walking and 

jumping activities in elderly subjects (Adrian 1982; Nelson 1981; Mills 1993) 

indicate subtle age related changes in the scale and speed of movement patterns 

which may be important in explaining variations in performance.

Vertical jumping involves a highly coordinated sequence of muscle 

activation. The arm counter-movement vertical jump consists of five distinct 

movements: The arm swing, preparatory counter-movement, push-off, landing 

and recovery. While the general schema of movement patterns appears well 

conserved with age, the arm swing and range of preparatory counter-movement 

may be less efficiently utilised by elderly subjects. Harman et al (1990) has 

demonstrated the importance of both these movements to success in the vertical 

jump in young subjects, but this has not been investigated in older age groups.

The following investigation examines the relationships between ageing 

and the relative contribution of the arm swing and preparatory counter

movement to jump performance.
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5.2 Methods
5.2.1 Subjects

Healthy, normal subjects were drawn from two age groups, 20-30 and 

65-75 years. The subjects were recruited from the previous cross-sectional 

study of jumping ability across the lifespan. Elderly subjects were asked to 

complete an exhaustive health questionnaire. Participation in the study required 

that rigorous exclusion criteria were met.

5.2.2 Protocol
Stature, sitting height and weight were measured in each individual. 

Isometric quadriceps strength was measured with the knee flexed to 90 degrees, 

from both legs. Percutaneous electrical stimulation, at a frequency of IHz, was 

used to measure the extent of muscle activation. The highest force produced 

from three maximal effort contractions was recorded.

Vertical jump height was measured with a jump box (Mills 1993) using 

an arm counter-movement jump (ACMVJ) employed in all of the preceeding 

investigations. Following several practice jumps, subjects performed three 

maximal effort jumps, the highest of which was recorded. Jump height was 

then measured with hands on hips, using a counter -movement jump (CMVJ).

Finally, vertical jump height was measured with hands on hips, starting from 

the squatting position (Squat Jump). Subjects were asked to squat to the 

lowest point in their normal counter-movement. This position was held for five 

seconds before the subjects were instructed to jump. During the squat jump 

subjects were watched closely to ensure proper performance of the technique. 

A jump was eliminated if a counter-movement was used. The best of three 

maximal efforts was recorded.
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5.2.3 Statistical methods
Differences in performance between groups was assessed with 4 way, 

factorial ANOVA. Post Hoc analysis was carried out, where ANOVA 

indicated significant variation between groups, using the Students’ unpaired t- 

test. The paired Students’ t-test was used to assess differences in performance, 

within groups, using different jumping techniques. Significance was determined 

by a confidence interval set at P<0.05.
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5.3 Results
5.3.1 Quadriceps strength

Quadriceps strength and jumping performance were lower in elderly 

individuals when compared with younger counterparts. Young males produced 

the greatest quadriceps strength and the best performances. Elderly females 

were, on average, the weakest group, producing the poorest performances.

Subjects
Young 
Males 

(n= 10)

Young 
Females 
(n= 10)

Elderly
Males
(n=9)

Elderly 
Females 
(n= 10)

Specific 
Quadriceps strength 

(N/Kg)

6.79 ±  0.4 5.94 ± 0 .4 5.45 ± 0 .3 4.06 ± 0 .2

Absolute 
Quadriceps strength 

(N)
500 ± 2 8 359 ± 2 6 420 ± 2 8 264 ±  14

Table 5.1 Mean (+SEM) absolute and specific quadriceps strength of young and 
elderly males and females.

Table 5.1 shows the mean quadriceps strength of each group of subjects. 

The quadriceps strength of females appeared more sensitive to ageing than that 

of males The quadriceps strength of elderly males was 16% lower than young 

males. The quadriceps strength of elderly females was 36% lower than young 

females. The difference in strength between males and females demonstrated 

a significant increase with age.

5.3.2 Vertical jumping performance

Arm counter-movement vertical jumping (ACMVJ) ability was lower in 

the elderly individuals when compared with younger counterparts, as shown in 

Fig 5.1. Performance declined faster with age than strength, particularly for 

males. A decline in strength of 36% in elderly females was accompanied by 

a deterioration in ACMVJ performance of 42%. The reduction in ACMVJ
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height observed for elderly males was 52%, compared with a decline in strength 
of only 16%. Table 5.2 summarises the mean heights attained by each group 

of subjects using the three jumping techniques. On average, the best 

performance was produced by each group using the arm, counter-movement 
jump. Young males produced the highest jump, and elderly females produced 

the poorest performance.

The effect of eliminating the arm swing, by asking subjects to place their 
hands on their hips, is shown in Fig 5.2. This constraint had a similar effect 

on jump performance in each group, reducing jump height by approximately 

20%. The effect was slightly, but not significantly greater for the elderly 

individuals.
The worst performance was produced by all groups when using the squat 

jump, which eliminated the counter-movement and use of the arms.

Young Males Young females Elderly Males Elderly Females

Arm, Counter- 
movement 

(m)

0.39 ±  0.02 0.24 ± 0 .0 1 0.19 +  0.01 0.14 ±  0.02

Counter-
Movement

(m)

0.33 ±  0.02 0.20 + 0.01 0.15 ±  0.01 0.11 ±  0.01

Total reduction 
in Jump height 
from ACMVJ 

%

{F <0M1^
17.2 ±  2,5 
(P <Ù.Ô01) (P <0.oon

2Ù.0X 4.4 
(P <ÙÆÏ)

Squat jump 
(m)

0.28 ±  0.02 0.17 + 0.02 0.13 ± 0 .0 1 0.08 ±  0.02

total redutdion 
injun^ he^ht 
from ACMVJ 

%

2 M ± 2 . 5  
(P <OMI)

SOJ +
{P <0M1)

3 J 7 ± 2 J  
{P <0M1)

Table 5.2 Mean (4-SEMI jump height attained using arm, counter-movement jump, 
counter-movement jump (without arms) and squat jump. Reduction in 
jump height produced by changing technique relative to performance 
using the arm, counter-movement jump.
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Figure 5.1 Mean height of rise of centre of mass in the arm counter-movement jump 
of young and elderly males and females

The effect of eliminating the arm swing and counter-movement on 
jumping performance is shown in Fig 5.3. Eliminating the counter-movement 

had a significantly greater effect upon the jumping ability of elderly individuals, 

particularly the elderly females. The squat jump height attained by young males 

and females were respectively, 28.3% and 30.9% lower than the best 

performance in the ACMVJ, and the deterioration in performance was not 

significantly different. The height attained in the squat jump by elderly males 
and females were respectively 33.6% and 41.7% lower than the mean best 

performance in the ACMVJ, and the deterioration in performance was 

significantly greater in the females. Within each group of subjects height 

attained in the ACMVJ was significantly greater than in the CMVJ, 

performance of which was significantly greater than in the squat jump.
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Young m aies Young fem ales Elderly Males Elderly fem ales

Figure 5.2 Mean height of rise of centre of mass in the counter-movement jump, 
eliminating the use of arms, for young and elderly males and females.

Young m ales Young fem ales B dady  M ales EkJerty fem ales

Figure 5.3 Mean height of rise of centre of mass in the squat jump for young and 
elderly males and females.
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5.4 Discussion

The present investigation has examined the relationships between, ageing, 

strength and technique in the performance of a vertical jump. The results 

demonstrate that both quadriceps strength and jumping performance decline with 

age. Jumping performance appears to be more sensitive to ageing than 

strength, particularly in males. Arm movements appear equally important for 

successful performance in all subjects. The counter-movement prior to a 

vertical jump appears to be particularly important for successful performance 

in elderly females.

ACMVJ performance deteriorated to a similar extent in both elderly 

males and females. Performance was more sensitive to ageing than strength, 

particularly in males. ACMVJ performance declined by 42% in elderly 

females, only 6% more than 36% decline in strength. The 52% deterioration 

in ACMVJ performance in elderly males was more than double the 19% decline 

in strength. Use of the arm counter-movement during the preparatory phase of 

the ACMVJ has a significant effect on performance. Harman et al (1990) 

demonstrated that use of the arm counter-movement by young subjects improved 

the vertical ground reaction impulse by 10% and increased jump height by 

21%. The results of the present investigation are in good agreement with these 

observations. Eliminating the arm counter-movement resulted in a reduction of 

approximately 20% in the jump height achieved by all subjects. Further, these 

observations demonstrate that the arm counter-movement is equally important 

to elderly individuals.

The preparatory counter-movement prior to a jump serves a number of 

purposes. First, it assumes a position in which the limbs and muscles are 

placed at the greatest advantage to accelerate the body mass upward. Second, 

the counter-movement augments the force generated during the concentric phase
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of the jump with energy stored by stretching the tendons. The counter

movement may also facilitate build up of muscle activation prior to jumping 

through the stretch reflex, as shown in Fig 5.4.

Counter-movement Push-off

Time (s)

Figure 5.4 shows the build-up of muscle force during a vertical jump with a counter- 
movement (—) and without a counter-movement, using a squat jump (••••). 
The counter-movement facilitates muscle activation so that the push-off is 
initiated with greater force. The shaded area represents the reduction in 
net ground reaction impulse when the counter-movement is eliminated 
from a vertical jump.

The push-off, or concentric phase of the jump may therefore start with 

a more fully activated muscle, resulting in a greater net impulse and 

acceleration. Without the counter-movement there may be a delay during the 

push-off in which muscle activation is built up, reducing the time over which 

maximum force is applied. As a result the net impulse, acceleration and jump 

height achieved are reduced. In Fig 5.4 the shaded area represents the
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reduction in net ground reaction impulse when the counter-movement is 

eliminated from a vertical jump. The exact mechanism by which the counter

movement augments vertical jumping performance is unclear, but may involve 

a combination of elastic storage of energy (Cavanagh et al, 1965) and 

potentiation of the stretch reflex (Bosco et al, 1979).

The results of the present investigation demonstrate that, when the 

contribution of the arm counter-movement is taken into account, eliminating the 

preparatory counter-movement reduces jump height by approximately 10% in 

young males and females and elderly males. This observation is in agreement 

with Harman et al (1990) who found that the preparatory counter-movement 

increased jump height by 6%. The effect of eliminating the counter-movement 

in elderly females was much greater than any other group, amounting to a 

reduction in jump height of 20%. This observation suggests that stretch 

potentiation afforded by the preparatory counter-movement is particularly 

effective in ageing females. A sensitivity of stretch potentiation to ageing has 

been reported by Bosco et al (1980), and more efficient utilisation of stored 

elastic energy by females has been reported by Komi (1977, cited in Komi, 

1978). The present results observed in elderly females may be due to age 

related changes in tendon compliance, possibly related to the menopause. 

Additionally, the counter-movement may be particularly important to ensure full 

muscle activation in elderly females. The particularly poor squat jump 

performance of elderly females may reflect a reduced speed of muscle activation 

and build up of force during the concentric phase of the vertical jump.

Neural programming is an important factor in most movements and may 

be particularly important in explosive activities, such as jumping, where there 

is little opportunity to integrate sensory feedback during performance. The 

arm, counter-movement jumping technique is established in the first few years 

of life, with most individuals becoming highly proficient in their early teens
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(Epenschade et al, 1960). The counter-movement jump and squat jump may 

represent relatively unfamiliar tasks, with motor programs which a less well 

evolved than for arm, counter-movement jumping. It is possible that poor 

coordination, due to task unfamiliarity and lack of motor programming, may 

explain some of the difference in performance between different jumping 

techniques.

Observations of jumping and walking in elderly subjects by Adrian 

(1982), Nelson (1981) and Mills (1993) have suggested that while the overall 

schema of movements in well preserved. Subtle alterations in the coordination, 

range and speed of movements may occur with age however, which may 

explain some of the variation in performance. The range of the counter

movement, and squat depth, were not measured in the present study. Elderly 

subjects may employ a smaller range of motion in the counter-movement. This 

could limit the distance over which the body weight is accelerated, and the 

ultimate success of the jump. The speed of movement may also limit 

acceleration, but was not examined in this study

5.5 Conclusion
Vertical jumping is clearly a complex activity involving a highly 

coordinated sequence of muscular contractions. While movement patterns are 

well conserved with age a number of changes in the locomotor system may give 

rise to deteriorating performance. The contribution of arm movements and the 

preparatory counter-movement is clearly important to performance in both 

young and elderly individuals. Stretch potentiation of leg extensor muscular 

forces may be particularly important for elderly females. The range of motion 

and speed of movement may also be important for vertical jumping success and 

will require further examination.
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Chapter 6

Ageing, knee extensor dynamic 
contractile properties and 

vertical jumping ability
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6.1 Introduction
Chapters 3 to 5 have described investigations of physical performance in 

young and elderly subjects. Vertical jumping ability appears to deteriorate to 

greater extent than other activities with advancing age. Isometric knee extensor 

strength is significantly related to jumping performance and also deteriorates 

with age. The variation in performance, up to 50% of which can not be 

explained solely on the basis of strength, may also be due to factors such as 

speed, flexibility, balance and coordination. In Chapter 5 it was suggested that 

alterations in muscle function, other than isometric strength may also have a 

significant effect on jumping ability during normal ageing. Berger et al (1966) 

found a significant relationship between vertical jump height and isometric leg 

strength, but a better relationship was found between dynamic leg strength and 

performance. Age related changes in the dynamic contractile properties of the 

leg muscles may therefore explain a greater proportion of the variation in 

jumping performance.

Relatively few comparative studies have been undertaken to examine 

dynamic contractile properties of human muscle in young and elderly subjects. 

Larsson (1978) found similar rates of deterioration with age in static and 

dynamic knee extensor force in males aged 11-70 years. Harries and Bassey 

(1990) compared the torque produced during maximal knee extension by young 

and elderly females. At angular velocities ranging from 0 to 300 deg/s, elderly 

females were consistently weaker than young females, with a disproportionate 

decline in force produced at high velocities. Overend et al (1992) found similar 

results in young and elderly men using angular velocities of 0 and 120 deg/s.

Danneskiold-Samsoe et al (1984) investigated the relationships between 

dynamic force and performance in stepping and walking in men and women 

aged 78-81. A significant correlation was found only between knee extension 

force at 60 deg/s in men, and performance in walking and stepping activities.
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Vertical jumping performance is dependent upon the acceleration of the 

body which can be produced by the leg extensor muscles. Potential alterations 

in force-velocity characteristics of the muscles involved may therefore have a 

significant effect on performance. An age related reduction of muscle speed, 

suggested by Larsson (1978), Harries et al (1990) and Overend et al (1992), 

could significantly compromise muscle power, with minimal changes in 

maximal force. Figure 6.1, shows the force-velocity characteristics of fast and 

slow muscle, and demonstrates the large difference in power production of each 

muscle type. The present investigation has examined the relationships between 

vertical jump performance, and isometric and isokinetic strength, in healthy 

young and elderly subjects.

Force

Fast (Young?)

Slow (Old?)

Velocity

Power

Figure 6.1 Force-velocity characteristics of fast [—] and slow f —] muscle. Ageing 
may result in a change of contractile characteristics from that of fast 
muscle to those of slow muscle. Maximal strength may be affected only 
to a small extent, but power output may be severely compromised 
(Sargeant, 1992).
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6.2 Methods
6.2.1 Subjects

18, healthy, elderly volunteers (8 males) with a mean age of 704:3.35 yrs 

(MeanjiSD) participated in the investigation. The elderly subjects were 

recruited from the University of the Third Age, London and through the Royal 

Free Hospital, Department of Geriatric Medicine. 18 healthy, young volunteers 

(9 males) with a mean age of 26.94:2.3 yrs also took part in the study. Young 

subjects were recruited from students and staff at University College and 

University College Hospitals. The subjects were all white Caucasian and none 

were undergoing athletic or other heavy physical training.

6.2.2 Protocol
Ethical committee approval was obtained for the study. Elderly subjects 

were required to complete an extensive health questionnaire and meet rigorous 

exclusion criteria prior to admission to the study. Following a description of 

the experimental procedures, written consent was obtained from all elderly 

subjects for participation in the study.

Stature, subischial height and weight were measured in each subject. 

Vertical jump performance was measured in two ways [1] in the counter

movement vertical jump (CMVJ) with hands on hips to eliminate the 

contribution of the arms to jumping performance, and [2] in the squat jump with 

hands on hips. Subjects were asked to stop at the lowest point in a normal 

counter-movement. The squatting position was held for 3-5 seconds before a 

verbal command was given to jump. Jump height was measured, as the height 

of rise of the centre of gravity, using a jump box (Mills, 1993). The best of 

three maximal effort attempts was recorded.

Knee extensor strength was assessed using the Cybex II, isokinetic 

dynamometer. Subjects were seated in the dynamometer chair, secured with
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chest and hip straps, and the fulcrum of the lever arm aligned with the lateral 

condyle of the knee. The length of the lever arm was then adjusted to 

accommodate the lower leg length of the subject, before the shin pad was 

strapped in place. The angle indicated by the Cybex dynamometer was 

calibrated using a protractor goniometer.

Isometric torque was measured at 110, 90, 60 and 30 degrees of knee 

flexion from the horizontal. Three attempts were allowed at each angle and the 

highest torque was recorded. Isometric force was calculated from the maximal 

torque produced at each angle, correcting for the length of the lever arm used 

for each individual. Isokinetic torque was measured during contractions 

between 90 and 0 degrees of knee flexion at angular velocities of 0, 30, 60, 90, 

120 and 180 degrees per second. Torque was recorded in a sequence of 

contractions going from low to high angular velocity. 15-20 seconds rest was 

allowed between contraction. This sequence was repeated three times. The 

highest torque produced at each angular velocity was recorded and corrected for 

gravity. The isokinetic dynamometer was calibrated by loading and unloading 

free weights into the lever arm, at a known length, parallel to the floor.

6.2.3 Statistical methods
Differences in performance between groups was assessed using four way 

factorial ANOVA. Post hoc analysis was carried out were ANOVA indicated 

significant variation between groups using Student’s t-test. Intra-group 

differences were assessed using the Student’s paired t-test. Correlation between 

variables was assessed using Pearsons Rho. Significance was determined by 

a confidence interval set at P<0.05.
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6.3 Results
6.3.1 Vertical jumping

All subjects in the study managed to leave the ground, if only 

momentarily. Young males produced the best performances and elderly females 

the worst. The mean performance produced by young subjects in both forms 

of vertical jump was significantly better than that of elderly subjects. Also, 

males performed significantly better than age matched females. Mean jump 

heights achieved in the squat and counter-movement vertical jump are 

summarised for each subject group in table 6.1 (See also Appendix 5A)

Subjects Young Young Elderly Elderly
males females males females
n=9 n=9 n=8 n=10

Counter-movement 0.35 0.23 0.16 0.1
jump height (m) C+0.03) (±0.02) (±0.01) (±0.02)

Counter-movement 0.43 0.305 0.20 0.13
jump/Leg length (±0.03) (±0.03) (±0.01) C±0.02)

Squat-jump height 0.31 0.20 0.14 0.08
(m) (±0.03) (±0.02) (±0.01) (±0.02)

Squat jump height 0.38 0.27 0.17 0.11
/Leg length (±0.03) (±0.03) (±0.02) (±0.02)

Table 6.1 Performance in the counter-movement and squat vertical Jump 
(mean + _  SEM) for young and elderly males and females.

6.3.2 Isometric Force
Isometric knee extensor force was calculated from the peak torque 

measured at zero velocity with the knee at 90 degrees, based upon the 

calibration with known weights and lever arm length. Young males produced 

the greatest absolute and specific forces, which were significantly larger than 

those produced by any other group of subjects. The absolute quadriceps 

strength produced by elderly males was greater than that produced by young 

females, although this difference was not significant. Normalised for body
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weight, the specific strength of young females was significantly greater than that 

of elderly males. Elderly females produced the lowest absolute and specific 

knee extensor forces, which were significantly lower than any other subject 

group. These results are summarised in table 6.2.

Subject Young Young Elderly Elderly
males females males females
n=9 n=9 n=8 n= 10

Absolute quadriceps 698 496 519 334
strength (N) (±39) (±28) (±42) (±15)

Specific quadriceps 9.6 8.4 7.0 5.3
strength (N/Kg) (±0.6) (±0.4) (±0.4) (±0.2)

Table 6.2 Mean (±_SEM) isometric knee extensor forces measured in 
young and elderly males and females at 90 degrees of knee 
flexion.

Using data for all subjects, a good correlation was found between 

quadriceps strength and vertical jumping ability. The correlation between 

absolute quadriceps strength and counter-movement jump performance, 

r=0.66(P<0.05), was marginally better than that for squat jump performance, 

r=0.63(P<0.05). The correlation between specific quadriceps strength and 

counter-movement jump performance increased to r=0.68. The relationship 

between squat jump performance and specific quadriceps strength remained 

unchanged at r=0.63. Figure 6.2A shows a scattergram of counter-movement 

jump performance, corrected for leg length, versus specific quadriceps strength. 

Figure 6.2B shows the relationship between squat jump performance and 

specific quadriceps strength. In both cases the data suggests an intercept on the 

X axis which was significantly above zero. The scatter of data also suggests 

that the intercept cover a broad range, between 2 and 6N/Kg.
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Figure 6.2 shows [A] the relationship between specific isometric quadriceps strength 
and connter-moven^nt jump height and [B] squat jump height in young 
and elderly subjects. (Young = ■ , Elderly = □). The regression lines 
are fitted by eye and are described by [A] Y =0.06.X - 0.23 (Uncertainty 
of regression line positioning; 17%) and [B] Y=0.065.X - 0.263 
(Uncertainty of regression line positioning; 22%)
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6.3.3 Angle specific torque

The pattern of length-torque relationships, shown in Fig 6.3, were similar 

in young and elderly subjects (See also appendix 5B). The largest torques were 

produced in all subjects between 90 and 60 degrees of knee flexion. The 

greatest mean torque for young males, 241Ji35 Nm, was measured at 90 

degrees of knee flexion, and was significantly greater than torque produced at 

any other angle. The greatest torque produced by young females, 158ji21 

Nm, was also observed at 90 degrees, but was not significantly different from 

that produced at 60 degrees. Elderly females produced similar torque, 107- 

109Ji21 Nm, at 90 and 60 degrees of knee flexion. Elderly males produced the 

greatest torque at 60 degrees of knee flexion, 179jh38 Nm, but this was not 

significantly greater than that produced at 90 degrees.

300

250

200

150

100

50

80 10020 40 60 1200
Knee flexion 

(Deg)

Figure 6.3 shows the torque produced by young and elderly subjects during isometric 
contraction at 110, 90, 60 and 30 degrees of Imee flexion. (Young males 
= ■ ,  Young females=A, Elderly m ales=o. Elderly females=A)
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6.3.4 Velocity Specific Torque
The mean peak torque, and torque per unit body mass, produced by all 

young subjects was consistently greater than that produced by all elderly 

subjects at all velocities (P < 0.001). The torque measured in elderly subjects 

at an angular velocity of 30 deg/s was greater, but not significantly, than that 

measured during an isometric contraction. This behaviour was not observed in 

young subjects. Figure 6.4 shows the mean torque per unit body mass 

produced by young and elderly subjects at each velocity.

Mean peak torque, and torque per unit body mass, produced by young 

males at all velocities was significantly higher than any other group of subjects. 

The mean torque produced by elderly males was significantly greater than the 

young females at all velocities, but this difference became insignificant when 

torque was normalised by body mass. The lowest mean torque, and torque per 

unit body mass, was produced at all velocities by the elderly females. Only one 

subject, an elderly female, produced zero torque at the highest velocity (180 

Deg/s).
3.5
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Figure 6.4 shows the mean torque per unit body mass produced by young [---- ]  and
elderly t  ] subjects during dynamic knee extension at increasing
angular velocity. (Young M a les= l, Young Females= A, Elderly 
Males = □, Elderly Females = a )
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Figure 6.5 shows torque as a percentage of maximum at each angular velocity in [A] 
young males and females and [B] elderly males and females. (Young males 
□ , Young females a , Elderly males ■ , Elderly females a )
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Expressed as a percentage of the observed maximum isometric force, the 

relative torque produced by young females was seen to decline faster with 

increasing angular velocity than the young males. Increasing angular velocity 

from zero to 180 deg/s resulted in a 59±11% decrease in torque per unit body 

mass in young females. The torque per unit body mass fell by A9±±)% in 

young males over the same range of velocities. Figure 6.5A shows relative 

torque of young males and females between 0 and 180 deg/s. The relative 

torque produced by young females was consistently lower than young males, 

and this difference becoming significant at and above velocities of 90 deg/s. 

Figure 6.5B shows that there was no significant difference in torque, expressed 

as a percentage of maximum, at any velocity in elderly males and females. 

Figure 6.6A and 6.6B show there was no difference in relative torque between 

young and elderly males and females over a range of velocities, except between 

young and elderly males at 180 deg/s. The average deterioration in torque in 

young subjects between 0 and 180 degrees per second was 46.54:11% 

compared with 454:9% in elderly subjects.

Using data for all individuals, good correlations were found between 

jumping ability and torque and torque per unit body mass at all velocities. The 

best relationships were found between performance and the torque produced at 

120 deg/s (r=0.73) and 180 deg/s (r=0.71), the two highest velocities 

measured. Figure 6.7A shows torque per unit body mass produced at an 

angular velocity of 120 deg/s versus performance in the counter-movement 

jump. Figure 6.7B shows the same relationship for squat jump performance. 

In both cases the scatter of data suggests a broad intercept on the X axis above 

zero, as is the case for isometric force (Figure 4.4).
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Figure 6.6 shows torque as a percentage of maximum at each angular velocity in (A) 
young and elderly males (B) young and elderly females. ( A: Young males 
■  y Elderly males a , and B: Young females a , Elderly females a )
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Figore 6.7 shows [A] the relationship between torque per unit body mass at 120 deg/s 
and counter-movement jump height and [B] squat jump height in young 
and elderly subjects. (Young = ■ , Elderly = □). Regression lines are 
fitted by eye and are described by [A] Y = 0.35.X - 0.215 (Uncertainty of 
regression line positioning; 12%) and [B] Y=0.36.X - 0.34 (Uncertainty 
of regression line positioning; 14%)
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6.3.5 Knee extensor instantaneous power output
The mean instantaneous power for all young subjects, calculated from 

peak torque (Shown in appendix 5C), was consistently and significantly higher 

than that produced by all elderly subjects at all velocities. Table 4 summarises 

the results for peak power produced by each group of subjects.

Subjects Young Males 
(n=9)

Young Females 
(n=9)

Elderly Males 
(n=8)

Elderly Females 
(n=10)

Peak Power 
(W)

433 (±32) 228 (±16) 298 (±23) 152 (±12)

Peak Power 
(W/Kg)

5.9 (±2.8) 3.9 (±0.3) 4.1 (±0.3) 2.4 (±0.2)

Table 6.3 Peak power and peak power per unit body mass achieved 
during knee extension in young and elderly males and females
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shows the mean power per unit body mass produced by young and elderly 
males and females during knee extension at increasing angular velocity. 
(Young males ■ , Young females a, Elderly males □, Elderly females a )
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Figure 6.8 shows that young males produced the greatest power per unit 

body mass at all velocities. The mean instantaneous power produced by elderly 

males was significantly greater than the young females at all velocities, but this 

difference became insignificant when power was normalised by body mass. 

While not significant over the values measured, there was a tendency for the 

power to continue to increase with increasing velocity in elderly males, but not 

young females.

The lowest instantaneous power, and power per unit body mass, was 

produced at all velocities by the elderly females. One elderly female produced 

zero power at the highest velocity (180 deg/s).

Using data for all individuals, good correlations were found for power 

and power per unit body mass at all velocities, and jumping ability. Figure 

6.9A shows peak power per unit body mass and counter-movement jump 

performance (r=0.74). Figure 6.9B shows the same relationship with squat 

jump performance (r=0.72). The data for both jumps suggests an intercept on 

the X axis of IW/Kg, which was significantly above zero.
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Figure 6.9 shows [A] the relationship between peak power per unit bo(fy mass and 
counter-movement jump height and [B] squat jump height in young and 
elderly subjects. (Young = ■ , Elderly = □). Regression lines are fitted 
by eye and are described by [A] Y=0.13.X - 0.1 (Uncertainty of 
regression line positioning; 11%) and [B] Y=0.13.X - 0.13 (Uncertainty 
of regression line positioning; 13%)
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6.4 Discussion

This investigation has examined the relationships between vertical 

jumping ability and the knee extensor force produced during static and dynamic 

contractions in young and elderly subjects. The results demonstrate strong 

correlations between an age related decline in vertical jumping ability and 

decrease in static and dynamic strength. The relationship between vertical 

jumping ability and dynamic strength improved slightly with increasing 

velocity, from r=0.66 at zero deg/s to r=0.73 at 180 deg/s.

The torque-velocity profile when expressed as a percentage of maximum 

measured during an isometric contraction produced by young females declined 

faster than young males, but there was no significant difference between elderly 

males and females in the rate at which torque declined with increasing velocity, 

as shown in Figure 6.5. The latter observation is consistent with observations 

documented by Aniansson et al (1980), and may suggest a similar velocity of 

muscle shortening and possibly fibre type distribution.

An interesting feature of the torque-velocity profiles was the increase in 

relative torque produced at 30 degrees per second over that produced during an 

isometric contraction in elderly, but not young subjects. The slope of the force- 

velocity relationship is similar to that seen by Perrine and Edgerton (1971) and 

is not expected on the basis of the Hill equation (Hill, 1938). It is possible that 

the small amount of trunk movement remaining to a subject strapped into the 

Cybex seat is sufficient to permit transference of forces from the hip to the knee 

through the biarticular rectus femoris. Eliminating hip movements, by having 

the subject lay supine or leaning forward from the waist, may remove the effect 

of force transference through the rectus femoris. The fact that the increase in 

relative force during dynamic contractions was only observed in elderly subjects 

suggests that as a group they are more efficient at transferring forces from the
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hip to the knee, or that the seat restraints were applied less rigorously than for 

young subjects.

Despite a trend toward a more rapid decline in torque in elderly subjects 

with increasing angular velocity, there was no overall difference between young 

and elderly subjects, suggesting little difference in the maximal velocity of 

muscle shortening. Only in males, at the highest angular velocity did any 

difference become apparent. The present investigation has employed only a 

limited range of muscle speeds, the highest of which was 180 degrees per 

second. At angular velocities above 180 degrees per second, which would 

almost certainly be the case in a vertical jump, age related differences in torque- 

velocity may become more apparent. Figure 6.8 shows that peak power is 

reached by elderly males and females and young females at angular velocities 

between 120-180 degrees per second. The instantaneous power produced by 

young males continued to increase at 180 degrees per second and would 

probably reach a peak at an angular velocity of around 300 degrees per second. 

The maximum velocity of shortening is approximately three times that at which 

peak power is produced (Edgerton et al, 1986), as shown in Fig 6.10. The 

maximum velocity of shortening will therefore be reached at 360-540 degrees 

per second for elderly males and females and young females, but closer to 900 

degrees per second for young males. Ageing appears to produce a large 

decrease in the maximum velocity of muscle shortening of males but have little 

effect in females.

Davies, Thomas and White (1986) reported a significant age related 

reduction in the maximal velocity of shortening of the triceps surae. 

Observations from the present investigation suggest that there is little difference 

in the maximal velocity of muscle shortening of the knee extensors between 

young and elderly females, but large differences between young and elderly 

males. The disparity between the present study and observation reported by
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Power

[A] [B] Velocity

Figure 6.10 Knee extensor power and maximal velocity of shortening for elderly males
and females and young females [---------3, and young males [----------].
Velocities between points A and B were examined in this study where 
there are relatively small differences in power. At higher velocities, 
between points B and C the differences in power between young males and 
the other subjects become more obvious. Extrapolated from data shown 
in Fig. 6.8.

Davies et al (1986) may be due to differences in the population studied or a 

differential effect of age on the triceps surae and knee extensors. A change in 

fiber type distribution would be expected to alter a muscles dynamic contractile 

characteristics. The results of the present investigation may therefore also 

suggest a difference in fiber type distribution between young and elderly male 

subjects (Thornstensson, 1976), but little difference between young and elderly 

females. The results of the present investigation are in agreement with Larsson 

(1978) who demonstrated a significant reduction in maximal knee extension
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velocity with age in males. Larsson (1978) also documented a reduction in the 

proportion of type II fibers in the vastus lateralis of the same subjects.

Age related alterations in muscle architecture may affect their contractile 

characteristics. Muscle fiber shortening is proportional to the muscle fiber 

length (Close et al, 1964) and evidence suggests that a reduction in muscle 

length may result in a reduction of its maximal velocity of shortening (Bodine 

et al, 1982). The angle specific isometric torque measurements, shown in Fig 

6.3, indicated that elderly subjects may tend to produce peak torque at a 

greater degree of knee extension. This result may suggest a trend toward 

shortening of the knee extensor muscle and alteration of optimal knee position 

to obtain peak force. Shortening of a muscle could occur through loss of 

terminal sarcomeres, demonstrated in muscles experimentaly held in shortened 

position (Baker et al, 1988). Loss of terminal sarcomeres with age may 

represent an adaptation to reduced physical activity in which a muscle is 

required to work at a long length. The results of the present

investigation indicate an age related decline in power which is probably largely 

due to a decline in maximal force production in females, but due to a decline 

in both maximal force and velocity of shortening in males. Bassey et al (1990) 

examined the average power produced during a single leg extension on a 

custom built rig. Power declined with age by from 176+.47 watts in 21-54 year 

olds, to 644:42 watts in 58-93 year olds. This represents a decline in power 

of 64%, and is considerably greater than that observed in the present study. 

The "Power rig" estimates average leg extension power, which considerably 

underestimate instantaneous values. The mean peak power produced by one 

leg during one revolution during cycling exercise, estimated in five young 

subjects by Sargeant (1981), was 1,387±.222 watts. The data indicated that the 

power attributable to leg extension alone was approximately 900 watts. The 

values for instantaneous knee extension power produced by young subjects in
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the present study are considerably lower than those for leg extension. This 

probably reflects the larger muscle mass and forces involved in leg extension. 

The assumption made by the present study is that knee extensor power is 

representative of that produced in the other leg muscles.

The relationship between vertical jumping ability and torque or power 

produced at high angular velocity was better than that with maximal isometric 

strength in the same subjects. The correlation between counter-movement 

vertical jumping ability and peak power per unit body weight (r=0.74) accounts 

for up to 55% of the variation in jumping ability. Berger et al (1966) also 

found that dynamic leg extension strength demonstrated a better correlation with 

vertical jump height (r=0.71) than isometric strength (r=0.64). A correlation 

of r=0.87 between vertical jumping performance in volleyball players and knee 

extensor power at an unspecified high velocity, reported by Perrine (1986), is 

somewhat better than the relationship found here. The better relationship found 

by Perrine may reflect the more homogenous nature of the population studied 

or optimized jumping technique acquired by the volleyball players through 

continued practice. Bosco et al (1983) found a correlation of r=0.71 between 

knee extensor torque at 240 deg/s and height attained in a squat jump by 12 

young, male athletes. They found that the relationship between the counter

movement jump height and torque (r=0.74) was better than that with squat 

jump, and in good agreement with the results of the present investigation.

Elastic potentiation of a muscle through pre-stretching has been shown to 

significantly increase force produced during a concentric contraction (Asmussen 

et al 1974; Bosco et al, 1979). The preparatory counter-movement of a 

vertical jump significantly increases performance. In the squat jump, the 

subject must rely solely upon concentric muscle activity, because the counter

movement has been removed. The muscular activity employed in the squat 

jump is therefore more like that required during knee extension on the isokinetic
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dynamometer. It is surprising that squat jump performance had a weaker 

relationship than the counter-movement jump with torque produced at high 

velocity. This discrepancy may reflect poorer coordination of the squat jump 

due to a less well established motor program, as discussed in the previous 

chapter. Although the squat jump will probably have removed the benefit of 

any pre-stretching (Cavagna et al, 1968), poor coordination may cause 

considerable variation in squat jump performance.

The results of the present study indicate that jumping performance is 

facilitated by a capacity to produce high forces during muscular contractions at 

high velocity. The height attained by a vertical jump is dependent upon the 

acceleration which can be achieved in the push-off to overcome gravity. 

Acceleration will depend upon the scale, and time over which force can be 

applied by the muscles producing leg extension (Offenbacher, 1970). As the 

body accelerates upward during the push-off, the force exerted will decrease as 

the velocity increases as described by the Hill equation (Hill, 1938). Leg 

extensor muscles capable of producing highisometric forces and also possessing 

a high maximum velocity of shortening, will therefore, produce a force velocity 

profile and power output advantageous in vertical jumping. High power output 

is probably a feature of the fast, type II fibers. Tesch et al (1978), 

Thornstensson (1976, 1977) and Larsson (1979), but not Froese et al (1985), 

have demonstrated a good relationship between peak knee extensor torque and 

percentage of type II fibers in the vastus lateralis. The investigations by Tesch 

and Thornstensson have shown that type II fibre distribution and torque were 

particularly well correlated at high angular velocities. Further, Thorstensson 

(1976) has demonstrated a good relationship between the percentage of type II 

fibres and the rate of decline of torque with increasing angular velocity. The 

faster decline in the torque-velocity relationship observed in young females 

relative to young males may reflect a knee extensor composition with a lower
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proportion of type II fibres. The fact that young males consistently jump 

higher than young females may further suggest that jumping performance is 

related to the relative preponderance of type II fibers. There is considerable 

variation in individual fibre distributions (Gollnick, 1984. Lexell et al, 1983), 

and conflicting data concerning gender related differences. Biopsy specimens 

from m. vastus lateralis of collected from over 400 young males and females 

by Simoneau et al (1989) suggest a higher proportion of Type II fibres in 

males. A smaller study by Schantz et al (1983) in 23 active males and females 

demonstrated no gender related difference in fiber type distribution. Komi et 

al (1978), on the other hand, demonstrated a greater proportion of type I fibres 

in males from a study of 31 pairs of twins.

The significantly poorer jumping performance of elderly subjects 

compared to their younger counterparts could be consistent with slower knee 

extensor dynamic contractile characteristics, particularly in males. The trend 

in torque-velocity relationships and obvious difference in power profiles of 

elderly subjects may indicate an age related change in fiber type distribution 

towards a decreased relative preponderance of type II fibers. Further, the 

decrease in maximal velocity of muscular shortening in males, but not females, 

may suggest that males are more prone to alterations in fiber type distribution. 

Investigations concerning the effect of fibre type distribution with age have 

produced conflicting results. Larsson (1978), for instance, documented a 

decrease in percentage type II fibres with age in sedentary men. Grimby et al 

(1984), demonstrated no significant change in fibre distribution in surgical 

patients aged 66-100.

6.5 Conclusion
In males there is good evidence from the present work that the age related 

loss of muscular power is due to two factors; the loss of muscle bulk and
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therefore overall strength plus a reduction in the maximal velocity of muscle 

shortening. In females there is little suggestion of a change in the maximal 

velocity of shortening and therefore the loss of power with age has to be 
attributed solely to loss of strength.

Differences in torque, and particularly power, produced at high angular 

velocities can explain a greater proportion of the variation in jumping 

performance than maximal isometric strength. The dynamic measurements 

made in the present investigation were carried out over a limited range of 

velocities, which may not be representative of those employed in jumping 

activities. It would therefore be useful to know the speed of movement attained 

in a vertical jump.

Muscular power and jumping success may be related to muscle fiber type 

distribution, and specifically to the proportion of fast, type II fibers. The 

relationships between ageing, fiber type distribution and physical performance 

remain unclear and it would be interesting to assess the impact of muscle 

composition on vertical jumping performance in young and elderly subjects. 

The results of the present investigation suggest that age related alterations in 

fiber type distribution may be most prevalent in males.

Muscular power cannot explain all of the variation in jumping 

performance, although it accounts for a larger proportion than any muscle 

function variable examined thus far. Young females and elderly males for 

instance, produce similar force-velocity profiles and power, but young females 

perform significantly better in the vertical jump. A variety of other factors 

which change with age, such as flexibility and balance, are probably also 

important.

129



Chapter 7

Ageing, muscle morphology 
and vertical jumping ability
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7.1 Introduction

The previous chapter described the relationship between knee extensor 

power and vertical jumping performance. The relationship between power and 

vertical jump height explained a greater proportion of the variation in 

performance than with isometric strength. Elderly individuals produced 

significantly less power and poorer performances than young subjects, 

indicating an age related alteration in dynamic contractile properties of the knee 

extensors. Similar results have been found by Harries and Bassey (1990) and 

Overend et al (1992). Bassey (1990) has also documented an age related 

reduction in mean leg extensor power, although the functional impact and 

mechanism underlying this phenomenon were not explored.

The previous Chapter documented age related differences in dynamic 

contractile characteristics of the knee extensors. Power was markedly affected 

by ageing, particularly in males, and strongly correlated with jumping 

performance. The age related decrease in the knee extensor power of females 

was attributed to a reduction in maximal muscle force. In elderly males, 

decreased power was related to both a reduction in muscular force and maximal 

velocity of shortening. Power output is determined largely by the fast, type II 

muscle fibers. A high percentage of type II fibres are often observed in the 

knee extensors of sprinters, power-lifters and jumpers, indicating their 

importance in activities demanding high power output and explosive strength 

(Gollnick, 1984). A reduction in the proportion of type II muscle fibres with 

age may therefore have a deleterious effect on jumping activities. No data is 

presently available regarding the impact of age related alterations in fibre type 

proportion or distribution, and performance in functional activities. The 

following investigation has examined the relationships between morphological 

characteristics of muscle biopsy samples collected from the vastus lateralis of
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young and elderly men, muscular strength, speed and vertical jumping 

performance.
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7.2 Methods
7.2.1 Subjects

Four healthy, elderly males, mean age 69.7 (range 66-73) years, were 

recruited from previous investigations of vertical jumping. Four young males, 

mean age 25 (range 24-26) years, who participated in the study had also been 

recruited from previous investigations. As a whole, the subjects represented 

some of the best performers from their age group, tested in previous 

investigations.

7.2.2 Protocol
Ethical committee approval was obtained for investigative biopsies in 

normal subjects. All subjects were required to give informed consent and 

undergo a blood, clotting screen prior to biopsy. In addition, health status was 

rechecked in elderly subjects against a written questionnaire administered prior 

to a previous study (Appendix 2). Stature, subischial height and body weight 

were measured in each subject. Strength was assessed during isometric knee 

extension of the left leg, at 90 degrees of flexion. Percutaneous stimulation was 

used to assess muscle activation.

Vertical jumping ability was assessed in the counter-movement jump, with 

hands on hips. Performance was measured as the height of rise of the centre 

of gravity, recorded using a jump box. A Penny and Giles, M series twin axis 

goniometer was used to record changes in knee angle. The goniometer was 

calibrated against a manual, protractor goniometer to which it was attached, at 

a range of angles. The goniometer was taped to the lateral aspect of the right 

knee as shown in figure 7.1. Goniometer voltages were collected on an IBM PC 

using the Microscope oscilloscope package. Speed of movement during the 

counter-movement and push-off phase of the vertical jump was calculated using 

the goniometer trace (as shown in figure 7.2), of the knee angle and time.
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Subjects performed 10 vertical jumps, with approximately 1 minute of rest 
between attempts.

Goniometer

Figure 7.1 The Penny & Giles, M series twin axis goniometer attached to the lateral 
aspect of the knee to measure the degree of flexion.

Knee
extension

Knee
Flexion

ec

IB

Figure 7.2 A sample Goniometer trace showing the degree of knee flexion with time 
during a counter-movement vertical jump. The trace is divided into the 
different phases of the jump used to calculate speed of movement.
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Several days after the vertical jump assessment, subjects presented for a 

needle biopsy of the left quadriceps. The biopsy site was anaesthetized with 

2% lignocaine, without adrenalin, A 6.5 mm conchotome was used to sample 

muscle tissue from the medial vastus lateralis, through a small incision made in 

the overlying skin and fascia with a fine scalpel blade. Specimens were 

orientated to give a cross-sectional presentation and frozen in isopentane, cooled 

in liquid nitrogen. 4 micron cross-sections of the specimens were cut using a 

cryostat, and stained for adenosine triphosphatase (mATPase) at pH9.4 to 

visualise type I (light stain) and type II fibres (dark stain). Mean fibre size, for 

each fibre type, were estimated from a sample of 30 cells using a 

semiautomated area measuring system. Additional morphological data was 

available from previous biopsies on one young and one elderly female, in whom 

jumping ability had been recorded.

7.2.3 Statistical methods
Differences between groups was assessed using the Student’s unpaired 

t-test. Correlations between variables were assessed using Pearsons’ rho.
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7.3 Results
7.3.1 Anthropometry

There was no significant difference in stature, leg length or mass between 

young and elderly subjects. Table 7.1, summarises the anthropometric data for 

young and elderly subjects.

Subjects Stature (m) Leg Length (m) Mass (Kg)

Young males 1.79 0.84 71.4
(25+0.8 Yrs) (±0.04) (±0.02) (±2.4)

Elderly males 1.72 0.80 71.3
(69.7+3.3 Yrs) (±0.05) (±0.02) (±4.1)

Table 7.1 Mean C+SEM) stature, leg length and mass of young (n=4) 
and elderly (n=4) men

7.3.2 Vertical jump performance
Young males produced significantly better vertical jump performances 

than elderly males. There was no significant difference in the scale or velocity 

of knee flexion during the counter movement. There was also no significant 

difference in the scale or velocity of knee extension during the push-off. Jump 

performance was correlated with mean knee extension velocity during the push- 

off (r=0.65). This correlation was not significant however. Vertical jump 

performance data are summarised in table 7.2.

Subjects Jump height 
(m)

Counter
Movement

(Deg)

Counter
Movement

(rad/s)

Push-off

(Deg)

Push-off

(rad/s)

Young males 
(25±0.8 Yrs)

0.375
(±0.06)

82
(±12)

4.28
ao .7 )

98
a i 5 )

9.04
Ctl.6)

Elderly males 
(69.7±3.3 Yrs)

0.17
(±0.01)

86
a  12)

4.81
ao .9 )

101
a i 5 )

8.54
a i .2 )

Table 7.2 Mean (±SEM) vertical Jump performance, scale and velocity 
of knee movement during different phases of the jump in young 
(n=4) and elderly males (n=4).
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7.3.3 Muscle strength
There was no significant difference in isometric knee extensor strength 

between the young and elderly males. Young males produced a mean 

quadriceps strength of 4704% 147 N, or 6.54:1.6 N/Kg. Elderly males produced 

a mean quadriceps strength of 3944:25 N, or 5.64:1.0 N/Kg. No subjects 

demonstrated any evidence of inhibited muscle activation during isometric 

contraction. Absolute and specific knee extensor strength did not correlate well 

with vertical jump performance, (r=0.31-0.32, NS).

7.3.4 Muscle morphology
Only one subject, the oldest participant in the study at 73 years of age, 

showed evidence of pathological changes in their biopsy specimen. In this 

subject a marked type I fibre grouping was observed. All of the other 

specimens were essentially normal.

7.3.5 Fibre type distribution and mean fibre area

Subjects %
Type I

Mean
area
(/̂ ")

%
Muscle 

area 
Type I

%
Type II

Mean
area
(/̂ ")

%
Muscle 

area 
Type II

Relative 
fibre 
area 
I I / I

Young 48
(±6.3)

4216
(±731)

48
(±12)

52
(±6.3)

4435
(±367)

52
(±12)

1.05
(±0.05)

Elderly 49
(±5.3)

4517
(±289)

58
(±14)

51
(±5.3)

3195
(±397)

42
(±14)

0.70
(±0.04)

Table 7.3 Mean (+SEM) fibre type distribution, mean fibre area and 
muscle area due to each fibre type in young (n=4) and elderly 
(n=4) males

There was no significant difference in the mean fibre distribution between 

young and elderly men (Appendix 6). The mean type II fibre area of elderly 

males was 30% smaller and significantly different to that of young males. Type
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II fibre area was greater than type I area in young males, indicated by the 
relative fibre area in table 7.3. Type II fibre area was smaller than type I area 
in elderly males. There no significant difference in mean type I fibre area, but 
this tended to be greater in elderly males. Mean fibre area and distribution data 

for young and elderly men are summarised in table 7.3.
Mean type II fibre area was significantly correlated with knee extensor 

strength, r=0.75, and vertical jumping ability, r=0.74. Figure 7.3, shows the 

relationship between type II fiber area and jumping performance. This data 

includes two female subjects who had previously undergone biopsy of m. vastus 

lateralis and for whom jump performance had been recorded. The intercept on 

the X axis was significantly above zero, suggesting a minimum type II fiber 
area required to jump.

0.6

0.5

f = 0.74 
(P<0.05)0.4

S’
0.3I

I
0. 2

1000 2000 3000 4000 5000 6000

Type II Fiber Area 
(Microns)

Figure 7.3 Type II fiber area versus performance in the counter-movement vertical 
jump. (■) young males, <□) elderly males, ( a ) previously acquired data 
for females. The regression line is fitted by eye and described by 
Y=(1.6x10-4).X - 0.27 (Uncertainty of regression line positiomiig; 1&%).
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It might be expected that fiber area multiplied by the percentage of fibers 

in the total population (ie total muscle cross-sectional area occupied by each 

fiber type) would correlate better with performance than fiber area alone, but 

mean type I fibre area was not well correlated with either strength (r=0.33, 

NS), or vertical jumping ability (r=0.16, NS). The correlation between type 

II fibre area and knee extension velocity during the push-off (r=0.42, NS) was 

better than that with type I fibre area (r=0.27, NS), but neither was significant.

The muscle areas attributable to type I or type II fibres were not 

significantly different between young and elderly males. The muscle area 

occupied by type I fibres was not significantly correlated with strength (r=- 

0.48, NS) or vertical jumping performance (r=-0.31, NS). The muscle area 

occupied by type II fibres was also not significantly correlated with strength 

(r=0.4S, NS) or vertical jumping performance (r=0.30, NS).
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7.4 Discussion
This investigation has examined the relationships between fibre type 

distribution, fibre area and strength in the vastus lateralis and performance in 

the vertical jump. The subjects recruited for the study represented the best 

performers in their respective age groups. Each subject was well practised in 

vertical jumping, having taken part in one or more previous investigations. 

While none of the subjects was undergoing rigorous athletic training, each was 

physically active.

The fibre distribution and mean fibre area within an individual muscle 

may demonstrate considerable variation (Lexell et al, 1989). The relatively 

small tissue sample delivered by needle biopsy may therefore be 

unrepresentative of the muscle as a whole. Further, Grimby et al, (1983) has 

pointed out that the biopsy sample size may not indicate age related changes in 

fibre number and distribution. The needle biopsy technique does, never-the- 

less, provide a convenient and relatively non-traumatic method of obtaining 

some muscle tissue for direct examination. Statistical analysis of biopsy 

samples taken from young men by Lexell et al (1989), suggests that sample 

error can be minimised by measuring fibre area in 25-30 cells in single samples 

taken from a number of individuals. The small number of subjects 

participating in this study means that the results must be interpreted with some 

caution. The techniques employed for the examination of muscle specimens are 

consistent with those suggested by Lexell et al (1989), therefore minimising 

potential errors.

The results of the present investigation demonstrate that despite no 

significant difference in knee extensor strength, elderly subjects produced 

significantly poorer performances than young subjects. A previous investigation 

of vertical jumping performance in a wide range of age groups by Mills (1993) 

found that elderly subjects tended to be weaker and produced poorer
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performances than young subjects. Despite a good correlation between knee 

extensor strength and jumping ability, the data in that study showed 

considerable variation which was not explained by differences in strength and 

a wide range of jumping ability was observed between individuals, of equally 

wide age range, with similar strength.

Muscle fibre type distribution was not significantly different between 

young and elderly subjects. This result is in good agreement with a number of 

other investigations. In a study of whole vastus lateralis muscles from male 

accident victims aged 15 to 83, Lexell et al (1988) found no significant change 

in fibre distribution. Grimby et al (1984) came to the same conclusion based 

upon vastus lateralis samples taken during surgery in 66 to 100 year old normal 

patients. Similarly, Aniansson et al (1980, 1986) failed to demonstrate any age 

related changes in fibre type distribution. Larsson et al (1979) found a 

decreased proportion of type II fibres in the vastus lateralis with age, between 

11 and 70 years of age. In reviewing collected results, Grimby et al (1983, 

1984) could find no explanation for the discrepancy in findings within 

apparently similar populations.

The only significant morphological difference found between young and 

elderly subjects in this study was a decreased type II fibre area. This result 

suggests a preferential loss with age of proteins from type II fibres. All authors 

are agreed upon the occurrence of this phenomenon in aged muscle (Larsson et 

al, 1979; Grimby et al, 1984; Lexell et al, 1988; and Aniansson et al, 1980, 

1986). It was not possible in the present study to determine whether the 

reduction in fibre area was equal in type Ila or Ilb. Lexell et al (1988) have 

observed a reciprocal relationships between loss of muscle fibres in the vastus 

lateralis and an increase in type I fibre area. Although insignificant, the mean 

type I fibre area of elderly subjects in this study was slightly larger than that of 

young subjects, possibly indicating age related loss of muscle fibres.
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Mean type II fibre area was found to be significantly correlated with knee 

extensor strength (r=0.75) and vertical jumping ability (r=0.74). Type I fibre 

area was not well correlated with strength or jumping performance however. 

The scatter of data in figure 7.3, indicates that a minimum type II fiber area is 

required to achieve a jump. A similar relationship has been demonstrated 

between isometric knee extensor strength and jumping performance (Mills, 

1993). A strong relationship has been demonstrated between type II fibre area 

and strength in isometric (Tesch et al, 1978; Young et al, 1984) and dynamic 

(Thronstensson, 1976) knee extension. The relationship between type II fiber 

area and jumping ability may therefore, result from the relationship between 

strength and fiber area. No data is available concerning age related changes in 

muscle morphology, particularly fibre distribution, and physical performance 

in functional tasks. Data from young populations however, suggest that athletic 

success in jumping and sprinting events may be associated with a high 

proportion or percentage of type II fibres in the leg muscles (reviewed by 

Gollnick and Matoba, 1984).

The results of the present study indicate that reduction in type II fibre 

area, associated with age, may have significant consequences for both strength 

and jumping ability. Some evidence suggests that type II fibres are inherently 

stronger than type I fibres (Young et al, 1984). Loss of contractile proteins 

from type II fibres may therefore have more serious consequences for force 

generation than the loss of an equal amount of type I material. Reduction of 

the proportion of a muscle occupied by type II contractile elements may also 

affect the force-velocity characteristics of that muscle as a whole, reducing the 

maximal velocity of shortening. A decrease in the muscle area occupied by 

type II fibres may therefore not only reduce the force generating capacity of a 

muscle, but also the velocity at which it can shorten. These alterations in 

mechanical properties could result in a leftward shift of the muscle force
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velocity curve and diminish peak power.

The speed of movement recorded during jumping is far in excess of the 

range of velocities employed for isokinetic testing in the previous Chapter. 

Knee extension velocities reached 500 degrees per second during the push-off 

phase of jumping, compared with a maximum velocity of 180 degrees per 

second using the Cybex. The speed of movement recorded in the present 

investigation is still lower than those documented for unloaded knee extension 

by Larsson et al (1979) and probably does not reflect maximal velocity.

Young and elderly subjects may move at the same average velocity during 

a jump, but in order to jump higher the young subjects must have reached a 

greater take-off velocity than the elderly subjects. The previous Chapter 

indicated that the maximal velocity of knee extensor shortening may be 

considerably greater in young males compared to elderly subjects. The 

goniometer records do not suggest any major difference in the knee extension 

velocity of young and elderly subjects at the end of the push-off. This 

observation may not reflect the speed of movement of other joints however, and 

differences may exist in the speed of hip and trunk extension. If this were true 

it would suggest that the major propulsive force for a vertical jump was 

developed by the hip and trunk extensors.

Some evidence suggests that age related alterations in muscle morphology 

may proceed at different rates in males and females. Steen & Isaksson 

(unpublished data cited in Grimby, 1983) have reported a more rapid loss of 

muscle mass in females than males between 70 and 79 years of age. This 

observation may reflect changes in activity patterns and dietary habits, or a 

pathological process related to normal ageing. It is conceivable that rate of 

decline in type II fibre area may also be gender related. Ageing may therefore 

have different effects upon physical performance in males and females. The 

biopsy findings and performance data for females used in the present study is
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in good agreement with the relationship found in males. Due to the small 

number of subjects however, this observation may not extend to the wider 

population.

7.5 Conclusion
This investigation has demonstrated a significant difference in vertical 

jumping ability in a group of matched young and elderly male subjects. There 

was no significant difference between groups in knee extensor strength or fibre 

type distribution in the vastus lateralis. The differences in performance 

between these two groups could be explained only on the basis of type II fibre 

area, which was significantly lower in elderly subjects. While speed of knee 

extension was essentially the same in both young and elderly subjects, 

differences may exist in the speed of movement of other joints such as the hips 

and trunk.
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Chapter 8

Ageing, lower body joint flexibility 
and vertical jumping ability
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8.1 Introduction
Chapters 3 to 7 have suggested the importance of muscular strength and 

power to success in the vertical jump, but the individual variation in jumping 

performance could not be explained solely on the basis of muscular factors. 

Adequate joint range of motion is necessary for the successful performance of 

any movement and this can be limited by a number of factors including joint 

architecture, the interface between the articulating surfaces and surrounding soft 

tissues such as muscle, tendons and ligaments. Disease or injury to the joint 

or surrounding tissues may also compromise range of motion (Wilmore, 1986)

Joint problems are amongst the commonest clinical complaints of the 

elderly (Calkins, 1985). Kellgren et al (1957) found 85% of patients between 

the ages of 55 and 64 years demonstrated radiographic evidence of 

osteoarthrosis, although only 18% complained of symptoms. Barney et al (1979) 

found that 57 % of patients over 55 presented with some form of inflammatory 

joint disease. Moderate to severe impairment of daily activities was observed 

in 24% of patients.

Increasing articular cartilage deterioration (Chung et al, 1966) has also 

been observed with advancing age, and may be associated with accumulated 

wear over many years of use and this joint degeneration with age may give rise 

to a reduction in flexibility. Allman (1974) has commented that loss of 

flexibility in elderly patients was so consistent that it could provide a useful 

index of physiological age. The relationships between individual degenerative 

changes in joint structure and flexibility are unclear (Adrian, 1981), but it is 

well established that flexibility in a wide range of measures, deteriorates with 

advancing age (Boone et al, 1979).

Vertical jumping success is dependent upon the velocity at take-off which 

is determined by the acceleration during the push-off. Compromised flexibility 

in the hips, knees, ankles or back, could limit the depth of the counter
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movement and reduce the distance over which the muscles can accelerate the 

body. This investigation has examined the relationships between range of joint 

motion, in movements specific to vertical jumping, and performance in young 

and elderly subjects.

148



8.2 Methods 

8.2.1 Subjects
18, healthy, elderly volunteers (8 males) with a mean age of 70jf3.5 

(MeanJiSD) yrs participated in the investigation. The elderly subjects were 

recruited from the University of the Third Age, London and through the Royal 

Free Hospital, Department of Geriatric Medicine. 18 healthy, young volunteers 

(8 males) with a mean age of 21 ± 2 3 )  yrs also took part in the study. Young 

subjects were recruited from students and staff at University College and 

University College Hospitals. The subjects were all Caucasian and none were 

undergoing athletic or other heavy physical training.

8.2.2 Protocol
Elderly subjects were required to complete an exhaustive health 

questionnaire and meet exclusion criteria prior to participation in the study. 

Vertical jumping ability was assessed in the counter-movement jump, with 

hands on hips, using the jump box (Mills, 1993).

Joint range of motion was assessed using methods and techniques 

described by Norkin and White (1985). Maximal lower limb passive joint 

range of motion was assessed in both legs using a manual, protractor 

goniometer. Three measurements were made of each joint range of motion and 

the greatest value recorded. Hip flexion was measured with the subject lying 

supine on a flat plinth, as shown in Fig 8.1. Hip extension, knee flexion and 

knee extension were measured with the subject lying prone on a flat plinth, as 

shown in Fig 8.2-8.4. Dorsiflexion and plantarflexion were measured with the 

subject sitting on the end of the plinth with their knee bent to 90 degrees and 

lower leg perpendicular to the floor, as shown in Fig 8.5. Lower spine 

mobility was measured in standing subjects, manually stabilising the pelvis, as 

shown in Fig 8.6. A steel, sprung tape measure was used to measure the
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change in distance between C7 and SI vertebrae during maximal flexion and 

extension.

Figure 8.1 Measurement of hip flexion in a subjects lying supine

Figure 8.2 measurement of hip extension in a subject lying prone
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Figure 8.3 measurement of knee flexion in a subject lying prone

Figure 8.4 measurement of knee extension in a subject lying prone
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Figure 8.5 measurement of plantarflexion and dorsiflexion

Figure 8.6 measurement of lower spine mobility in a standing subjects
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8.2.3 Statistical methods
Differences between groups was assessed using four way factorial 

ANOVA. Post Hoc analysis was carried out were ANOVA indicated 

significant variation using Students’ t-test. Intra-group differences were 

assessed using the Students’ paired t-test. Correlation between variables was 

assessed using Pearsons Rho. Significance was determined by a confidence 

interval set at P<0.05.
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8.3 Results
8.3.1 Vertical jump performance

Young subjects jumped significantly higher, on average, than elderly 

subjects. Young males performed significantly better than age matched 

females. Young females produced significantly better performances than elderly 

males, but there was no significant difference between mean vertical jump 

height achieved by elderly males and females. The mean vertical jumping 

ability of each group of subjects is summarised in table 8.1.

Subjects Young Young Elderly Elderly
males females males females
n=8 n=10 n=8 n= 10

Jump height 0.35 0.22 0.155 0.12
(m) (±0.03) (SD+0.02) (SD±0.01) (SD±0.02)

Table 8.1 Mean (+SEM) vertical jump height achieved by young and 
elderly males and females

8.3.2 Lower limb joint range of motion
On average, maximal hip flexion, hip extension, and knee flexion were 

significantly greater in young subjects than elderly subjects. The greatest range 

of hip flexion, hip extension and knee flexion was found in young females, and 

the smallest in elderly females. Hip flexion was significantly greater in young 

females than elderly females, but there was no difference between young and 

elderly males. Hip extension and knee flexion were significantly greater in 

young males and females when compared with elderly subjects. There was no 

significant difference between any group, in the range of knee extension, 

dorsiflexion and plantarflexion. Lower limb joint range of motion results are 

summarised in table 8.2.

Using data from all groups, maximal hip extension and knee flexion were 

significantly correlated with vertical jumping performance.
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Subjects Hip
flexion

(Deg)

Hip
Extension

(Deg)

Knee
flexion

(Deg)

Knee
Extension

(Deg)

Dorsi
flexion

(Deg)

Plantar
flexion
(Deg)

Young
males
n = 8

130
(± 3 .9 )

15
(± 0 .9 )

136
(± 0 .9 )

4.5
(± 0 .2 )

20
(± 1 .4 )

43
(± 3 .2 )

Young 
females 

n =  10

141
(± 2 .4 )

17.5
(± 0 .8 )

143.5
(± 1 .6 )

4.3
(± 0 .15 )

21
(± 1 .1 )

44
(± 1 .1 )

Elderly
males

n = 8

128
(± 2 )

13
(± 0 .7 )

129
(d:2.8)

4.4
(± 0 .5 )

21
(± 1 .8 )

44
(± 2 .0 6 )

Elderly 
females 

n =  10

129
(± 2 .4 )

12
(± 0 .6 )

127
(± 1 .9 )

4.4
(± 0 .15 )

19
(± 1 .3 )

45
(± 1 .4 )

Table 8.2 Mean (+SEM) Lower limb joint range of motion in young and 
elderly males and females

0 .5

0 .4 5

0 .4

0 .3 5

0 .3 r= 0 .5 1
(P < 0 .0 5 )

0 .1 5

0 .0 5  -

10 15 20 250 5

Hip extension 
(Deg)

Figure 8.7 Shows the relationship between maximum range of hip exten^On and 
vertical jump performance in young (□) and elderly (■) subjects. The 
regression line is described by Y = 0.028X - 0.16 (Uncertainty of 
regression line positioning; 36%).
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The best correlation was found between jumping performance and hip 
extension (r=0.51, P<0.01). This relationship is illustrated in Fig 8.7. The 
relationship between performance and knee flexion was somewhat weaker than 
that with hip flexion (r=0.45, P<0.05), as shown in Fig 8.8. The scatter of 

data for both relationships indicate an intercept on the X axis.

0.5

.  r = 0 .45  
(P < 0 .0 5 )0 .4 5

0 .4

0 .35

0.3

0 .25

0 .1 5

0 .0 5

T

100 120 140 160

K nee flexion 
(Deg)

Figure 8.8 shows the relationship between maximum range of knee flexion and 
vertical jump performance in young (□) and elderly (■) subjects. The 
regression line is described by Y = 0.016X - 1.9 (Uncertainty of 
regression line positioning; 42%).

8.3.3 Lower spine mobility
Maximal lower back extension, but not flexion, was significantly different 

in young and elderly subjects. Males demonstrated significantly greater
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maximal flexion than females in both young and elderly age groups. Young 

males and females achieved greater lower back extension than elderly subjects. 

There was no difference in maximal back extension within age matched males 

and females subjects. There was no relationship between either lower back 

extension or flexion and vertical jumping ability. Lower spine mobility results 

are summarised in table 8.3.

Subjects Young Young Elderly Elderly
males females males females
n=8 n=10 n=8 n=10

Back flexion 6.8 5.25 6.4 5.6
(cm) (±0.3) (±0.6) (±0.5) (±0.3)

Back extension 7.0 6.4 4.9 4.9
(cm) (±0.9) (±0.7) (±0.6) (±0.6)

Table 8.3 Mean C+SEM) lower spine mobility in young and elderly males 
and females
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8.4 Discussion

This investigation has examined the relationships between ageing, range 

of motion in the joints of the lower limb and performance in the counter- 

movement vertical jump. Elderly subjects produced poorer vertical jump 

performances than young subjects, and had a significantly lower range of 

motion in hip flexion, extension and knee flexion. Estimations of lower spine 

mobility also indicate a lower degree of back extension with age.

A number of studies have assessed joint range of motion in normal, 

young subjects using goniometry. There is some variation in reported values 

for every joint range of motion. Kapandji (1970), reported a maximum degree 

of knee flexion at 160 degrees, while Hoppenfeld (1976) found a value of 135 

degrees. Similarly, in hip extension, maximum range of motion ranges from 

10 degrees (Kendall, 1983) to 30 degree (Kapandji, 1970). The variation in 

these normative values may be partly due to differences in the lifestyle of the 

individuals studied. Activity levels, for instance, have been shown to 

significantly affect flexibility and range of motion in many joints (Rikli, 1986). 

Also, Norkin and White (1985) suggest that goniometry may be accurate only 

to within 3 to 5 degrees, which could lead to a significant error.

Ranges of motion observed in young subjects in this study are in good 

agreement with a range of normative values established by Hoppenfeld (1976), 

Kendall (1983), Kapandji (1970) and The American Academy of Orthopaedic 

surgeons, 1965). Few investigations have examined the normal range of motion 

in the lower limbs of elderly subjects. Gehlsen (1990) reported a mean hip 

flexion as 125 degrees, and knee flexion as 124 degrees in a sample of 55 

elderly men and women. Range of plantarflexion results was 42 degrees, and 

these results are in good agreement with the present investigation. Mean 

dorsiflexion documented by Gehlsen (1990) was 11.5 degrees, and somewhat
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lower than values found in the present investigation. There is no obvious 

explanation for this disparity.

Decreasing mobility in the lumbar spine is a common characteristic of 

advancing age. There is an increased incidence of asymptomatic, osseous 

apposition formation in the ageing lumbar spinous processes. This is frequently 

accompanied by connective tissue proliferation and calcification of the spinous 

ligaments (Scapinelli et al, 1989). These changes may indicate a degenerative 

process which could compromise lumbar mobility. During the counter

movement of a vertical jump, back flexion is required to facilitate forward 

displacement of the centre of gravity, to maintain balance. Forward 

displacement of the centre of gravity also optimises the load moments and 

mechanical advantage for the leg extensor muscles. Surprisingly, results of the 

present investigation reveal no significant difference in the range of lower spine 

flexion in young and elderly subjects. Using a sit and reach test, which stresses 

lumbar flexion, Rikli (1986) also found no difference in range of motion 

between sedentary y^oung and elderly women. These results probably indicate 

that the documented morphological alterations in the ageing spine are either not 

well advance in these elderly subjects, or have no consequence for lumbar 

mobility.

No normative values are available to compare values for range of back 

extension in elderly subjects. Range of back extension measured in this study 

was significantly greater in young subjects. It is interesting that back extension 

should be compromised by age, without an accompanying change in back 

flexion. The results obtained may be a true estimate of lower spine mobility, 

but they may also reflect a reluctance of elderly subjects to lean backward 

during the measurement of back extension. Subject concerns over balance and 

falling, although never voiced, may have inhibited their performance. In any
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event, poor coefficients of correlation indicate that neither the range of lower 

spine flexion, nor extension appeared to have functional significance to vertical 

jump performance.

The importance of flexibility and joint range of motion, particularly for 

sporting performance, has been suggested by a number of authors (Corbin et 

al, 1984; Mead et al, 1981; Shellock et al, 1985). Considerable interest has 

been directed toward investigating means of improving flexibility, mainly 

through stretching (Hutton et al, 1992). An adequate range of joint motion is 

required to carry out many important daily activities. Considerable shoulder 

flexibility is needed to reach for groceries on a high shelf, or put on 

clothing. A large range of hip and knee flexion are required to get in and 

out of a bath, and climb stairs. Both shoulder (Bassey et al, 1989) hip and knee 

(Gehlsen, 1990) range of motion have been shown to be compromised by age, 

with potentially deleterious consequences for activities of daily living and 

maintained independence.

The results of the present investigation suggest a relationship

between the maximum degree of knee flexion and hip extension, and 

performance in the vertical jump. Further, a minimum range of knee and hip 

flexibility, indicated by the X axis intercept in figures 8.7 and 8.8, may be 

required for successful vertical jumping performance. It is possible that linear 

regression may not be appropriate to examine the relationship between 

flexibility and jump performance. The scatter of data indicates a trend toward 

linearity however, and greater flexibility should be directly related to the 

distance over which the body can be accelerated, and ultimately to jump 

performance. An age related reduction in the range of motion in knee flexion 

and hip extension may therefore contribute to the decline in vertical jump 

performance which is also observed. These measurements represent the 

extreme ranges of motion employed in the vertical jump and may indicate a
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limit to the distance over which the body can be accelerated during the push- 

off. Acceleration during the push-off is critical for jumping performance, 

determining the take-off velocity and height achieved. The older individual 

may have less opportunity to accelerate due to a smaller range of motion, 

resulting in a poorer performance. Reduced range of knee flexion may also 

compromise and individuals ability to stretch the knee extensor muscles and 

store elastic energy for recovery during the push-off. Bosco et al (1979) has 

demonstrated the importance of pre-stretching afforded by the counter- 

movement of the vertical jump. The pre-stretch developed by the older 

individual may be smaller, and less effective due to a smaller range of motion, 

and this may also contribute to a poorer performance than that observed in 

young subjects.

8.5 Conclusion
The results of the present investigation indicate significant age related 

reductions in lower limb joint range of motion and performance. Reduced 

flexibility, particularly in the maximum range of knee flexion and hip extension, 

appears to make a contribution to the age related deterioration of
vertical jumping performance; The large uncertainty in positioning of the 

regression lines may give a false impression about the relationship between the 

two variables. These regressions must therefore be interpreted with caution.
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Chapter 9

Ageing, balance and 
vertical jumping ability
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9.1 Introduction
Balance is central to the performance of almost all physical activities, 

ensuring stable, postural support from which to execute complex movements 

(Bouisset, 1991). It may be defined as the maintenance of postural stability 

against forces which tend to destabilise the body, causing it to topple. Balance 

is a complex ftmction, demanding the accurate integration of sensory 

information from vestibular, visual and proprioceptive inputs, with accurate 

generation of muscular forces in response to destabilising forces. Age related 

deterioration in sensory and motor organs which are involved in balance, or in 

the integration of their function, will increase the likelihood of postural 

instability during movement and may compromise performance.

One manifestation of deteriorating balance in the elderly is the increasing 

occurrence of falls with advancing age. Sheldon (1948) and Exton-Smith et al 

(1977) found that 21-24% of men and 43-44% of women in a random sample 

of normal subjects over 65 years of age reported a history of falling. The 

commonest documented cause of falling is tripping over an obstacle (Overstall 

et al, 1977; Patla et al, 1990), accounting for more than 50% of falls. It 

appears that elderly subjects are less able to recover from a perturbation of their 

centre of gravity, such as occurs as the result of a trip. The predisposition to 

fall is probably multifactorial (Tenetti, 1988). Woollacott et al (1986) has 

suggested that an age related decline in postural stability may result from 

deteriorating sensory processing of spatial information, coupled with poorer 

speed and scale of locomotor response.

Balance assessments commonly employ static, standing posture. 

Quantitative examinations have assessed the scale of spontaneous postural 

movements, or sway, which develops during quiet standing (Hellebrant, 1938). 

A progressive increase in postural sway during adulthood has been documented 

using perturbations of the torso (Sheldon, 1963) and waist (Imms et al, 1981.

163



Overstall et al, 1977) during quiet standing. A significant relationship was 

found between the degree of sway and the incidence of falls in an elderly 

population (Overstall et al, 1977). Imms et al (1981), also demonstrated a 

significant relationships between walking speed, performance on a simple 

obstacle course and sway in elderly subjects.

Perturbation of the centre of gravity is central to the precipitation of a 

fall. The upright posture can only be maintained when the centre of gravity is 

kept within limits circumscribed by the feet, or base of support. Movement of 

the torso may be accompanied by little perturbation of the centre of gravity, 

through compensatory displacement of other body segments. Sway measured 

using this method may therefore not always reflect centre of pressure 

perturbations or risk of falling. The centre of pressure applied through the feet 

onto the floor is directly below the centre of gravity. The centre of pressure 

can be located using a ground reaction force plate and represents a more 

meaningful indication of balance and risk of toppling.

A number of investigations have found increased scale of centre of 

pressure perturbations and sway, during quiet standing in elderly subjects (eg. 

Era et al, 1985; Hayes et al, 1985; Maki et al, 1990 & Teasdale et al, 1991). 

Few investigations have attempted to relate force plate balance measurements 

with physical performance in the aged. Mathias et al (1986) has demonstrated 

a significant correlation between walking speed and sway measured using a 

force plate. Era et al,(1985) found that postural sway was correlated with body 

composition and aerobic and anaerobic capacity measured by vertical jumping, 

in young and elderly men. It is possible that postural stability during quiet 

standing may be related to dynamic stability during other movements and forms 

of locomotion.

Jumping vertically depends to some extent upon postural stability to 

ensure that the propulsive force generated by leg extension acts vertically.
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Vertical jumping ability has been demonstrated to decline during adulthood 

(Mills, 1993; Bosco et al, 1980). It is possible that deteriorating postural 

stability may be an important contributory factor in this decline. The present 

investigation has examined the relationships between postural stability measured 

by centre of pressure perturbations, and vertical jumping ability in young and 

elderly subjects.
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9.2 Methods 
9.2.1 Subjects

The subjects participating in the present investigation were those 

described in Chapter 8, and consisted of IB elderly volunteers (8 males, 

704:3.5 yrs) and 18 young volunteers (8 males, 274:2.3 yrs).

9.2.2 Protocol
Elderly subjects were required to complete an exhaustive health 

questionnaire and meet exclusion criteria prior to participation in the study.

Vertical jumping ability was assessed as the height of rise of centre of 

gravity in the counter-movement jump, with hands on hips. Jump height was 

recorded using a jump box (Mills, 1993). The best of three jump attempts was 

recorded.

Balance was assessed using the postural sway meter, force plate (Mills, 

1993) described in the methods section. Pairs of semiconductor strain gauges 

(Kulite DDF 350 500(3) were used to measure the lateral and sagittal bending 

forces on the central pillar strain gauge, supporting the footplate. Two 

voltages, representing lateral and sagittal torque on the central pillar, were 

amplified using a half bridge amplifier circuit before analogue to digital 

conversion (Amplicon A-D). A custom designed program installed on the IBM 

PC, converted the voltages into coordinates to locate the centre of pressure 

applied to the footplate. Measurements were made over 30 seconds, sampling 

at a rate of 500 times each second. Centre of pressure perturbations were 

expressed in meters.

Three test conditions were employed (1) Standing with eyes open facing 

a blank wall with the feet placed 10 cm apart, (2) standing with eyes closed and 

feet placed 10 cm apart and (3) Standing with the feet 10 cm apart, watching 

a real time display on the VDU of an IBM PC of their centre of pressure
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position on the force plate. In this situation, subjects were asked to keep the 

centre of pressure, shown as a large dot on the screen, as close to the centre of 

the display as possible. Three 30 second measurements were made under each 

test condition.

Sway was calculated from the mean centre of pressure position over the 

30 second collection period. Whole body sway in degrees, was estimated from 

the mean centre of pressure position, corrected for the subjects height and 

weight. Centre of pressure path was calculated from the point to point distance 

between subsequent centre of pressure measurements. Sway velocity was 

calculated from sway path over the total collection period. Maximum velocity 

was calculated from the greatest point to point centre of pressure distance 

during the collection. An average value for each variable, from three trials was 

recorded for each subject.

9.2.3 Statistical methods
Differences between groups was assessed using four way factorial 

ANOVA. Post Hoc analysis was carried out were ANOVA indicated 

significant variation using Students’ unpaired t-test. Intra-group differences 

were assessed using the Students’ paired t-test. Correlation between variables 

was assessed using Pearsons Rho. Significance was determined by a confidence 

interval set at P<0.05.
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9.3 Results
9.3.1 Vertical jumping

Subjects Young Young Elderly Elderly
males females males females
n=9 n=9 n=8 n=10

Jump height 0.34 0.22 0.16 0.11
(m) (±0.02) (±0.02) (±0.01) (±0.02)

Table 9.1 Mean (±SEM) vertical Jump height attained hy young and 
elderly males and females

The greatest mean, vertical jump performance was produced by young 

males, followed by young females, and then elderly males. The poorest mean 

performance was produced by elderly females. There was a significant 

difference in vertical jump performance between each group. Mean vertical 

jumping performance for each group of subjects is summarised in table 9.1.

9.3.2 Sway

Subjects
Young
males
n=9

Young
females

n=9

Elderly
males
n=8

Elderly 
females 
n= 10

Visual
feedback

(mm)
3.0 (±0.6) 3.4 (±0.2) 4.9 (±0.4) 3.8 (±0.3)

Eyes open 
(mm)

4.5 (±0.9) 5.2 (±0.7) 6.0 (±0.8) 5.0 (±0.8)

Eyes closed 
(mm)

7.5 (±1.3) 7.8 (±0.4) 8.1 (±1.1) 6.8 (±1.0)

Table 9.2 Mean (+.SEM) sway measured during 30 seconds quiet 
standing with eyes open, closed, and using visual feedback in 
young and elderly males and females

The lowest sway was recorded by all groups using visual feedback. Sway 

increased significantly standing with eyes open, by an average of 34% in young
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subjects and 21% elderly subjects. The greatest degree of sway was observed 

standing with eyes closed. Sway with eyes closed was on average 58% greater 

in young subjects than using visual feedback. The effect was slightly smaller, 

but still significant, in elderly subjects, increasing sway by 42%.

Elderly males subjects consistently demonstrated the highest degree of 

sway, as shown in table 9.2. Elderly females tended to sway less than young 

females, in all visual feedback test situations, but this was not significant. 

There were no significant gender related differences in sway in either age 

group. The only significant difference in sway was found between young and 

elderly males, using visual feedback. No significant relationships was found 

between vertical jumping ability and sway under any conditions.

9.3.3 Whole body Sway

Subjects
Young
males
n=9

Young
females

n=9

Elderly
males
n=8

Elderly 
females 
n= 10

Visual 0.17 0.20 0.29 0.24
feedback

(Deg)
(±0.02) (±0.02) (±0.02) (±0.02)

Eyes open 0.25 0.31 0.35 0.31
(Deg) (±0.05) (±0.05) (±0.04) (±0.04)

Eyes closed 0.42 0.48 0.48 0.44
(Deg) (±0.06) (±0.06) (±0.06) (±0.06)

Table 9.3 Mean (±SEM), whole body sway measured during 30 seconds 
quiet standing with eyes open, closed, and using visual 
feedback in young and elderly males and females

Whole body sway is an estimate of the extent to which a subjects is 

leaning, based upon their centre of pressure perturbation and corrected for their 

height and weight. The calculation assumes that sway originates from the 

ankles and that the body is held straight. The smallest degree of whole body 

sway was observed in all groups when using visual feedback. Postural sway
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with eyes open, facing a blank wall was significantly greater than using visual 

feedback, increasing by an average of 21% in elderly subjects and 36% in 

young subjects. Postural sway was greatest in all groups with eyes closed. 

Sway was an average of 58%, and significantly greater than when using visual 

feedback in young subjects, and 33% greater in elderly subjects.

Postural sway was significantly lower in young males using visual 

feedback, compared with young females, elderly males and elderly females. 

There was no significant difference in sway using visual feedback between 

young and elderly females. Postural sway under each test condition is 

summarised for each group in table 9.3.

0.5
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0.4

r= -0 .50
(P<0.05)0.35
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Figure 9.1 The degree of postural sway, measured using visual feedback, versus 
vertical jump performance in young (■) and elderly subjects (□)• The 
regression line, drawn by eye, is described by Y = -1.31X + 0.52 
(Uncertainty of regression line positioning; 38%).

A significant negative correlation (r=-0.50, P<0.01) was found between
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postural sway using visual feedback and vertical jumping ability, shown in Fig 
9.1. There was no significant relationship between vertical jumping ability and 

sway measured under any other condition.

9.3.4 Sway range
Mean sway range was smallest for all groups, in both lateral and sagittal 

planes, using visual feedback, as shown in table 9.4. Sagittal sway range was 

greater than in the lateral plane, but this difference was only significant in 

elderly females. Sway range with eyes open increased in all but elderly males, 

where lateral sway range decreased. The increase in sway range standing with 

eyes open was only significant in the sagittal plane. The greatest sway range 

was observed standing with eyes closed. Lateral and sagittal sway range with 

eyes closed were significantly greater, in all groups, than with eyes open or 

using visual feedback.

Condition
Sway

Direction
Young
males
n=9

Young
females

n=9

Elderly
males
n=8

Elderly
females
n=10

Visual
Feedback

(mm)

Lateral 12.8(+3) 13.6(4:2) 21.0(+4) 13.2(4:1)

Sagittal 14.8(+2) 16.4(4:1) 21.8(4:2) 18.0(4:2)

Eyes
Open
(mm)

Lateral 15.8(±,4) 15.6(4:2) 16.0(4:2) 15.4(4:2)

Sagittal 17.0(±3) 21.4(±3) 21.6(±,2) 23.2(+3)

Eyes
Closed
(mm)

Lateral 25.2(4:6) 22.6(±3) 23.6(4:2) 23.2(4:3)

Sagittal 32.2(+5) 34.8(±5) 41.0(+7) 35.0(4:6)

Table 9.4 Mean (±SEM) lateral and sagittal sway range measured during 
30 seconds of quiet standing using visual feedback, with eyes 
open and closed.

The increase in sway range was greatest in the sagittal plane, although the
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increase in both planes was relatively greater in young subjects. Lateral sway 

range with eyes closed was 81% greater than using visual feedback in young 

subjects, compared with a 37% increase in elderly subjects. Sagittal sway 

range with eyes closed was 114% greater than using visual feedback in young 

subjects, compared with a 90% increase in elderly subjects. There was no 

significant difference in lateral or sagittal sway range between young males and 

females, using visual feedback. Lateral sway range was greater in elderly 

males than in elderly females. Sway range, in both planes, was significantly 

greater in elderly males than young males. There was no significant difference 

in sway range between young and elderly females. There was no significant 

difference in lateral or sagittal sway range between any group standing with 

eyes open or closed. No significant correlation was found between sway range 

under any condition, and vertical jump performance.

9.3.5 Centre of pressure path

Subjects
Young
males
n=9

Young
females

n=9

Elderly
males
n=8

Elderly
females
n=10

Visual
feedback

(m)

0.69
(±0.4)

0.76
(±0.02)

0.79
(±0.3)

0.81
(±0.06)

Eyes open 
(m)

0.65
(±0.4)

0.75
(±0.02)

0.75
(±0.02)

0.83
(±0.06)

Eyes closed 
(m)

0.82
(±0.6)

0.80
(±0.03)

0.97
(±0.07)

1.10
(±0.2)

Table 9.5 Mean (+.SEM) centre of pressure path length measured during 
30 seconds of quiet standing with eyes open, closed and using 
visual feedback in young and elderly males and females.

172



Centre of pressure path was shortest standing with eyes open, facing a 

blank wall. Path increased slightly, between 0.5-2%, in both young and elderly 

subjects using visual feedback, but this was not significant. Centre of pressure 

path was greatest for young and elderly subjects when standing with eyes 

closed. Path increased by an average of 13% in young subjects and 23% in 

elderly subjects measured with eyes closed, and was significantly longer than 

with eyes open or using visual feedback. Figure 9.2-4 shows example sway 

path traces from young and elderly individuals under different test conditions. 

Centre of pressure path was significantly shorter in young males with eyes open 

or using visual feedback than any other group. There was no significant 

difference in path length between young females and elderly males and females, 

standing with eyes open or using visual feedback. There was no significant 

difference in centre of pressure path length between young and elderly males 

and females standing with eyes closed. Centre of pressure path length recorded 

under different test conditions are summarised in table 9.5. There was no 

significant relationship between centre of pressure path, measured under any 

condition, and vertical jump performance.
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[A] collin.008 
Scalefactor =

Mean H = 1 5  X »d = 14.70 Y sd = 10.33 H sd = 8.56 
Max X = 37 Min X = -33 Max Y = 3 2  Min V  = -32 Sway = 0.17 Vmean = 0.79

[B]

Scalefactor = Mean X = -6 Mean Y = 5 Mean H = 17 X sd = 12.58 Y sd = 15.04 H sd = 9.10 Max X = 28 Min X = -34 Max Y = 40 Min Y = -35 Sway = 0.23 Unean = 1.OO

Figure 9.2 a typical sway path recording from [A] a young male and [B] an elderly
female using visual feedback.
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[A] collin.OOl
Scalefactor = Mean X = 1 0  Mean V = -32 Mean H = 23 X sd = 19.95 Y  sd = 14.76 H sd = 9.23 Max X = 53 Min X = -51 Max Y = 3 9  Min V = -29 Sway = 0.23 Unean = 0.81

[B] creina.OOl

19.0214.03Max X

0.351.04

Figure 9.3 a typical sway path recording from [A] a young male and [B] an elderly
female standing with their eyes open, facing a blank wall.
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[A]
Scalefactor

Mean H

15.08
53

[B]

1 . 20

Figure 9.4 a typical sway path recording from [A] a young male and [B] an elderly
female standing with their eyes closed.
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9.3.6 Mean centre of pressure velocity

Subjects
Young
males
n=9

Young
females

n=9

Elderly
males
n=8

Elderly 
females 
n= 10

Visual 0.024 0.027 0.028 0.029
feedback

(ms)
(±0.001) (±0.001) (±0.002) (±0.002)

Eyes open 0.023 0.027 0.027 0.030
(ms) (±0.001) (±0.001) (±0.001) (±0.002)

Eyes closed 0.029 0.029 0.035 0.039
(ms) (±0.003) (±0.003) (±0.003) (±0.006)

Table 9.6 Mean (±SEM) centre of pressure mean velocity measured 
during 30 seconds of quiet standing with eyes open, closed and 
using visual feedback in young and elderly males and females.

Centre of pressure velocity was lowest standing with eyes open, facing 

a blank wall. Path increased slightly, between 0.5-2%, in both young and 

elderly subjects using visual feedback, but this was not significant. Centre of 

pressure velocity was greatest for young and elderly subjects when standing 

with eyes closed. Velocity increased by an average of 14% in young subjects 

and 23% in elderly subjects measured with eyes closed, and was significantly 

faster than with eyes open or using visual feedback. Standing with eyes closed 

had a greater impact on mean centre of pressure velocity in elderly subjects. 

The mean increase in velocity between using visual feedback and standing with 

eyes closed was 12% in young subjects, compared with 23% in elderly subjects.

Centre of pressure velocity was significantly lower in young males with 

eyes open or using visual feedback than any other group. There was no 

significant difference in velocity between young females and elderly males and 

females, standing with eyes open or using visual feedback. The centre of 

pressure velocity of elderly subjects standing with eyes closed was greater than 

that of young subjects, but this difference was not significant. Centre of
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pressure velocity recorded under different test conditions are summarised in 

table 9.6. There was no significant relationship between centre of pressure 

velocity, measured under any condition, and vertical jump performance.

9.3.7 Maximum centre of pressure velocity

Subjects
Young
males
n=9

Young
females

n=9

Elderly
males
n=8

Elderly 
females 
n= 10

Visual 0.11 0.24 0.14 0.15
feedback

(ms)
(±0.01) (±0.18) (±0.01) (±0.03)

Eyes open 0.10 0.14 0.17 0.15
(ms) (±0.01) (±0.3) (±0.09) (±0.03)

Eyes closed 0.13 0.13 0.16 0.26
(ms) (±0.01) (±0.01) (±0.02) (±0.11)

Table 9.7 Mean (+SEM) centre of pressure maximum velocity measured 
during 30 seconds of quiet standing with eyes open, closed and 
using visual feedback in young and elderly males and females.

There was a trend toward increasing maximum centre of pressure velocity 

between using visual feedback and standing with eyes closed. Only the young 

females demonstrated higher maximum velocity using visual feedback. The 

greatest effect of the different test conditions was observed in elderly females. 

Maximum centre of pressure velocity with eyes closed was 32% greater than 

using visual feedback. There was no significant difference in maximum centre 

of pressure velocity between different test conditions in young or elderly males 

and females. There was also no significant difference in maximum centre of 

pressure velocity between young and elderly males and females with eyes open, 

closed, or using visual feedback. Maximum centre of pressure velocity 

recorded under different test conditions are summarised in table 9.7. There was 

no significant relationship between centre of pressure maximum velocity.
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measured under any condition, and vertical jump performance.
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9.4 Discussion
This investigation has examined the relationships between balance, 

measured by postural sway, vertical jumping ability and ageing. The results of 

this study demonstrate a significant reduction in jump height between 25 and 70 

years of age as seen in previous chapters. Force plate measurements indicate 

a trend toward increasing sway variables with age.

There are a wide range of sway variables, based upon centre of pressure 

perturbation, reported in the literature. The most common are, mean sway, 

sway range, sway path and sway velocity. All of these variables have been 

recorded in the present study, conforming with recommendations of the 

International Society of Posturography (Kapteyn, 1983). In addition to 

maximum sway velocity, an attempt has been made to estimate the angle of 

sway in the whole body from centre of pressure perturbations.

There is considerable variation in reported normative values from sway 

variables. Mean sway in young adults standing with eyes open reported by 

Maki et al (1990) was 4.08 (4:1.8) mm, compared with 3.0 (jfl)  mm reported 

by Ekdahl et al (1988) and 2.05 mm estimated by Hayes et al (1985). 

Similarly, a mean sway velocity of 0.06 (+0.02) m/s in elderly subjects 

standing with eyes open was reported by Maki et al (1990) is considerably 

greater than 0.014 m/s reported by Teasdale et al (1991) and 0.016 (4:0.006) 

m/s documented by Ekdahl et al (1988). Some of this discrepancy is probably 

due to variation in laboratory environment and test conditions imposed by 

different investigators. While Maki et al (1990) asked subjects to fixate their 

gaze on a poster, pinned to the wall in front of them, Teasdale et al (1991) 

makes no mention of visual cues which may assist in postural stabilisation (Lord 

et al, 1991). Equally, noises and other visual cues within the laboratory may 

have distracted experimental subjects.

The sway variables and recorded in this study are generally in good
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agreement with the range of normative values documented by other investigators 

for sway (Ekdahl et al, 1988; Maki et al, 1990; Murray et al, 1975; Hayes et 

al, 1985), sway path (Ekdahl et al, 1988; Yardley et al, 1992; Murray et al, 

1975), sway range (Teasdale et al, 1991; Maki et al, 1990) and velocity 

(Ekdahl et al, 1988; Teasdale et al, 1991; Maki et al, 1990). This is true of 

both eyes open and closed, test conditions. No normal values are available for 

comparison with those obtained using visual feedback. Equally, neither 

maximum velocity, or estimations of whole body sway seem to have been 

undertaken previously. The sway variables obtained using visual feedback are 

consistent with increased postural stability, above that with eyes open, through 

improved visual cues. All subjects demonstrated a progressive increase in sway 

variables withdrawing visual feedback, and then closing eyes. Additionally, as 

indicated by sway range, sagittal sway was consistently greater than in the 

lateral plane. In agreement with Teasdale et al (1991), closed eyes had a 

greater effect upon young subjects than elderly subjects. This may reflect less 

reliance upon vision, deterioration in which is common in old age, for postural 

stability in the elderly.

In contrast with most studies, this investigation has demonstrated few 

significant differences in sway variables between young and elderly subjects. 

Differences were found in sway, whole body sway and path length between 

young and elderly men, but only when using visual feedback. No differences 

were found between young and elderly females. Some of this discrepancy may 

be explained by the small number of subjects employed in this study. Ekdahl 

et al (1988) for instance, reported similar values for sway, velocity and path 

length to those found by this investigation, and found significant age related 

differences based upon 152 subjects. It may therefore be important to note that 

despite the fewer significant differences, elderly subjects tended to produce the 

greatest values in terms of sway variables.

181



Few studies have considered the relationships between postural sway and 

physical performance. Imms et al (1981) and Mathias et al (1986) have found 

significant correlations between sway and walking speed. Imms also 

demonstrated a significant relationship between sway and faults accumulated on 

an obstacle course. The correlation between balance and faults on the obstacle 

course may have particular significance as evidence suggests that most falls in 

the elderly are the result of tripping over an object (Overstall et al, 1977). 

Teasdale et al (1991) found that sway was significant correlated with an 

anaerobic leg power test based upon accumulated flight time during 10 seconds 

of vertical jumps.

The present investigation has demonstrated a significant difference in 

vertical jumping ability between young and elderly subjects. However, these 

considerable differences have developed despite few consistent and significant 

changes in any sway variable. Even in this small sample, it seems unlikely that 

an age related deterioration in postural stability is responsible for the significant 

reduction in jumping performance. Even under conditions of disturbed balance 

vertical jumping ability may remain largely unaffected. A preliminary 

investigation with young subjects demonstrated that even with eyes closed, 

vertical jump height was unaffected following ingestion of alcohol equivalent 

to two double measures of Vodka, despite a substantial increase in sway. These 

results may indicate that vertical jumping can be executed largely without the 

utilization of sensory feedback from the vestibular apparatus.

One significant relationship was found between whole body sway, using 

visual feedback, and vertical jump height (r=-0.55). This result may suggest 

that the initial visual stabilisation of the standing posture prior to jumping, and 

particularly the individual ability to process visual cues, may be important to 

jumping success. Despite considerable variation, the results show a tendency 

for elderly subjects to demonstrate greater whole body sway using visual

182



feedback, and produce significantly poorer jump performances than young 

subjects. Evidence suggests that sensory processing is compromised by ageing 

(Woollacott et al, 1986), and this may lead to a poorer ability to utilise visual 

cues to stabilise posture. The consequence for jumping performance may be an 

inability to stabilise posture sufficiently to propel the body vertically upward. 

As a result, the total height of rise of the centre of mass will be lower than if 

the jump were solely in the vertical plane.

That whole body sway, using visual feedback correlated with 

performance, but that sway (from which whole body sway is derived) did not, 

highlights an important difference between the two variables. Mean sway, or 

centre of pressure perturbation from a mean position, does not indicate the 

extent to which the experimental subject is leaning over. A short, light 

individual must lean further to produce the same centre of pressure perturbation 

as a tall, heavy individual. Whole body sway is an estimate of the extent to 

which a subjects is leaning, based upon their centre of pressure perturbation and 

corrected for their height and weight. The calculation assumes that sway 

originates from the ankles and that the body is held straight. A review by 

Daleiden (1990) suggests that during quiet standing an ankle strategy is 

employed and that movement about other joints becomes important only during 

large perturbations of posture. As discussed previously, the ability to jump in 

the vertical plane is an important determinant of the height of rise of the centre 

of mass recorded. While centre of pressure perturbations are appropriate to 

falling risk assessments, whole body sway may be a more appropriate to 

investigations of vertical jumping.

9.5 Conclusions
The sway variables recorded in this investigation are in general agreement 

with observations made by other studies. Despite a tendency to produce greater
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values of sway variables in elderly subjects, few significant differences were 

found with young subjects. The significant reduction in jumping ability with 

age was generally not accompanied by a significant increase in any sway 

variable. It seems unlikely therefore, that changes is balance, measured by 

posturography, are major factors in the decline of performance observed with 

age. The correlation between whole body sway, using visual feedback, and 

vertical jumping ability, was the only significant relationship found in this 

investigation. Despite considerable variation the results suggest that visual 

stabilisation of posture may be a significant factor in jumping.
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Chapter 10

General Discussion
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10.1 Introduction

The investigations detailed in the previous chapters have examined the 

relationships between changes in muscle function and the performance of 

activities to which the legs are central, particularly the vertical jump, with age. 

The contributions of flexibility and balance to successful performance in young 

and elderly subjects have also been examined.

Vertical jumping represents a useful model of mobility to examine the 

effect of age on performance. The vertical jump test probably occupies the 

middle ground between rigorously controlled laboratory performance 

assessments, such as isometric muscle strength and postural sway, and the 

highly variable nature of daily activities. Safety is a primary concern when 

dealing with human subjects, and particularly the elderly. The limited 

displacement of a vertical jump and proximity of the observer minimises the 

risk of injury to the subject. The progressive decline in jump height achieved 

with age ultimately reduces the impact forces during landing, further decreasing 

the risks of injury to elderly subjects. In practical terms, any normal individual 

is capable of vertical jumping and can achieve maximal performance with very 

little practice. During the vertical jump the absolute displacement of the 

subject is very small, making a wide range of observations, such as video, 

goniometry and EMG possible. Overall, the technique offers a simple, 

accurate and reliable means of recording performance which is cheap, portable 

and safe.

10.2 Variation in performance between individuals of the same age
One of the most striking observations, seen throughout the investigations 

documented here, is the variation in performance between relatively similar 

individuals. Figure 10.1 shows the height achieved in the vertical jump by 12
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young subjects, ranked in ascending order of performance. A comparison 

between vertical jump performance and specific isometric knee extensor 

strength recorded by each individual, shown in figure 10.2, demonstrates that
0.5 -1

0.45 -

0.35 -

0.05 -

Figure 10.1

. - C M C 0 ^ l f i t O r « - 0 0 0 5 O » - < N

Subject

Shows the vertical jump height achieved by 12 young subjects

Subject

Figure 10.2 Shows the specific knee extensor strength achieved by subjects 1 to 
12 in figure 10.1
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Figure 10.3 Shows the whole body sway measured in subjects 1 to 12 in Hgure
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Figure 10.4 Shows the maximum range of hip extension measured in subjects 
1 to 12 in figure 10.1
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the best performance was produced by subject 12, who. was not the strongest 

individual. Equally, subject number 1, who produced the poorest jump 

performance, was not the weakest individual.

Vertical jump performance is probably limited by a number of factors. 

It seems likely that an individual with great strength may not perform well 

if their balance or flexibility were poor. Figure 10.3 shows the whole body 

postural sway, described in chapter 9, of the 12 subjects in figure 10.1. Figure 

10.4 shows the maximum range of hip extension, described in chapter 8. It is 

immediately obvious that subject 12, who produced the highest jump, possessed 

neither the most stable posture or range of hip flexibility. Equally, while 

subject 1, who produced the poorest performance, demonstrated a large degree 

of postural sway, it is still smaller than subject 11 who jumped over three times 

higher.

The best correlation between any single index of muscle function and 

jumping performance was found with knee extensor power, shown in Fig 6.9. 

Figure 10.5 shows the highest knee extensor power recorded for the 12 

subjects. There is an obvious trend toward increasing muscle power with 

higher ranking of vertical jump performance. Of all the variables examined in 

the previous investigations, it appears that muscular power is the best predictor 

of vertical jump performance. Despite the trend toward improving performance 

with increasing muscle power, it is clear that a proportion of the individual 

variation remains unexplained. Subject 11, for instance, produced a knee 

extensor power similar to subject 3, but jumped almost twice as high.

The variation in performance between similar individuals is clearly a 

complex matter and can not be explained simply on the basis of strength, 

flexibility and balance. While these variables appear to be important in vertical 

jumping, other factors probably also affect performance. Among these factors 

chapter 7 has indicated the importance of type II muscle fiber area, but neural
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factors such as motor unit synchronisation and muscle group coordination may 

also be important.

Subject

Figure 10.5 Shows the knee extensor power produced by subjects 1 to 12 in 
figure 10.1.

The results of the investigations documented here indicate that no single 

factor is responsible for limiting vertical jumping ability. Successful 

performance is dependent upon a range of variables including muscular strength 

and power, joint range of motion and postural stability. Vertical jumping 

ability appears to be primarily dependent upon muscular strength and power in 

the lower limbs. This is probably because the force exerted during extension 

of the lower limbs determines acceleration, take-off velocity, and ultimately 

limits the height achieved. Balance and flexibility may act in a secondary role 

to facilitate the vertical jump. Adequate joint range of motion allows sufficient
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distance over which to accelerate, while postural stability ensures that leg 

extension forces are directed vertically downward.

The investigations of strength, power and flexibility indicated a minimum 

level required for successful performance. The relative importance of potential 

performance limiting factors may therefore change under different conditions. 

As a result of injury to the knee joint for instance, range of motion may be 

compromised and become increasingly important as a limiting factor to jumping 

performance. It seems likely that the relative importance of potential 

performance limiting factors may vary between different activities, depending 

upon their physical demands. While jumping appears to be dependent upon 

muscular strength and power, marathon running will probably be largely 

dependent upon muscular endurance and fatigue resistance.

10.3 Variation in performance between age groups
An age related decline in performance was evident in a range of 

activities, but was most marked in the vertical jump. The decline in 

performance of the vertical jump during adulthood was significantly related to 

isometric strength. An investigation of the dynamic contractile properties of the 

knee extensors indicated a reduction in knee extensor power with age which 

demonstrated a better relationship with vertical jump performance than isometric 

strength. Biopsy samples of m.vastus lateralis taken from elderly males 

revealed essentially normal morphological features except for a significant 

reduction in Type II fibre area. The poorer performance of elderly subjects 

against matched young subjects was strongly related to the reduction in type II 

fibre area. Changes in muscle function could not entirely explain the age 

related deterioration in jumping performance. Joint range of motion and 

balance, assessed by postural sway, were also significantly related to vertical 

jumping performance.
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The decline in vertical jumping ability with age appears to result largely 

from a deterioration in muscular power. In females the age related decline in 

muscular power appears to be attributable solely to a loss of muscle bulk and 

strength, but in males the loss of strength seems to be accompanied by a 

reduction in the maximal velocity of shortening. Despite limited data, it seems 

that an age related loss of muscle power in males may result from a reduction 

in type II fibre area. The available data does not suggest a preferential loss of 

type II fibres with age. Some of the effects of ageing on muscle function may 

therefore be reversed by interventions designed to increase type II fibre area, 

such as heavy weight resistance training. Aniansson (1981) and Dobrev (1978) 

have both reported significant gains in strength following resistance training in 

elderly males. Further, Aniansson (1981) documented a preferential increase 

in type II fibre area in strength trained males. An increase in strength and 

muscular power would be beneficial in a number of daily activities, such as 

rising from a chair or toilet seat, stepping and fast walking.

The function of the lower limbs, in activities like walking and stepping, 

is central to maintained mobility. Age related deterioration in these activities 

will compromise both mobility and the quality of life. The observations 

presented in this thesis have described the age related changes in essentially one 

activity, the vertical jump. A number of factors have been identified which 

change with age and are related to deteriorating performance, such as strength, 

flexibility, balance and especially muscle power. There are a wide range of 

daily activities in which performance may deteriorate with age, compromising 

mobility and quality of life. It is clear that the performance.of any activity is 

a complex matter, dependent upon a range of factors. Furthermore, the relative 

importance of each performance limiting factor may depend upon the demands 

of different activities, environmental conditions and the health of the individual. 

An understanding of the factors limiting performance in a range of fundamental
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daily activities, and their relative importance under a range of conditions, is 
essential to effectively targeting interventions aimed at maintaining mobility and 

independence for the elderly.

10.4 Directions for further research
The investigations documented in this thesis have demonstrated the 

fundamental complexity of even a simple activity, such a vertical jumping. The 

fact that no single variable can be identified as the sole limiting factor to 

performance suggests ramifications for athletic training, rehabilitation and 

physical therapy, as well as mobility research with the elderly.

There is wide scope to build upon the observations undertaken here. A 

range of factors which have not been examined, such as visual acuity, tendon 

stiffness and motivation, may have significant impact upon vertical jumping 

performance. Equally, expanding the biopsy study described in Chapter 7, to 

include females and a greater number of subjects, would be valuable in the light 

of the relationship found between type II muscle fiber area and jump 

performance. A deeper exploration of muscle morphology, particularly as it 

relates to myosin expression and contractile characteristics, may also be of 

interest. Further investigations using a vertical jumping model may also choose 

to concentrate on the performance of young and elderly females. The 

unprecedented performance of young males may actually present a rather 

distorted picture, obscure differences between the elderly males, elderly females 

and young females.

The observations of the effects of ageing on vertical jumping ability 

documented here may not represent the pattern of changes in other activities. 

Describing the pattern of physical performance across adulthood in a wide range 

of daily activities, identifying the age at peak performance and the rate of 

deterioration with age, would be useful. Equally, the factors presenting
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limitations to performance and their relative importance in different activities 

could also be identified. A range of factors which have not been examined in 

this thesis may have a bearing on the activity of the elderly. These include 

their perception of themselves and their abilities, and pain and discomfort which 

may arise from knees, back and feet. Ultimately, an improved understanding 

of the age related changes in physical performance, and the mechanisms which 

underlie them, will almost certainly improve the design and evaluation of 

interventions to improve mobility.

10.5 Conclusion
The relatively poor correlation between performance in the vertical jump 

and power in young subjects suggests that other factors may also be changing 

with age, such as balance, flexibility and coordination. However, the results 

indicate that the latter factors are no more variable in the elderly than in the 

young and consequently the major change associated with the decline in 

performance with age is the loss of strength and especially power in the 

quadriceps. This in turn seems to be a function of the loss of muscle fibre 

numbers and particularly the relative atrophy of the fast type II fibres. It 

remains to be seen whether this can fully explain the deterioration of physical 

performance seen in the elderly.
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Appendix 1A

Quadriceps strength (N) on two occasions 

Subjects Dayl Day2_____

A 455 433
B 692 676
C 652 605
D 420 420
E 481 530
F 459 513

G 293 280
H 341 325
1 391 430
J 362 358
K 382 299
L 371 402



Appendix IB

Jump height estimated by Jump Box and Video

Subject A Subject B Subject C Subject D
Jump Box Video Jump Box Video Jump Box Video Jump Box Video

0.31 0.33 0.38 0.39 0.35 0.34 0.37 0.37
0.315 0.33 0.44 0.47 0.36 0.36 0.41 0.39

0.33 0.35 0.33 0.35 0.355 0.34 0.42 0.4
0.335 0.35 0.31 0.3 0.36 0.35 0.4 0.4
0.315 0.33 0.39 0.43 0.325 0.33 0.21 0.2

0.32 0.37 0.35 0.36 0.33 0.31 0.42 0.41
0.325 0.34 0.33 0.34 0.33 0.34 0.42 0.42

0.32 0.35 0.33 0.36 0.335 0.33 0.42 0.46
0.36 0.38 0.37 0.39 0.33 0.33 0.41 0.39
0.36 0.39 0.38 0.4 0.325 0.31 0.435 0.47

0.355 0.39 0.4 0.4 0.33 0.32 0.41 0.43
0.325 0.35 0.38 0.43 0.35 0.32 0.365 0.32
0.355 0.38 0.31 0.35 0.355 0.34 0.36 0.34

0.33 0.36 0.35 0.36 0.32 0.31 0.365 0.36
0.36 0.37 0.295 0.3 0.315 0.3 0.38 0.38
0.36 0.37 0.31 0.3 0.36 0.33 0.39 0.4

0.355 0.37 0.305 0.33 0.365 0.32 0.385 0.385
0.35 0.39 0.31 0.32 0.32 0.32 0.365 0.37
0.36 0.39 0.32 0.33 0.36 0.32 0.4 0.41

0.355 0.38 0.31 0.34 0.325 0.31 0.38 0.36
0.335 0.32 0.335 0.31 0.395 0.41
0.325 0.33 0.35 0.32 0.41 0.38

0.32 0.33 0.355 0.35 0.4 0.4

Jump height estimated by Jump Box and flight time

Subject A Subject B Subject C Subject D
Jump Box Time Jump Box Time Jump Box Time Jump Box Time

0.19 0.448 0.38 0.618 0.31 0.499 0.26 0.471
0.2 0.487 0.41 0.587 0.315 0.527 0.25 0.482

0.225 0.488 0.415 0.621 0.31 0.54 0.28 0.513
0.23 0.477 0.42 0.582 0.295 0.538 0.28 0.497

0.225 0.513 0.42 0.635 0.29 0.533 0.27 0.503
0.23 0.508 0.42 0.642 0.315 0.541 0.255 0.482

0.2 0.522 0.4 0.591 0.31 0.537 0.25 0.5
0.22 0;549 0.39 0.603 0.315 0.535 0.28 0.523
0.23 0.523 0.41 0.599 0.28 0.541 0.275 0.486

0.225 0.521 0.37 0.615 0.285 0.522 0.265 0.477
0.21 0.53 0.41 0.592 0.27 0.527 0.23 0.453
0.22 0.515 0.38 0.597 0.28 0.556 0.24 0.463
0.19 0.453 0.4 0.66 0.265 0.493 0.265 0.485
0.21 0.446 0.4 0.623 0.28 0.549 0.24 0.479



0.21 0.487 0.405 0.593 0.25 0.473 0.24 0.462
0.22 0.516 0.39 0.581 0.275 0.478 0.27 0.508

0.225 0.531 0.41 0.597 0.285 0.511 0.25 0.489
0.21 0.507 0.4 0.632 0.255 0.482 0.22 0.447
0.23 0.518 0.37 0.611 0.265 0.513 0.245 0.462

0.245 0.512 0.39 0.598 0.28 0.527 0.21 0.439
0.21 0.473 0.385 0.606 0.27 0.502



Appendix 1C

Stature and subischial height on two occasions

Subjects Stature(m) Subischial height(m)^
___________ Dayl______ Day2______ Dayl______ Day2

A 1.76 1.755 1.52 1.565
B 1.812 1.805 1.485 1.47
C 1.803 1.821 1.53 1.534
D 1.911 1.9 1.55 1.532
E 1.686 1.692 1.47 1.495
F 1.886 1.895 1.54 1.529

G 1.659 1.653 1.44 1.444
H 1.745 1.738 1.41 1.406
1 1.635 1.637 1.425 1.432
J 1.547 1.559 1.41 1.413
K 1.62 1.626 1.43 1.427
L 1.715 1.725 1.485 1.487

NB. Seat height 0.55m

Appendix ID

Weight (Kg) on two occasions 

Subjects Dayl______ Day2

A 66.9 68
B 75.6 75.3
C 79.5 80.3
D 75.2 75.7
E 69 68.6
F 85 84.7

G 56.3 55.9
H 60.9 60.5
1 53.5 53
J 63 62.5
K 58.6 57.6
L 59.8 59.3



Appendix IE

Postural sway variables m easured on two occasions

Dayl 
Subject Sex Weight Height X mean Y mean H mean X sd Y sd H sd Sway
A f 60 159 17 -41 35 16.75 37.73 20.65 0.5

f 60 159 33 -7 30 16.87 32.75 20.47 0.45
f 60 159 14 -26 47 22.37 46.26 20.22 0.6

B f 74 164 . 6 -50 26 8.28 30.12 16.53 0.3
f 74 164 12 -20 22 11.93 22.22 11.78 0.24
f 74 164 37 -29 27 21.13 23.03 14.55 0.29

C f 66.5 170 9 -6 47 24.69 45.23 19.61 0.5
f 66.5 170 25 -53 25 13.97 24.21 11.91 0.28
f 66.5 170 0 1 29 12.38 30.54 14.96 0.33

D f 56 163 -22 12 19 14.14 16.06 8.38 0.25
f 56 163 24 33 16 12.47 14.02 9.36 0.24
f 56 163 53 50 17 11.58 15.13 8.22 0.23

E f 48.5 156 -1 7 8 4.62 7.72 3.91 0.13
f 48.5 156 -4 38 12 3.36 15.47 9.6 0.24
f 48.5 156 4 1 13 6.3 13.9 7.32 0.23

F f 67 171 32 -28 23 20.85 15.5 10.27 0.25
f 67 171 3 -36 20 12.21 20.89 12.93 0.24
f 67 171 63 27 22 23.22 15.09 16.14 0.28

G f 58 159 -4 -17 30 20.65 28.94 18.46 0.45
f 58 159 -18 19 30 22.96 25.22 15.42 0.42
f 58 159 -1 -13 38 13.51 40.46 19.33 0.53

H m 82 183 -31 -40 32 18.98 29.34 13.41 0.25
m 82 183 -39 -63 22 17.92 17.51 11.9 0.19
m 55 166 37 13 15 13.69 11.32 8.04 0.21

1 m 55 166 41 36 25 24 15.98 13.99 0.36
m 55 166 18 38 27 21.17 20.65 10.75 0.35
m 76 177 6 -42 21 16.31 18.29 10.95 0.2

J m 76 177 27 65 35 13.83 37.13 18.36 0.33
m 76 177 28 52 24 10.08 26.96 15.7 0.25



Day2 
Subjects Sex Weight Height X mean Y mean H mean X sd Y sd H sd Sway
A f 60 159 -2 -101 40 12.21 43.77 21.44 0.55

f 60 159 26 -39 34 9.18 38.2 17.96 0.46
f 60 159 28 -14 24 16.74 21.31 11.25 0.31

B f 74 164 55 -102 39 26.58 37.42 23.47 0.44
74 164 35 -114 38 15.57 39.92 19.71 0.4

f 74 164 23 -12 25 20.52 21.1 14.85 0.28
C f 56 163 -16 -4 22 15.96 19.59 12.27 0.32

f 56 163 -18 11 21 18.58 17.43 13.31 0.32
f 56 163 -39 19 22 15.79 18.38 8.39 0.28

H m 76 178 62 -2 31 27.01 22.7 16.6 0.29
m 76 178 -8 -31 36 34.55 20.43 16.78 0.33
m 76 178 -46 -17 22 25.1 8.87 14.5 0.23

E f 66.5 170 17 -3 28 29.28 11.71 12.55 0.3
f 66.5 170 30 -8 32 31.32 17.38 14.13 0.35
f 66.5 170 -26 -43 27 27.52 11.2 11.89 0.29

F f 67 170 52 -105 39 19.21 41.1 23.14 0.46
f 67 170 27 22 20 15.23 16.78 8.81 0.22
f 67 170 6 -13 12 8.68 11.05 5.82 0.13

1 m 56 166 37 31 30 30.88 14.21 15.05 0.41
m 56 166 7 32 19 16.47 12.86 8.02 0.24
m 56 166 -8 16 14 10.82 12.18 6.92 0.19

D f 58 159 -5 -3 35 32.6 23.01 18.12 0.49
f 58 159 -1 4 26 25.24 17.71 15.12 0.38
f 58 159 -8 -94 32 29.29 21.1 15.31 0.44

J m 82 183 -24 -61 35 24.05 33.55 20.56 0.31
m 82 183 -31 -40 32 18.98 29.34 13.41 0.25
m 82 183 -39 -63 22 17.92 17.51 11.9 0.19

G f 47 156 -27 -19 12 12.45 5.96 6.64 0.22
f 47 156 -15 -9 8 8.48 5.32 4.91 0.15
f 47 156 -5 -7 8 8.89 3.41 4.37 0.14
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Calculation of Whole Body Sway from Postural Sway Meter data

The output from the Postural Sway Meter is a voltage dependent upon the bending force, or 
moment of load, about the central pillar. The moment is given by the force applied and the 
distance of the force from the fulcrum, which is the centre of the pillar. The moment can 
be visualised as shown below.

moment 
0
Ÿ

Force

The force exerted on the Sway Meter by a subjects is given by their weight times the 
acceleration due to gravity. The following calculations assume that a subject sways from 
their ankle during quiet standing, and that their centre of gravity is located at a point equal 
to half their stature.

In order to calculate the angle at which a subject is leaning, the distance between the centre 
of gravity and the centre of motion must first be found. The sway meter output is first 
converted from a voltage into a torque (Nm) using a calibration. The distance between the 
centre of gravity and centre of motion is shown in the diagram below and is given by;

Distance = Sway meter output x Calibration

Force [1]



Sway meter

Subject

Centre

Gravity

Angle of lean
4

Force V' Distance

The angle at which the subject is leaning is given by;

Angle of lean = Arc sin (Distance / 1/2 Stature) [2]

Combining equations [1] and [2], gives; 

Angle of lean =
Arc sin

Sway meter output x Calibration \  

Subject weight x gravity(g) x 1/2 stature J
[3]
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Health Questionnaire

Assessment of Muscle strength and mobility

This questionnaire is designed to assess your suitability as a subject for the 
mobility study. In order to minimise any risk to yourself it is important to 
identify any contraindications to participation. Please answer the questionnaire 
as completely as possible. If you wish to add any information, however trivial 
it may seem, please do so in the space provided at the end of the questionnaire. 
If you have any questions, or need help in answering any of the questions, 
please feel free to ask.

Name:

Date of Birth: 

Address:

Telephone Number:

If you know your doctors name and address, please give it here:



Please answer the following questions as completely as possible. If you 
answer YES to any question, please give details and dates if possible.

[1] Do you have any history of heart trouble? (Such as heart attack, angina, 
valve disease, palpitations, chest pain and dizzy spells).

[2] Do you have any history of blood vessel disease ? (Such as thrombosis, 
embolus, claudication, aneurysm, dizzy spells, stroke and blood clots) >

[3] Have you any history of chest problems? (Such as bronchitis, asthma 
and wheezing)

[4] Have you ever smoked, and if so, how much?

[5] Do you suffer from diabetes, and if so, are you insulin dependent?

[6] Have you suffered from a major illness in the past 20-30 years?



[7] Do you have high blood pressure?

[8] Have you suffered any serious psychiatric problems?

[9] Do you suffer form any form of arthritis? If so, please indicate the 
severity and any medication used.

[10] Have you broken or fractured any bones?

[11] Do you have any problems with your bones?

[12] Have you ever had back problems?

[13] Have you had any surgery to your joints?



[14] Have you had any illness in the last few months, such as influenza, 
bronchitis or recurrent sore throat?

[15] Are you suffering from any illness, such as a cold or influenza, at the 
moment?

[16] Are you regularly taking any medication?

[17] When was the last time you visited your doctor for a check-up?

[18] When you last visited your doctor, were they satisfied with your state of 
health?



[20] Have you ever been told, by a health professional, that you must avoid 
vigorous physical activity?

[21] Do you know of any reason why you should not undertake vigorous 
physical activity?

[22] Is there any other information which you would like to add?



Suitability of volunteer subjects

Exclusion criteria

History of myocardial infarct within the previous ten years.

Any cardiac illness within the previous ten years.

Irregular cardiac rhythm.

Thrombophlebitis or pulmonary embolus within the previous ten years.

History of cerebrovascular disease.

Acute febrile illness within the previous six months.

Moderate to severe airflow obstruction.

Uncontrolled metabolic disease.

Major systemic disease diagnosed or active within the previous twenty years. 

Psychotic illness within the previous ten years.

Osteoarthritis producing inability to perform maximal contractions of the upper 
and lower limbs without pain.

Bone fracture within the previous two years.

Bone fracture when over 40 years of age.

Joint surgery in the relevant limb part.

Any reason for loss of mobility for greater than one week within the previous 
year.

Severe obesity, with quetelet index greater than 30 (Wt/Ht xHt).

Resting systolic blood pressure over 200 mmHg.

Resting diastolic blood pressure over 100 mmHg.

Taking hypertensive or diuretic medication.

Taking Inotropic medication.

Taking daily analgesic medication.



Muscle function and ageing

Subject information

As part of a research project aimed at investigating changes in mobility which occur with 
ageing, we are interested in examining your muscle function, we would like to test the 
strength of your thigh muscle in a number of ways.

You will be asked to sit in the strength chair. A seat belt will be placed around your 
waist to hold you firmly in place. A canvas cuff will be placed around your ankle, 
and you will be asked to push against this as hard as you can. Your foot will not 
move, but we can measure how hard you push. At the same time your thigh muscle 
will be electrically stimulated. The stimulation will make the thigh muscle twitch. 
The sensation can be a little uncomfortable, but will not cause you any pain.

You will be asked to sit on another form of strength chair, called a Cybex. You will 
be strapped into the chair as before, with your foot restrained by a cuff. You will 
be asked to push as hard as you can against the foot cuff, but this time your leg will 
be fixed in a variety of positions, from bent to straight.

Using the Cybex chair again, you will be asked to straighten your leg as forcefully 
as possible against the cuff. You will be able to move your foot, but only at a set 
speed. We would like to see how forcefully you can straighten your leg at a variety 
of speeds.

An experienced member of staff will supervise you during all of the tests. If you have any 
questions about any part of the test, please feel free to ask at any time. If you do not wish 
to perform any part of the test, you do not have to. If you decide to stop the test, at any 
point, you are free to do so. This will not affect any treatment or advice which you may 
receive.

Informed consent

The test has been explained to me by.......................................................

I fully understand what will be required of me and volunteer to act as a subject for the test.

Signed.........................   Date.....................................

Print name..........................................

Witnessed............................................
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Females

Age Weight Stature Sitting Leg Jump Quadriceps
Height Length Height Strength

(Yrs)______(Kg)_______ (m)_______ (m)_______ (m)________(m)________ (N)________

4.093 14.9 1.018 1.125 0.363 0.06 71
5.622 22.7 1.19 1.165 0.495 0.125 150
6.951 22.25 1.22 1.25 0.44 0.21 199
6.989 29.9 1.26 1.255 0.475 0.09 222
11.874 43.4 1.568 1.204 0.834 0.075 226

12.069 42.6 1.616 1.229 0.857 0.17 293

12.822 63.4 1.641 1.216 0.895 0.13 325

12.978 49.4 1.572 1.191 0.851 0.18 357

13.521 31.6 1.493 1.16 0.803 0.075 178

13.945 52.6 1.49 1.192 0.768 0.225 459

15.11 58.2 1.553 1.239 0.784 0.19 325

15.846 49.6 1.583 1.222 0.831 0.275 389

15.865 59.4 1.623 1.257 0.836 0.175 478

17.534 60.2 1.64 1.253 0.857 0.13 313

20.036 68.2 1.73 1.49 0.94 0.38 480

20.0934 66.4 1.77 1.465 0.915 0.235 336
20.499 60.4 1.6 1.43 0.88 0.21 360
20.745 60.6 1.715 1.435 0.885 0.275 420
20.847 68 1.725 1.465 0.915 0.315 440
20.956 57 1.63 1.42 0.87 0.28 410
21.669 44.5 1.585 1.365 0.815 0.31 360
21.762 66.2 1.805 1.505 0.955 0.245 380
21.803 64.5 1.75 1.49 0.94 0.22 439
22.088 69.4 1.735 1.465 0.915 0.22 510
22.274 51.6 1.545 1.375 0.825 0.23 287
22.417 50.6 1.73 1.48 0.93 0.26 424
22.929 49.7 1.67 1.45 0.9 0.22 318
22.937 77.1 1.74 1.46 0.91 0.19 561
25.797 53.5 1.635 1.425 0.875 0.285 433
26.022 58.6 1.625 1.43 0.88 0.16 299
27.88 60.9 1.74 1.415 0.865 0.19 325

28.813 55.7 1.745 1.48 0.93 0.25 293
28.948 67.4 1.56 1.415 0.865 0.125 435
30.035 59.8 1.715 1.485 0.935 0.105 371



30.507 57.8 1.77 1.495 0.945 0.15 414
33.137 56.3 1.665 1.445 0.895 0.195 280
41.23 57.8 1.583 1.4 0.85 0.175 330

50.441 52 1.56 1.11 0.75 0.17 284
51.482 55 1.475 1.075 0.7 0.185 354
51.918 66 1.62 1.14 0.78 0.12 208
51.995 72.5 1.71 1.15 0.86 0.28 389
52.581 54 1.55 1.085 0.765 0.215 323
53.11 58 1.562 1.11 0.752 0.2 358

53.252 56.9 1.52 1.39 0.6 0.175 290
56.759 60 1.55 1.11 0.74 0.18 124
60.367 60 1.595 1.145 0.75 0.185 194
62.768 61.6 1.615 1.405 0.855 0.1 408
66.228 57 1.615 1.44 0.89 0.075 309
66.373 50.6 1.58 1.28 0.73 0.04 201
66.654 67 1.645 1.4 0.85 0.05 261
67.071 55.9 1.555 1.355 0.75 0.22 292
67.263 73.5 1.6 1.39 0.84 0.17 248
68.241 63.5 1.565 1.378 0.828 0.115 217
68.802 43 1.5 1.32 0.77 0.055 253
70.221 53.2 1.62 1.43 0.74 0.025 277
71.721 57.6 1.595 1.39 0.84 0.09 365
71.913 80.4 1.605 1.42 0.87 0.08 261
72.658 65.3 1.595 1.4 0.85 0.125 274
73.28 53.4 1.55 1.4 0.85 0.06 191
75.58 62.8 1.57 1.37 0.82 0.165 318

75.608 64.2 1.565 1.374 0.824 0.03 309
75.638 73.8 1.555 1.37 0.73 0.03 288
81.462 60.2 1.53 1.32 0.775 0.01 267

Males

Age Weight Stature Sitting Leg Jump Quadriceps
Height Length Height Strength

(Yrs) (Kg) (m) (m) (m) (m) (N)

5.296 19.8 1.105 1.175 0.4 0.08 94
5.888 21.25 1.175 1.21 0.435 0.145 115
7.227 25.5 1.225 1.225 0.47 0.185 111
11.962 35.6 1.434 1.134 0.77 0.1 382
12.757 50.4 1.449 1.139 0.78 0.155 376
12.998 47.8 1.62 1.205 0.885 0.125 342
13.913 53.8 1.638 1.208 0.9 0.215 395
14.052 58.2 1.755 1.278 0.947 0.25 413
14.323 48.4 1.714 1.279 0.905 0.215 420
15.301 64.4 1.723 1.213 0.98 0.19 544
15.745 78.2 1.868 1.359 0.979 0.305 574
15.756 50.8 1.702 1.296 0.876 0.315 452



16.252 71.2 1.791 1.267 0.994 0.395 510
20.6 81.4 1.825 1.495 0.945 0.38 660

21.167 68.7 1.75 1.47 0.92 0.355 471
21.375 72.35 1.675 1.44 0.89 0.165 331
21.86 95.6 1.78 1.465 0.915 0.385 990

23.337 75.2 1.92 1.55 1 0.455 420
25.77 101.8 1.765 1.51 0.96 0.36 1000

26.619 79.5 1.805 1.53 0.98 0.35 605
26.631 84.8 1.89 1.54 0.99 0.33 420
27.069 68.3 1.7 1.47 0.92 0.34 433
27.28 69 1.68 1.47 0.92 0.24 529

27.392 62 1.76 1.5 0.95 0.265 562
27.896 63 1.75 1.48 0.93 0.26 569

28.7 87.5 1.68 1.36 0.87 0.53 1060
29.652 66.9 1.76 1.52 0.97 0.26 433
30.201 75.6 1.82 1.495 0.945 0.23 682
30.449 85.2 1.79 1.505 0.955 0.38 630
33.291 70 1.691 1.496 0.946 0.295 650
35.11 100 1.749 1.495 0.945 0.19 620
37.12 76 1.845 1.515 0.965 0.295 633

38.031 65.8 1.76 1.475 0.925 0.31 428
40.058 55.6 1.84 1.495 0.945 0.28 534
48.579 78.2 1.815 1.49 0.94 0.215 471
48.682 69 1.765 1.495 0.945 0.14 541
50.455 70.8 1.755 1.492 0.942 0.26 506
50.762 75 1.8 1.51 0.76 0.31 346
50.918 75 1.72 1.17 0.85 0.32 497
51.126 84 1.68 1.17 0.81 0.18 532
52.118 67 1.75 1.2 0.85 0.325 434
53.439 75 1.715 1.495 0.69 0.32 456
53.48 85 1.77 1.2 0.87 0.34 567
54.57 76 1.79 1.2 0.89 0.41 496
59.45 90 1.67 1.18 0.79 0.225 354

60.129 80 1.76 1.205 0.855 0.375 558
62.43 96.2 1.77 1.48 0.84 0.18 535

65 77.2 1.43 1.31 0.76 0.135 248
65.764 78.4 1.7 1.47 0.92 0.215 522
65.962 59.7 1.61 1.41 0.86 0.135 281
66.345 81 1.7 1.45 0.9 0.115 594
67.778 77.4 1.67 1.45 0.9 0.095 369
70.312 83.5 1.71 1.45 0.9 0.12 357
70.444 81.3 1.685 1.485 0.935 0.135 529
71.468 75.1 1.795 1.505 0.955 0.175 389
71.717 83.8 1.765 1.485 0.83 0.045 379
72.526 70.9 1.66 1.44 0.77 0.205 345
72.63 74.7 1.81 1.495 0.945 0.135 382
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A model of vertical jumping

A mass (M) is propelled upward against gravity (g) by the force (F) of a rocket motor firing 
over distance (L).

The mass represents the body mass. The force, F, represents the force generated by leg 
extension, and the length, L, represents the leg length.

The net upward force is; = F- Mg

This will accelerate the body mass vertically and is given by;

[1]

If the length of the spring is L, the velocity, V, attained by the mass when the spring is fully 
extended is given by;

V = at 

Distance S = 1/2 at^

L = 1/2 at^



So, = 2L / a

If, t =y2L / a

Then, V^= 2L / a [2]

If the velocity is V’ at take-off, the height attained by the mass will be given by;

Velocity at time t = Vt 

Vt = V’ -gt

When Vt = 0, V’ = gt or t = VV g

The distance risen is the jump height, given by;

S = 1/2 gt"

= 1/2 g (VVg):

= 1/2 (V’"/g) [3]

Substituting equation [2] in for [3], jump height is given by;

Jump height = l/2g a^(2L/a)

= aL / g [4]

Substituting equation [1] in for [4], jump height is given by;

Jump height = L/g (F-Mg/ M)

= L/g . F/M - L

Jump height is therefore dependent upon the propulsive force generated by the legs, the body
mass which must be accelerated and the leg length available over which to accelerate.



Plotting jump height against F/M produces a straight line with a slope of L/g and an intercept 
on the X axis of g.

Jump height 

(m)

Force per unit body mass 

(N/Kg)
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Subject Age

(Yrs)

Stature

(m)

Sitting Leg Mass
Height Length
(m) (m) (Kg)

Leg
Weight
(N)

Jump
Height
(m)

Squat
Jump
(m)

a 27.943 1.68 1.468 0.762 69 20.33568 0.24 0.195
b 23.874 1.92 1.55 0.92 75.2 22.16294 0.45 0.42
c 31.099 1.788 1.505 0.833 85.2 25.11014 0.38 0.35
d 27.26 1.89 1.54 0.9 84.8 24.99226 0.33 0.28
8 27.688 1.7 1.47 0.78 68.3 20.12938 0.34 0.315
f 25.271 1.755 1.48 0.825 66.6 19.62835 0.35 0.26
g 25.408 1.75 1.48 0.82 76 22.39872 0.36 0.36
h 30.291 1.76 1.52 0.79 66.9 19.71677 0.26 0.195
i 26.315 1.735 1.48 0.805 67.7 19.95254 0.5 0.47
i 26.685 1.625 1.43 0.745 58.6 17.27059 0.16 0.13
k 26.31 1.575 1.395 0.73 62.6 18.44947 0.22 0.17
1 30.704 1.715 1.485 0.78 59.8 17.62426 0.105 0.09
m 26.447 1.635 1.425 0.76 53.5 15.76752 0.285 0.23
n 23.751 1.63 1.435 0.745 64.7 19.06838 0.23 0.2
0 29.463 1.745 1.48 0.815 55.7 16.4159 0.25 0.23
P 26.46 1.635 1.45 0.735 54 15.91488 0.255 0.23
q 24.663 1.625 1.435 0.74 61.8 18.2137 0.295 0.27
r 23.806 1.68 1.44 0.79 58 17.09376 0.29 0.28

A 71.126 1.685 1.485 0.75 81.3 23.96074 0.135 0.105
B 72.902 1.66 1.44 0.77 70.9 20.89565 0.17 0.14
C 71.756 1.665 1.415 0.8 70.1 20.65987 0.195 0.17
D 66.647 1.61 1.41 0.75 59.7 17.59478 0.135 0.14
E 68.458 1.67 1.45 0.77 77.4 22.81133 0.095 0.08
F 72.145 1.795 1.505 0.84 75.1 22.13347 0.175 0.125
G 73.307 1.81 1.495 0.865 74.7 22.01558 0.135 0.11
H 66.441 1.7 1.47 0.78 78.4 23.10605 0.215 0.22
1 76.26 1.57 1.37 0.75 62.8 18.50842 0.165 0.105
J 67.362 1.555 1.355 0.75 55.9 16.47485 0.16 0.15
K 67.948 1.6 1.39 0.76 73.5 21.66192 0.175 0.14
L 67.055 1.58 1.28 0.85 50.6 14.91283 0.04 0.025
M 68.926 1.565 1.378 0.737 63.5 18.71472 0.115 0.1
N 67.334 1.645 1.4 0.795 67 19.74624 0.05 0.04
0 63.932 1.615 1.405 0.76 62 18.27264 0.095 0.08
P 73.94 1.55 1.4 0.7 53.4 15.73805 0.06 0.02
Q 72.573 1.605 1.42 0.735 80.4 23.69549 0.08 0.065
R 73.324 1.595 1.4 0.745 65.3 19.24522 0.125 0.105
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Degree of knee flexion

Subject

110 Deg

Voltage

(V)

Torque

90 Deg 

Voltage 

(V)

Torque

60 Deg 

Voltage 

(V)

Torque

30 Deg 

Voltage 

(V)

Torque

a 1.53 167.52 2.1 239.4 1.7 214.1357 0.65 104.6035
b 1.47 160.8329 1.95 199.4525 1.34 172.6451 0.53 90.24763
0 1.9 215.748 2.32 264.48 1.63 210.9301 0.6 106.0652
d 1.69 191.8992 2.39 244.4572 2.44 300.5836 1.18 168.1554
6 1.33 150.937 1.54 175.56 1.52 193.4094 0.76 116.8341
f 1.88 213.6681 2.45 273.3755 2.06 254.052 1.06 149.658
g 2.15 244.378 2.59 280.497 2.16 267.5188 0.87 131.0982
h 1.72 195.4445 2.16 233.928 2.22 271.8109 0.79 118.1564
1 1.91 217.1116 2.52 266.6421 1.94 239.6792 0.98 139.4988
j 1.05 119.114 1.38 157.32 1.13 146.0906 0.47 79.48589
k 1.29 146.434 1.57 178.98 1.38 175.7695 0.58 93.79421
1 1.07 121.382 1.39 158.46 1.52 190.9043 0.61 95.97638
m 1.12 127.145 1.51 172.14 1.43 178.7875 0.95 131.9513
n 1.05 119.053 1.29 147.06 1.11 145.6084 0.63 100.4226
0 0.95 107.7548 1.15 128.3191 1.18 150.5877 0.43 73.12153
P 0.97 110.0515 1.73 193.0365 1.04 134.1373 0.37 65.54594
q 1.17 132.7751 1.43 159.562 1.74 216.1873 0.84 122.501
r 1.18 133.94 1.16 132.24 1.41 177.8338 0.68 103.1606

A 1.67 189.567 2.1 239.4 2 251.9607 1.05 155.6411
B 0.92 104.171 1.15 131.1 1.13 149.7156 0.59 98.60347
C 1.14 129.259 1.32 150.48 1.26 164.2999 0.59 98.24981
D 1.15 130.503 1.18 134.52 1.51 189.7348 0.74 110.7522
E 1.16 131.466 1.34 152.76 1.35 176.7113 0.62 104.897
F 1.55 176.0262 1.75 178.9958 1.64 206.8186 0.78 118.708
G 1.51 171.4698 1.83 187.1785 2.16 265.9929 1.01 144.7693
H 1.96 222.7123 2.2 232.7828 2.06 256.2861 0.87 131.3492
1 0.79 89.432 1 114 0.95 126.8084 0.63 99.58262
J 0.84 95.201 0.91 103.74 1.14 146.4348 0.71 105.6523
K 0.84 95.025 1.07 121.98 1.07 143.6419 0.42 80.37288
L 0.65 73.594 0.75 85.5 0.68 92.43283 0.48 77.08925
M 0.74 83.725 0.98 111.72 0.86 116.7547 0.43 77.09208
N 0.73 82.55 0.96 109.44 1.01 134.8862 0.45 80.91936
0 0.99 112.24 1.25 142.5 0.69 96.93264 0.36 68.44896
P 0.48 54.1412 0.67 82.78772 0.76 103.6984 0.45 76.88753
Q 0.73 82.34855 0.78 96.37973 0.8 116.8834 0.36 79.56505
R 0.96 108.7127 1.01 128.2421 1.17 154.8152 0.64 105.1128
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Angular Velocity

Subject

0 (Deg/s)

Voltage

(V)

Torque

(N/Kg)

30 (Deg/s)

Voltage

(V)

Torque

60 (Deg/s)

Voltage

(V)

Torque

90 (Deg/s)

Voltage

(V)

Torque

120 (Deg/s)

Voltage

(V)

Torque

180 (Deg/s)

Voltage

(V)

Torque

a 2.24 255.36 1.84 230.0957 1.52 193.6157 1.14 150.2957 1.06 141.1757 0.74 104.6957
b 1.86 190.247 1.72 215.9651 1.54 195.4451 1.29 166.9451 1.07 141.8651 0.77 107.6651
c 2.17 247.38 2 253.1101 1.67 215.4901 1.8 230.3101 1.64 212.0701 1.19 160.7701
d 2.33 238.3202 2.43 299.4436 2.11 262.9636 1.65 210.5236 1.39 180.8836 1.06 143.2636
e 1.44 164.16 1.44 184.2894 1.57 199.1094 1.2 156.9294 1.1 145.5294 0.72 102.2094
f 2.29 255.5224 2.18 267.732 1.86 231.252 1.5 190.212 1.26 162.852 0.91 122.952
g 2.68 290.244 2.8 340.4788 2.32 285.7588 1.93 241.2988 1.51 193.4188 1.39 179.7388
h 2.24 242.592 2.29 279.7909 2.06 253.5709 1.85 229.6309 1.69 211.3909 1.44 182.8909
i 2.28 241.2476 2.18 267.0392 1.9 235.1192 1.75 218.0192 1.4 178.1192 1.05 138.2192
j 1.21 137.94 1.17 150.6506 1.03 134.6906 0.83 111.8906 0.69 95.93059 0.47 70.85059
k 1.94 221.16 1.53 192.8695 1.1 143.8495 0.81 110.7895 0.76 105.0895 0.37 60.62947
1 1.39 158.46 1.34 170.3843 1.07 139.6043 0.85 114.5243 0.66 92.86426 0.48 72.34426
m 1.39 158.46 1.47 183.3475 1.26 159.4075 1.03 133.1875 0.8 106.9675 0.61 85.30752
n 1.49 169.86 1.15 150.1684 0.83 113.6884 0.53 79.48838 0.43 68.08838 0.19 40.72838
0 1.15 128.3191 1.03 133.4877 1.12 143.7477 0.89 117.5277 0.76 102.7077 0.54 77.62769
P 1.49 166.2569 1.41 176.3173 1 129.5773 0.92 120.4573 0.74 99.93729 0.56 79.41729
q 1.49 166.2569 1.53 192.2473 1.34 170.5873 1.09 142.0873 0.97 128.4073 0.67 94.20734
r 1.27 144.78 1.4 176.6938 1.17 150.4738 0.96 126.5338 0.77 104.8738 0.5 74.09376



0 (Deg/s) 30 (Deg/s) 60 (Deg/s) 90 (Deg/s) 120 (Deg/s) 180 (Deg/s)

Subject Voltage

(V)

Torque

(N/Kg)

Voltage

(V)

Torque Voltage

(V)

Torque Voltage

(V)

Torque Voltage

(V)

Torque Voltage

(V)

Torque

A 1.94 221.16 1.9 240.5607 1.54 199.5207 1.16 156.2007 0.97 134.5407 0.59 91.22074
B 1.33 151.62 1.45 186.1956 1.29 167.9556 0.918 125.5476 0.83 115.5156 0.51 79.03565
C 1.25 142.5 1.48 189.3799 1.08 143.7799 0.96 130.0999 0.83 115.2799 0.56 84.49987
D 1.17 133.38 1.51 189.7348 1.23 157.8148 1.03 135.0148 0.8 108.7948 0.54 79.15478
E 1.11 126.54 1.35 176.7113 1.2 159.6113 0.96 132.2513 0.78 111.7313 0.54 84.37133
F 1.81 185.1328 1.77 221.6386 1.5 190.8586 1.14 149.8186 0.92 124.7386 0.6 88.25864
G 1.89 193.3155 2 247.7529 1.68 211.2729 1.39 178.2129 1.18 154.2729 0.84 115.5129
H 2.31 244.4219 1.81 227.7861 1.5 192.4461 1.33 173.0661 1.11 147.9861 1.03 138.8661
1 1.1 125.4 1.03 135.9284 0.964 128.4044 0.752 104.2364 0.625 89.75842 0.41 65.24842
J 0.87 99.18 0.86 114.5148 0.75 101.9748 0.58 82.59485 0.49 72.33485 0.36 57.51485
K 1.1 125.4 1.15 152.7619 1.12 149.3419 0.87 120.8419 0.76 108.3019 0.5 78.66192
L 0.84 95.76 0.86 112.9528 0.79 104.9728 0.61 84.45283 0.5 71.91283 0.41 61.65283
M 0.94 107.16 1.04 137.2747 0.84 114.4747 0.67 95.09472 0.52 77.99472 0.3 52.91472
N 0.91 103.74 1.01 134.8862 0.81 112.0862 0.64 92.70624 0.47 73.32624 0.27 50.52624
0 0.91 103.74 0.73 101.4926 0.48 72.99264 0.52 77.55264 0.47 71.85264 0.3 52.47264
P 0.66 81.55208 0.72 99.13835 0.47 70.63835 0.33 54.67835 0.17 36.43835 0 17.05835
Q 0.81 100.0866 0.53 86.10336 0.48 80.40336 0.5 82.68336 0.36 66.72336 0.2 48.48336
R 0.98 124.433 1 135.4352 0.85 118.3352 0.65 95.53519 0.51 79.57519 0.32 57.91519



Appendix 6



Appendix 5

Subject Age Leg Mass Quadriceps Jump % Type II Type II % Tpe 1 Type 1
Length Strength Height area area

(Yrs) (m) (Kg) (N) (m) (micron) (micron)

A 72 0.865 77 421 0.192 58 4153 42 4481
B 67 0.77 68 403 0.148 40 2827 60 4935
C 64 0.75 59 391 0.186 58 3037 42 3700
D 70 0.84 75.4 363 0.168 48 2762 52 4951

E 25 0.825 66.6 329 0.26 54 2778 46 2456
F 23 0.925 75.2 558 0.46 65 4910 35 4525
G 28 0.805 67.7 361 0.48 41 4741 59 5077
H 25 0.82 76 630 0.3 47 5309 53 4805


