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PREFACE 

The present thesis is based on the following papers, which will 

be referred to in the text by their Roman numerals: 

I SUOMINEN' H. ' E. HEIKKINEN' H. LIE SEN' D. MICHEL' and w. HOLL­

MANN. Effects of 8 weeks' endurance training on skeletal 

muscle metabolism in 56-70-year-old sedentary men. Europ. 

J. Appl. Physiol. 37: 173-180, 1977.

II SUOMINEN, H., E. HEIKKINEN, and T. PARKATTI. Effect of eight 

weeks' physical training on muscle and connective tissue of 

the m. vastus lateralis in 69-year-old men and women. 

J. Geront. 32: 33-37, 1977.

III SUOMINEN, H., E. HEIKKINEN, H. MOISIO, and K. VILJAMAA. Physi­

cal and chemical properties of skin in habitually trained 

and sedentary men. Brit. J. Dermat. 99: 147-154, 1978. 

IV SUOMINEN, H., and E. HEIKKINEN. Enzyme activities in muscle 

and connective tissue of the m. vastus lateralis in habit­

ually training and sedentary 33 to 70-year-old men. Europ. 

J. Appl. Physiol. 34: 249-254, 1975.

V SUOMINEN, H. , E. HEIKKINEN, T. PARKATTI, S. FORSBERG, and 

A. KIISKINEN. Effects of "lifelong" physical training on

functional aging in men. In: Third Nordic Congress of Ger­

ontology, May 4-6, 1977, Turku, edited by I. Ruikka and 

L. Sourander. Scand. J. Soc. Med. 6: Suppl. 14, 1978.

This work was carried out at the Department of Public Health, 

University of Jyvaskyla, during the years 1973-1978. Of the 

persons who have contributed to the different phases of my work, 

I wish to express my gratitude to: 

Professor Eino Heikkinen, M.D., for having introduced me to 

this field and for his expert guidance, valuable critisism, and 

willing support throughout the whole investigation; 

Professor W. Hollmann, M.D., and Dr. Heinz Liesen, M.D., for 

the opportunity to perform study I in fruitful collaboration 

https://doi.org/10.1007/BF00421772
https://doi.org/10.1093/geronj/32.1.33
https://doi.org/10.1111/j.1365-2133.1978.tb01975.x
https://doi.org/10.1007/BF00999938
https://www.jstor.org/stable/45199652
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with the Institute for Sports-Medicine and Cardiology, German 

Sports University, Cologne; 

Professor Esko Karvinen, Ph.D., and Professor Kari I. Kivi­

rikko, M.D., for their advice and constructive critisism at the 

licenciate stage; 

Professor Osmo Hanninen, M.D., and Associate Professor Ossi 

Laitinen, M.D., for their valuable comments on the manuscript; 

My research associates Mr. Seppo Forsberg, Ph. Lie., Miss Anja 

Kiiskinen, Ph.D., Mr. Dirk Michel, M.D., and Mrs, Terttu Parkatti, 

M.Sc., for their valuable co-operation and skilled assistance;

Research engineers Mr. Hannu Moisio and the late Mr. Kari 

Viljamaa for advice on technological matters and constructing 

the various apparatus; 

The whole laboratory staff of the Department of Public Health, 

especially Mr. Erkki Helkala, Mrs. Kaarina Huttunen, Mrs. Vuokko 

Kovanen, B.Sc., Miss Salme Moilanen, Mrs. Raija Nikkinen, Mrs. 

Eija Paanala, and Mrs. Kaija Raulo for their excellent technical 

assistance and contribution to a working atmosphere which made 

it a pleasure to carry out this investigation; 

Mrs. Helja Goos, Miss Leena Hakala, Miss Sinikka Hakonen, 

M.Sc., and Mrs. Irene Voutilainen for performing secretarial work, 

Mrs. Tuula Niemisto for drawing the figures, and Miss Raili Kak­

konen and Mr. Matti Salmi, B.Sc., for taking the photographs; 

Mr. Michael Freeman, B.A., and Mr. Richard Gayle, M.Sc., for 

revising the English of the manuscripts. 

I should like also to thank the subjects who volunteered 

for different studies. 

This work was financially supported by grants from the 

Finnish Research Council for Physical Education and Sport (Min­

istry of Education) and the Academy of Finland. 

Finally I should lik� to thank the University of Jyvaskyla 

for accepting this report for publication in its series "Studies 

in Sport, Physical Education and Health". 

Jyvaskyla, July 1978 

Harri Suominen 
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1. INTRODUCTION

Physical training has been reported to result in increased 

performance in several functional capacities and physiological 

measurements (for ref. see Astrand and Rodahl 1970, Hollmann 

1972). Previous studies in sedentary young and middle-aged men 

have shown that maximal oxygen uptake, which is a commonly used 

measure of physical fitness, can be markedly increased through 

a relatively short-term (from a few weeks up to a few months) 

endurance-type training (Ekblom 1969, Ekblom et al. 1968, Saltin 

et al. 1968, 1969). Long-term effects of physical training, 

usually established by means of cross-sectional studies, have 

been attributed to superior cardiorespiratory function and body 

composition characteristics in active endurance athletes com­

pared to untrained persons of corresponding ages (e.g. Costill 

and Winrow 1970, Cureton 1969, Grimby and Saltin 1966, 1971, 

Pollock et al. 1974, Shephard 1966, Wilmore et al . 1974). 

Since the application of the muscle biopsy technique in 

exercise related studies (Bergstrom 1962) several reports have 

been published about the effects of physical training on human 

skeletal muscle. In particular, the adaptation of aerobic and 

anaerobic muscle metabolism to endurance exercise in younger men 

is well documented. The typical results derived either from 

controlled training studies or the comparison between athletes 

and sedentary subjects consist of increased activity of oxi­

dative enzymes, increased glycogen concentration, as well as 

decreased glycogen consumption and lactate concentration during 

submaximal exercise (Bergman et al. 1973, Bjorntorp et al. 1970, 

Gollnick et al. 1973, Holloszy 1975, Holloszy and Booth 1976, 

Holloszy et al. 1973, Holm and Schersten 1974, Karlsson et al. 

1972, Kiessling et al. 1974, Morgan et al. 1971, Orlander et al. 

1977, Saltin 1973, Saltin and Karlsson 1971, Saltin et al. 1974, 

1976, Varnauskas et al. 1970). Endurance athletes are also 

known to have a distinct muscle fiber composition, viz. a greater 

proportion of slow twitch fibers compared to untrained persons 
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(e.g. Costill et al. 1976, Gollnick et al. 1972, Rusko 1976, 

Vihko et al. 1975) . 

In view of the fact that numerous studies have dealt with 

the biochemistry of exercise, it is somewhat surprising that 

very little scientific data is available on the adaptation of 

connective tissues to physical exercise and training in human 

subjects. Yet the connective tissue, e.g. in bones, ligaments, 

tendons, muscles, and articular cartilage is the component of 

the locomotor system which, besides muscle tissue, is most sus­

ceptible to physical training. But evidence as to this has 

mainly been achieved by means of animal experiments (for recent 

reviews see Booth and Gould 1975, Heikkinen 1974, Kiiskinen 

1976). The connective tissues in skeletal muscle and skin, which 

are, however, relatively easy to study in human subjects, have 

received little attention in exercise studies. 

It has been suggested by Jablecki et al. (1973) that the 

activation of connective tissue cells is an important prerequi­

site to work-induced muscular growth. They found that during 

a compensatory hypertrophy of rat soleus muscle, the number of 

fibroblasts increases rapidly and that the majority of new RNA 

synthesis occurring during acute muscle growth is located in 

connective tissue, specifically in the fibroblasts and capil­

laries between muscle f ibers. Another study on compensatory 

hypertrophy of rat plantaris muscle (Turto et al. 1974) showed 

that the activity of prolyl hydroxylase, which is an enzyme 

participating in the biosynthesis of- collagen by hydroxylating 

praline residues in peptide precursors of collagen, increases 

significantly already 3 days after tenotomy. Previous experi­

ments (Suominen and Heikkinen 1975, Heikkinen et al, unpublished 

data) have also demonstrated an increased prolyl hydroxylase 

activity and collagen turnover of the m. triceps surae and 

m. rectus femoris in mice after being trained on a treadmill

for 4 weeks. The effects of endurance-type training on collagen 

in skeletal muscle remain, however, little understood. 
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As to skin as a connective tissue, slightly retarded metab­

olism of collagen in the skin of inactive mice and increased 

concentrations of hexosamines and nitrogen in the skin of physi­

cally active mice have been reported in the few studies carried 

out so far (Heikkinen and Vuori 1972, Kiiskinen and Heikkinen 

1976) . 

Previous studies on the trainability of older people are 

somewhat contradictory. Benestad (1965) found no increase of 

aerobic work capacity in 70 to 81-year-old men after a 5-6 weeks' 

physical training program. Some later studies (e.g. Adams and 

deVries 1973, deVries 1970) have, however, suggest.ea that the 

trainability of older people is better than previously assumed. 

Diverging opinions on the effects of training in older persons 

are largely due to the limited number of relevant investiga­

tions performed on those age groups. Contrary to the numerous 

reports on younger subjects, very little is known about the 

adaptation of skeletal muscle to endurance training in the el­

derly. This is particularly true with regard to elderly females. 

At least some impairment of the trainability of various 

biological systems should be expected in view of the several 

structural and functional changes occurring in the body with 

aging. Cross-sectional studies have shown that after 25 to 30 

years of age there is a gradual decline in most physiological 

functions of �he body the average rate being about one percent 

yearly (deVries 1975, Kohn 1971, Shock 1962, Skinner 1973, Weg 

1975, Weiss 1975). At rest many physiological parameters 

(blood pH, hemoglobine, and glucose, heart rate, etc.) appear 

relatively constant over the years (Astrand 1968, Shock 1962, 

Weg 1975). Considerable differences between young and old in­

dividuals, however, occur when the organism is subjected to 

vigorous endogenous or exogenous stimuli (Skinner 1973). Aging 

is thus characterized by a reduced ability to adapt to and to 

recover from physiological stress. The greater the stress and 

the more control mechanisms involved, the smaller is the homeo­

static and reserve capacity of an old organism compared to that 

of a younger one (Selye 1970, Shock 1968, 1974, Weg 1975). 
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In general, the age-related decline is greater in those per­

formances requiring coordinated activities and the complex func­

tioning tif several organ systems. A considerable inter- and 

intra-individual variation is, however, typical of the age 

changes in physiology (Bourliere 1973, Ries et al. 1976, Weg 1975). 

The typical changes in skeletal muscle with aging involve 

the loss of muscle mass and increase in fat and connective 

tissue (Bakerman 1969, Gutmann 1977). The specific activities 

of some of the enzymes of both aerobic and anaerobic energy 

metabolism have been reported to diminish with increasing age 

(Bass et al. 1975, Ermini 1976). 

The effects of aging on various connective tissues are 

relatively well documented. Both collagen concentration and 

the amount of covalent crosslinks of collagen are known to 

increase while the collagen biosynthesis and the concentration 

of total ground substance glycosaminoglycans decrease with age 

in several mammalian tissues (Heikkinen 1973, Lindner 1972). 

Moreover, aging is characterized by a considerable increase 

in morbidity. The probability of dying due to various diseases 

is progressively increased after 30 years of age (Strehler 

1962). Among the diseases not directly affecting the mortality 

rates but markedly increasing with advancing age, diseases of 

the locomotor system are perhaps the most important. 

Since physical training usually results in increased capac­

ity to resist the physiological stress of exercise and since 

some effects of training, e.g. on the cardiovascular system are 

opposite to those of aging (c.f. Skinner 1970, 1973), one might 

assume that training could delay the changes normally seen with 

aging or even retard aging per se. Hardly any direct experi­

mental evidence is, however, available to support this assump­

tion although there are several reports concluding that train­

ing counteracts the age-related decrease in functional capacity 

or that active persons are physiologically "younger" compared 

to their sedentary counterparts (e.g. Bassey 1978, Dehn and 

Bruce 1972, Gore 1972, Hollmann et al. 1967, Kasch and Wallace 

1976). 
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There are, however, many difficulties in determining the 

effects of physical training on aging. Aging and training are 

complex phenomena which are not easy to study in isolation. 

Both cross-sectional and long-term longitudinal training studies 

have their own problems: the cross-sectional approach is dis­

advantaged by the generation effect, the longitudinal approach 

by the changes in environment. 

Some attempts have been made recently to develop methods 

for the assessment of "functional age" in man (for ref. see 

Heikkinen 1978). One of the approaches is based on the theory 

of a gradual decline of abilities. By using different physio­

logical, psychophysiological (sensory, psychomotor, psychologi­

cal) and, if possible, social tests which show high correla­

tions to chronological age, it is possible to get estimates of 

"biological'' or "functional" aging (Bourli�re 1970, 1973, Com­

fort 1969, Corso 1971, Dirken 1972, Heikkinen et al. 1974, 

Hirayama 1969, Hollingsworth et al. 1965, Ries et al. 1976, 

Webster and Logie 1976). These tests can also be used to form 

indices of functional age (see e.g. Dirken 1972, Heikkinen et 

al. 1974, Hollingsworth et al. 1965, Ries et al. 1976, Webster 

and Logie 1976). Previous studies in athletes have, however, 

largely been limited to variables which are closely related to 

physical performance. Hence, the above strategy of aging as 

a totality (i.e. the attempt to obtain a multidimensional pro­

file of functional age) has not been fulfilled in the various 

studies on the effects of physical training with regard to the 

aging process. 
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2. PURPOSE OF THE PRESENT INVESTIGATION

The present series of experiments was undertaken to gain 

further insight into the effects of endurance-type physical 

training at older ages by studying the trainability of various 

physiological systems in middle-aged and elderly people and by 

examining the relationships between training and functional 

aging. The overall aim of the investigation was to contribute 

to the better understanding of the connections between physical 

activity, functional capability, aging, and health. 

More specifically, the objects of the present work may be 

summarized as follows: 

1. to determine the effects of a short-term endurance-type

physical training program on physical performance and

selected variables representing the aerobic and anaerobic

energy metabolism of skeletal muscle in elderly men and

women (I,II),

2. to elucidate the effects of "lifelong" endurance traininq on

functional capability and selected variables of the aerobic

and anaerobic energy metabolism of skeletal muscle in middle­

aged and elderly men (IV,V),

3. to determine the effects of endurance training on selected

biochemical and physical variables of connective tissue in

skeletal muscle and skin in middle-aged and elderly people

(II,III,IV,V), and

4. to study the effects of habitual endurance training on func­

tional aging, viz. the changes occurring with age in several

anthropometric, physiqal, physiological, psychophysiological,

and biochemical properties (III,V),
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3. RESEARCH METHODS

3.1. Subjects and experimental design 

The description of the subjects and experimental design in the 

different studies is schematically presented in Table 1. 

From the two short-term studies carried out to study the 

trainability of elderly people, the first (I) was performed in 

collaboration with the Institute for Sports-Medicine and Cardi­

ology in Cologne. Study II was a part of a larger gerontologi­

cal research project for which the basic population was composed 

of an age cohort of 66-year-old persons living in the town of 

JyvHskylH in 1971 (see Heikkinen and KHyhty 1977). A similar 

8 weeks' supervised physical training program was conducted in 

both studies I and II. With the exception of some of the men 

in study II, the subjects had not participated in regular 

physical activity for at least 20 years. 

To study the effects of "lifelong" physical training, 

a series of cross-sectional studies was carried out. Twenty­

nine. middle-aged and elderly male volunteers from the local 

orienteers and long-distance runners were initially selected 

for study III. The trained subjects were matched according to 

age with 29 healthy male volunteers, who had either no previous 

experience of physical training or at least had not participated 

in regular physical activity for several years. Both the trained 

and sedentary men were invited to the laboratory altogether 

three times. The first call included the initial experiment of 

study III. The second call one year later comprised study IV, 

the additional experiment of study III as well as the initial 

experiment of study V. After two more years, the third call 

finally included the additional experiment of study V. 

In addition to physical activity, the subjects' occupation, 

length of education, living habits, etc. were established by 

means of a questionnaire before the experiments. As to these 

results, only the observations of the cross-sectional studies 
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(III-V) will be briefly reported here. 

More detailed information on the subjects and experimental 

design are given in the original reports referred to. 

Table 1. Subjects and experimental design in studies I-V 

Study 

I 

II 

III 

IV 

V 

Subjects 

Category 

Sedentary men 

Sedentary men 
Sedentary women 

Endurance athletes 
Sedentary men 
Endurance athletes 
Sedentary men 

Endurance athletes 
Sedentary men 

Endurance athletes 
Sedentary men 
Endurance athletes 
Sedentary men 

Age 

56-70 

69 
69 

32-69 
31-68 
34-70
33-68

34-70
33-68

34-70
33-68
41-72
39-70

n 

31 

19 
14 

29 
29 
21 
21 

23 
23 

22 
22 
14 
14 

Experimental design 

Eight weeks' physical training 
program comprising 3-5 one-hour 
periods for walking-jogging, 
swimming, gymnastics, and ball 
games per week 

Eight weeks' physical training 
program comprising 3-5 one-hour 
periods for walking-jogging, 
swimming, gymnastics, and ball 
games per week 

Cross-sectional study with an 
additional experiment one year 
later, "lifelong" physical train­
ing comprising running and cross­
country skiing at an average of 
50 km per week 

Cross-sectional study, "lifelong" 
physical training comprising run­
ning and cross-country skiing at 
an average of 50 km per week 

Cross-sectional study with an 
additional experiment two years 
later, "lifelong" physical train­
ing comprising running and cross­
country skiing at an average of 
50 km per week 
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3.2. Test procedures and analytical methods 

The variables investigated· in the different studies together 

with references to the methods used are listed in Table 2. Most 

of the anthropometric, physiological, and psychophysiological 

measurements were performed in study V. The biochemical analyses 

of skeletal muscle and its connective tissue were carried out 

in studies I, II, IV, and V. Study III was specifically aimed 

at the physical and chemical properties of skin. 

The detailed description of the tests, measurements and 

analytical methods is presented in each original publication 

(I-V). 

3.3. Statistical methods 

Standard procedures were used to calculate means, standard 

deviations (SD), standard errors (SE), and method errors (C.V. 

= coefficient of variation for duplicate determinations) . The 

correlation coefficients (Pearson r) as well as least squares' 

regression lines were also determined, primarily when the rela­

tionships between age and the different variables were studied. 

A weighed sum index of "functional age" was determined as 

a multiple li�ear regression function of the most age-dependent 

physiological and psychophysiological variables (Dirken 1972, 

Webster and Logie 1976) . The statistical significances were 

calculated by Student's t-test ( 2P) for correlating or non­

correlating means and for correlation and regression coef­

ficients. 



Table 2. Research variables with reference to studies I-V and methods used 

Variables 

Anthropometric and physical: 
Body height 
Total body weight 
Skeletal weight 
Fat-free weight 
Body fat 
Skin 
- Biopsy wet weight
- Biopsy dry weight

"Elastic stiffness"
- "Elastic efficiency"

Physiological: 
Maximal oxygen uptake 
Predicted maximal oxygen uptake 
Vertical velocity 
Isometric gtip strength 
"Dynamic" grip strength 
Vital capacity 
Maximal breathing capacity 
Systolic blood pressure 
Diastolic blood pressure 
Patellar reflex time 

Psychophysiological: 
Simple reaction time 
Balance 
Vibratory perception 
Auditory perception 
Manipulative dexterity 
Digit symbol test 

Studies 

I,II,III,IV,V 
I,II,III,IV,V 

Methods/references 

V von Dobeln 1966 
V von Dobeln 1959 
V Durnin & Rahaman 1967 

III 
III 
III 
III 

I 
II,IV,V 
V 
V 
V 
V 
V 
V 
V 
V 

V 
V 
V 
V 
V 
V 

Medial brachium, 4 mm punch, Mettler H20T 
Drying at +95°C for 24 h, Mettler H20T 
Ventral forearm, l.n Vl.VO "diaphragm method" 
Ventral forearm, in Vl.VO "diaphragm method" 

Hollmann & Hettinger 1976 
!strand 1954, Lange Andersen et al. 1971
Margaria et al. 1966
Electric dynamometer
Electric dynamometer, �F/min
Spengler Spirometre, Mijnhardt Volutest VT 1
Mijnhardt Volutest VT 1
Auscultation technique
Auscultation technique
Komi et al. 1973

Light stimulus, index finger 
One-foot standing, eyes closed 
Ankle, Heikkinen et al. 1974 
4000 Hz, Maico Hearing Instruments 
Purdue pegboard test 
Heikkinen et al. 1974 

c.v.
1 

4.7 
5.7 



Table 2 (continued) 

Variables 

Biochemical and histochemical: 
Skeletal muscle 
- Fiber composition
- Glycogen
- Lactate
- "Anaerobic" enzymes:

Creatine phosphokinase (CPK)
Hexokinase (HK)
Phosphofructokinase (PFK)
Lactate dehydrogenase (LDH)

- "Aerobic" enzymes:
Isocitrate dehydrogenase (ICDH)
Succinate dehydrogenase (SDH)
Malate dehydrogenase (MDH)

- Collagen:
Hydroxyproline
Soluble collagen
Prolyl hydroxylase

- Nitrogen
- Total soluble protein
Skin
- Hydroxyproline
- Hexosamine
- Nitrogen
- Soluble collagen

Total soluble protein
Serum 
- Cholesterol
- Triglycerides

Studies 

11,V 

I 

I 

I,IV 
I,IV 
V 
I,II,IV 

V 
I,IV 
I,II,IV 

V 
V 
II, IV 
V 
V 

III 
III 
III 
III 
III 

V 

V 

Methods/references 

Vastus lateralis, needle biopsy technique 
Dubowitz & Brooke 1973, Padykula & Herman 1955 
Hyvarinen & Nikkila 1962 
Biochemica Test Combination, Boehringer/Mannheim 

Biochemica Test Combination, Boehringer/Mannheim 
Silberberg et al. 1970 
Kemp 1975 
Biochemica Test Combination, Boehringer/Mannheim 

Dohm et al. 1973, Plaut 1969 
Earl & Korner 1965, Green et al. 1955 
Biochemica Test Combination, Boehringer/Mannheim 

Kivirikko et al. 1967 
0.45 M NaCl, Heikkinen 1968 
Kivirikko & Prockop 1967 
Minari & Zilversmit 1963 
0.45 M NaCl, Heikkinen 1968 
Medial brachium, punch biopsies 
Woessner 1961 
Gatt & Berman 1966 
Minari & Zilversmit 1963 
0.5 M acetic acid, Heikkinen 1968 
0.5 M acetic acid, Heikkinen 1968 
Medial antecubital vein 
Pearson et al. 1953 
Biochemica Test Combination, Boehringer/Mannheim 

1
coefficient of variation(%) for duplicate determinations 

C.V .1

13.1 
2.4 
3.9 

2.9 
4.5 
6.0 
2.8 

7.0 
5.5 
3.5 

3.3 
3.3 
7.4 
3.0 
3.0 

1.1 
3.0 
5.5 
3.6 
6.6 

1.5 
7.5 

I-' 

'° 
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4. RESULTS

A schematic presentation of the effects of both short-term 

( 8 weeks') and "lifelong" endurance-type training in middle-aged 

and elderly people with regard to the variables investigated in 

the different studies is shown in Table 3 which summarizes the 

statistically significant differences between before and after 

training in studies I and II as well as between habitually 

trained and sedentary men in studies III-V. The detailed quan­

titative results of the different variables are given in each 

original report. 

As to the 8 weeks' program, the most pronounced changes after 

training appeared in maximal oxygen uptake and aerobic enzyme 

activity of skeletal muscle. The mean improvement in maximal 

oxygen uptake was about 11% both when a direct (I: Fig, 1) and 

an indirect (II: Table 1) method was used. Compared to the men, 

the female subjects in study II showed similar or, as in muscle 

MOH and PH activity (II: Tables 2 and 3), even greater training 

effects. The male subjects had, however, higher LOH and MOH 

activities both before and after training, whereas the percen­

tages of slow twitch (ST) fibers were nearly the same in the two 

groups (II: Table 2). The enzyme activities were lower follow­

ing an acute ergometer exercise before as well as after the 

training period (I: Table 1). 

In agreement with the 8 weeks' program, the cross-sectional 

studies also demonstrated the most significant differences 

between habitually trained and sedentary men in the variables 

representing physical performance and aerobic capacity of skel­

etal muscle. When expressed in ml/kg•min, the mean maximal 

oxygen uptake in the trained group was more than 40% higher 

than that observed in the control group (IV: Table l; V: Table 2). 

In contrast with the effects of the 8 weeks' training in study 

I, the athletes had lower muscle LOH activity compared to the 

untrained men (IV: Table 2). Besides the ordinary training 

effects in anthropometric and physiological properties, the two 
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Table 3. Effects of 8 weeks' and "lifelong" endurance tra1.n1.ng in middle­
aged and elderly people with regard to variables investigated in studies I-V 

8 weeks' training "Lifelong" training 

After training/before training Habitually trained/sedentary men 

Anthropometric and physical variables: 

- lower total body weight (III,IV,V)

- higher biopsy weight, "elastic
stiffness", and "elastic effi­
ciency" of skin (III)

Physiological variables: 

- higher maximal oxygen uptake
( I, II) 

- higher maximal oxygen uptake (IV,
V), vertical velocity (V), and
maximal breathing capacity (V) 

- lower systolic and diastolic blood
pressure (V)

- faster patellar reflex time (V)

Biochemical and histochemical variables: 

- higher muscle glycogen concentra­
tion (I)

- lower muscle lactate production
during submaximal work (I)

- higher muscle CPK (I), LDH (I),
SDH (I), and MI'H (I,II) activity

- higher PH activity of muscle con­
nective tissue (II)

- higher percentage number of slow
twitch (ST, type I) muscle fibers
(V)

- lower proportion of glycolytic
(type IIB) fibers among fast twitch
(FT) muscle fibers (V)

- lower muscle LDH activity (IV)

- higher muscle ICDH (V), SDH (IV),
and MDH (IV) activity

- higher PH activity of muscle con­
nective tissue (IV)

- higher contents of hydroxyproline
and nitrogen per skin surface area
(III)

- lower serum triglyceride concen­
tration (V)
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groups also differed with regard to some of the connective tis­

sue variables. In accord with study II, the muscle PH activity 

was significantly higher for the trained versus the sedentary 

subjects (IV: Fig. 1). The physical and chemical properties of 

skin also showed differences between the physically active and 

control groups (III: Tables 2 and 3). 

The "best" physiological and psychophysiological variables 

for the multiple regression analysis of "functional age" were 

sel�cted on the basis of their age-dependency and relative het­

erogeneity. There were six distinct variables which showed 

significant correlations to chronological age with at least 42 

subjects (see V: Table 5 for maximal oxygen uptake, vital 

capacity, systolic blood pressure, vibratory as well as audi­

tory perception, and digit symbol test). The intercorrelations 

of the selected variables are listed in Table 4. The final 

multiple linear regression equation was: Index of functional 

age = 69.51 - 2,27 maximal oxygen uptake (1/min) - 3,68 vital 

capacity (1) + 0.0092 systolic blood pressure (mmHg) + 0.736 

vibratory perception (U) + 0,128 auditory perception (dB) - 0.148 

digit symbol test (digits). The multiole correlation of these 

variables was . 850, accounting for about 72% of the observed 

total variance. 

Table 4, Intercorrelations of different variables of "functional age". Both 
trained and sedentary subjects are included (n = 44) 

-O-o
2

max 
Vital Syst. Vibr. Aud. Digit 
cap. BP perc. perc. symb. 

Chronological age -.551 -.687 .463 .552 ,617 -.478 
Maximal oxygen uptake .498 -.430 -.265 -.343 .192 
Vital capacity -.298 -.426 -.399 .356 
Systolic blood pressure .397 .415 -.287 
Vibratory perception .280 -.152 
Auditory perception .380 
Digit symbol test 
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Figure 1. Comparison of chronological age and index of functional age 

(weighed sum of selected physiological and psychophysiological variables, 
see text) in habitually trained and sedentary men (n = 22 pairs) 

The effect of "lifelong" endurance training on functional 

aging is summarized in Figure 1 which shows the comparison of 

chronological age and index of functional age in habitually 

trained and sedentary men. Although the mean "functional age" 

of the trained men tended to be slightly younger compared to 

that of the untrained men (47,4±8,5 vs, 49.7±8,6), the slopes

of age regression were parallel for the two groups, In some of 

the variables influenced by training, the regression lines were 

rather steeper for the athletes (V: Figs. 1 and 2), 
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Among the biochemical variables, only total soluble protein 

and some of the aerobic and anaerobic enzymes of skeletal muscle 

showed significant age-dependency (see IV: Table 3; V: Table 5, 

Fig. 2), The age-related decreases of soluble protein and LDH 

activity as well as increases of ICDH activity were similar for 

both groups, Neither the trained nor the control subjects 

showed any significant age regressions for the connective tis­

sue variables investigated in the cross-sectional studies, 

The relation between chronological age and the different 

variables in habitually trained and sedentary men can be seen 

in greater detail in original reports III-V. 

The results of the questionnaire (V) showed that except for 

being non-smokers, the physically active men did not signifi­

cantly differ from the control subjects in respect to other 

living habits (alcohol consumption, quality of diet, etc.), length 

of education, or occupational status, 
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5. DISCUSSION AND CONCLUSIONS

The results presented above show that the trainabili ty of 

elderly men and women does not greatly differ from that of 

younger people if compared on a percentage basis. This is in 

agreement with the recent results of, e.g. Adams and deVries 

(1973) and deVries (1970). The relative improvement .of maximal 

oxygen uptake in the present investigation was of the same 

magnitude as previously observed among young and middle-aged 

persons after corresponding training programs (Ekblom et al. 

1968, Flint et al. 1974 , Sal tin et al. 1969). 

The increased aerobic enzyme activity of skeletal muscle 

after the 8 weeks' program also agrees with earlier studies in 

younger subjects (Bergman et al, 1973, Gollnick et al. 1973, 

Morgan et al, 1971 , Orlander et al, 1977 , Varnauskas et al. 

1970). This result further demonstrates the enhanced aerobic 

capacity of elderly people after endurance-type training. 

According to previous reports ( e.g. Holloszy et al. 1971, Morgan 

et al. 1971), the glycolytic capacity of skeletal muscle does 

not usually increase in response to endurance training, In one 

of our two training studies ( see I: Table 1), some of the an­

aerobic enzymes also showed increased activities after training. 

The increases in the LDH and CPK activities were, however, minor 

compared to those in the aerobic enzymes and may therefore 

simply be part of an activated energy metabolism of muscle among 

sedentary persons during relatively acute physical training 

which also included anaerobic phases, e.g. the ball games, 

Similar effects of short-term training on muscle LDH activity 

have also been observed by Kiessling et al. (1974) and Orlander 

et al. (1977). 

Moreover, the increased resting values for muscle glycogen 

concentration during the training period, the mean glycogen 

consumption during exercise, as well as the training-induced 

reduction in muscle lactate production during the equal ergo­

meter exercise were similar to those earlier observed in young 
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and middle-aged men (Holm and Schersten 1974, Karlsson et al. 

1972, Sal tin and Karlsson 1971, Sal tin et al. 1974). The mean 

percentage of ST fibers of the m. vastus lateralis in both men 

and women was also about the same as earlier reported in un­

trained young and middle-aged persons (Costill et al. 1976, 

Gollnick et al. 1972). 

As could be expected on the basis of the previous litera­

ture referred to in the introduction, the habitually trained 

endurance athletes had superior values in some functional capac­

ities when compared to the sedentary men in the cross-sectional 

studies. Higher maximal oxygen uptake, maximal breathing capac­

ity, and aerobic enzyme activity of skeletal muscle, in addition 

to lower body weight, blood pressure, and serum triglyceride 

concentration in the trained versus the untrained men are all 

in accord with earlier results (e.g. Costill et al, 1976, Goll­

nick et al, 1972, Grimby and Sal tin 1966, Shephard 1966). The 

differences between the two groups in the anthropometric char­

acteristics were not, however, as pronounced as previously re­

ported by Pollock et ill. (1974) and Wilmore et ill. (1974). The 

results of the present investigation also failed to show sig­

nificant training effects in the psychophysiological measure­

ments (see V: Table 3), although the recent results of Vanfrae­

chem and Vanfraechem (1977) suggest that a relatively high level 

of physical activity is connected with an increased performance 

in some psychomotor tests in aged persons. 

Together with the high activity in the aerobic enzymes 

(ICOH, SOH, MOH), a decreased LOH activity of skeletal muscle 

was observed in the athletes, Although contrary to some short­

term training effects mentioned above, this result agrees with 

other studies of a similar nature (e.g. Karlsson et al. 1975, 

Kiessling et al. 1974). Besides the duration of endurance 

training, this disparity may be explained by the differences in 

muscle fiber composition (c.f, Essen et al. 1975), which is 

usually regarded as an inherited characteristic, Among the dif­

ferences between the two groups in muscle fiber composition (V: 

Table 4), the lower percentage of IIB fibers and higher percen-



27 

tage of IIA fibers among the subgroups of FT fibers in the 

trained versus untrained men are apparently due to the effect 

of endurance training (see Andersen and Henriksson 1977). The 

high amount of ST fibers in physically active men indicates, 

however, that people undergoing endurance training, are at 

least partly selected on the basis of inherited structural and 

functional properties. The results on maximal oxygen uptake, 

the upper limit of which is also influenced by heredity (Klis­

souras 1972), further suggest that the marked differences bet­

ween trained and sedentary persons in aerobic capacity reflect 

differences in both physical activity and hereditary factors, 

The adaptability of connective tissues to physical training 

observed in the animal studies (see Booth and Gould 1975, Heik­

kinen 1974, Kiiskinen 1976) is supported by the present results 

obtained from skeletal muscle and skin. The increased PH activ­

ities both after 8 weeks' training in study II and in physi­

cally active men in study IV show that endurance training also 

affects the collagen metabolism in human skeletal muscle, It is 

possible that the turnover of muscle collagen in endurance ath­

letes is continuously faster than that in sedentary men of car-

.responding ages, even in the absence of a difference in the 

collagen solubility and concentration values between the two 

groups. The importance of a possible increased collagen turn­

over for an elderly person remains, however, to be elucidated. 

The results of study III show that physical training also 

affects the properties of human skin, It could be assumed that 

skin to a certain degree reflects the training-induced changes 

in the connective tissues of, e.g. the locomotor system which 

is directly loaded in physical work, It is also possible that 

even skin adapts to increased physiological stress by increasing 

its mass and strengthening its structure. The mechanisms of 

the observed hypertrophy and high "elastic efficiency" of skin 

in physically active men as with the role of hormonal factors, 

etc., could not, however, be clarified in the present investi­

gation. 
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The effects of "lifelong" endurance training on functional 

aging were more closely estimated on the basis of the age re­

gressions of the most age-dependent physiological and psycho­

physiological variables in physically active and sedentary men. 

Although the trained subjects showed a considerably higher 

capacity in some physiological functions (e.g. in maximal oxygen 

uptake, V: Fig, 1) at all ages, there was little difference 

between the two groups in the slope of the decrease in these 

functions with age. This result, which is in agreement with 

the findings of other cross-sectional studies, suggests that the 

trained persons have merely changed positions on the age re­

gression curve related to average values (c.f, Skinner 1973). 

When the different physiological and psychophysiological vari­

ables were combined to an index of functional age, i.e. when 

more "total" aging was considered, the differences between 

physically active and sedentary men were only minor (Figure 1). 

Consequently, the differences between trained and untrained 

persons in mean "functional age" largely depend on the propor­

tion of work-physiological variables in the test battery. 

The age-related decline of the functions influenced by 

physical training is, however, still a controversial question, 

It is difficult to differentiate to what extent the decline is 

due to aging itself and to what extent it is due to decreased 

physical activity usually associated with advancing age, Some 

longitudinal studies (Dehn and Bruce 1972, Hollmann 1965, Kasch 

and Wallace 1976, Robinson et al, 1975) have suggested a sig­

nificantly smaller annual decrement in maximal oxygen uptake for 

physically active versus untrained individuals, Unfortunately, 

the subjects in those studies were not followed for a sufficient 

period of time in view of the fact that maximal oxygen uptake 

in sedentary persons can easily be improved by 10 to 20%, which 

may compensate at least 10 years' average decrement. Therefore, 

only extremely long-term and well-controlled longitudinal 

studies would give the answer whether the rate of aging of, 

e.g. the cardiorespiratory system is really influenced by ha­

bitual endurance training, 
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As mentioned earlier, aging is a multidimensional phenom­

enon, the factors related to it being difficult to isolate. 

Recent observations show that functional age may be influenced 

by several living habits, occupational factors, length of edu­

cation, etc. (Exton-Smith 1972, Heikkinen et al, 1974, 1975). 

Although there were no major differences between the two groups 

in educational and occupational parameters in the present study, 

their contribution should not be underestimated, Moreover, the 

limitations of the cross-sectional approach, particularly to­

gether with the small number of subjects and the indirect nature 

of one of the main variables (maximal oxygen uptake) have to be 

taken into consideration in interpreting the present findings 

and relating them to larger populations. 

Although it can be concluded from the observations of this 

investigation that the aging process itself is not retarded by 

even "lifelong" physical training, there are, however, training 

effects which are contrary to the effects of aging and which 

may be beneficial for human well-being. Better physical per­

formance capacity, activated and strengthened connective tis­

sues, and reduced number of risk factors associated with coron­

ary heart disease (c. f. the smoking habits, blood pressures, serum 

triglyceride concentrations, and body weights between the two 

groups of study V) in habitually active people may well con­

tribute to a better life in old age, delay some of the degener­

ative changes of the locomotor system, and together with other 

positive health habits, even restrain premature death in pre­

sent-day industrialized society which favours monotonous and 

stressful work but, however, physically inactive life, The results 

of the present investigation also show that still at a relatively 

advanced age, it is possible to start physical training and to 

achieve training effects that compare with younger persons and 

that may be of advantage to health. Further studies, particu­

larly those of a prospective nature are, however, needed to elu­

cidate the connections between physical activity, aging, and 

health, and the possiblities and consequences of physical train­

ing in every-day life in old age which is clearly more complex 

and problematic than a controlled research situation. 
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TIIVISTELMÄ 

Tutkimuksessa selvitettiin kestävyystyyppisen liikunnan vaiku­

tuksia keski-ikäisillä ja sitä vanhemmilla henkilöillä erityi­

sesti luurankolihaksen, sidekudoksen ja "funktionaalisen'' van­

henemisen osalta. Tavoitteena oli syventää näkemystä fyysisen 

aktiivisuuden, toimintakykyisyyden, vanhenemisen ja terveyden 

yhteyksistä tutkimalla 

1. lyhyehkön kestävyystyyppisen liikuntaharjoittelun vaikutusta

vanhenevien miesten ja naisten fyysiseen suorituskykyyn sekä

luurankolihaksen aerobista ja anaerobista Rnergia-aineen­

vaihduntaa kuvastaviin muuttujiin (I,II),

2. "elinikäisen" kestävyysharjoittelun vaikutusta keski-ikäisten

ja sitä vanhempien miesten toimintakykyisyyteen sekä eräi­

siin luurankolihaksen aerobisen ja anaerobisen energia-aineen­

vaihdunnan muuttujiin (IV,V),

3. kestävyysharjoittelun vaikutusta luurankolihaksen ja ihon si­

dekudoksen biokemiallisiin ja fysikaalisiin muuttujiin keski­

ikäisillä ja sitä vanhemmilla ihmisillä (II,III,IV,V) sekä

4. säännöllisen kestävyysharjoittelun vaikutusta funktionaali­

seen vanhenemiseen, ts. muutoksiin, joita tapahtuu iän mukana

useissa antropometrisissa, fysiologisissa, psykofysiologi­

sissa ja biokemiallisissa muuttujissa (III,V).

Lyhyehkön kestävyystyyppisen harjoittelun vaikutuksia selvi­

tettiin kahdessa eri osatutkimuksessa, joista ensimmäisessä (I) 

oli tutkittavina 31 56-70-vuotiasta aiemmin harjoittelematonta 

miestä sekä toisessa (II) 33 69-vuotiasta eläkeläistä (19 miestä 

ja 14 naista). Tutkittavat osallistuivat 8 viikon pituiseen 

johdettuun liikuntaharjoitteluun, joka sisälsi kävely-hölkkää, 

uintia, voimistelua ja palloilua yhteensä 3-5 kertaa viikossa, 

"Elinikäisen" fyysisen harjoittelun vaikutusten selvittämiseksi 

suoritettiin sarja poikittaistutkimuksia (III,IV,V), joihin va­

littiin alunperin 29 32-69-vuotiasta jatkuvasti harjoittelevaa 

(juoksua ja hiihtoa keskimäärin 50 km viikossa) kestävyysurheili­

jaa sekä yhtä monta vastaavanikäistä harjoittelematonta miestä. 
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Tutkittavien maksimaalinen hapenkulutus lisääntyi merkitse­

västi 8 viikon harjoitteluperiodin jälkeen. Muutos oli keski­

määrin n. 11 % sekä suoraan (I) että epäsuorasti (II) mitattuna. 

Luurankolihaksen (m. vastus lateralis) glykogeenikonsentraatio, 

tutkittujen "aerobisten" entsyymien (SDH, MDH) sekä I tutkimuk­

sessa myös eräiden "anaerobisten" entsyymien (CPK, LDH) aktiivi­

suudet lisääntyivät merkitsevästi. Lihaksen maitohapon tuotto 

submaksimaalisessa kuormituksessa väheni harjoittelun vaikutuk­

sesta. Energia-aineenvaihdunnan entsyymien ohella myös kolla­

geenisynteesiin osallistuvan prolyylihydroksylaasin (PH) aktii­

visuus lisääntyi. Naisten harjoitusvaste oli samanlainen tai 

eräiden muuttujien osalta jopa suurempi kuin miesten. Miehillä 

oli naisiin verrattuna suuremmat LDH- ja MDH-aktiivisuudet 

hitaasti supistuvien (ST) lihassäikeiden prosentuaalisen luku­

määrän ollessa kuitenkin molemmilla samaa suuruusluokkaa. Ent­

syymiaktiivisuudet vähenivät akuutissa kuormituksessa sekä ennen 

harjoittelua että sen jälkeen. 

Poikittaistutkimusten tulosten mukaan kestävyysurheilijoilla 

oli harjoittelem�ttomiin verrattuna yli 40 % parempi maksimaa­

linen hapenkulutus, suurempi juoksunopeus ja maksimaalinen hen­

gityskapasiteetti, alhaisempi ruumiinpaino, seerumin triglyse­

ridikonsentraatio, systolinen ja diastolinen verenpaine sekä 

nopeampi patellaarirefleksiaika. Koeryhmällä todettiin myös 

suurempi ST (tyyppi I)-lihassäikeiden prosentuaalinen lukumäärä, 

pienempi glykolyyttisten (IIB) säikeiden osuus nopeasti supis­

tuvista (FT) säikeistä sekä suuremmat aerobisten entsyymien 

(ICDH, SDH, MDH) aktiivisuudet kuin kontrolliryhmällä. Anaero­

bisten entsyymien aktiivisuudet olivat samansuuruisia molemmissa 

ryhmissä tai jopa alhaisempia (LDH) harjoitelleilla miehillä. 

Urheilijoilla oli harjoittelemattomiin verrattuna lisäksi kohon­

nut lihaksen sidekudoksen PH-aktiivisuus, suurempi ihon hydrok­

siproliini- ja typpipitoisuus pinta-alayksikköä kohti sekä 

suurempi ihon biopsianäytteiden paino, ihon "elastinen jäykkyys" 

ja "kimmoisuuden hyötysuhde". Psykomotorisissa, psykologisissa 

sekä aistien toimintaa mittaavissa testeissä ei sen sijaan 

havaittu merkitseviä eroja tutkittujen ryhmien välillä. 
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''Elinikäisen" kestävyysharjoittelun vaikutusta funktionaa­

liseen vanhenemiseen tarkasteltiin lähemmin eri muuttujien ikä­

regressioiden avulla. Vaikka fyysisesti aktiivisilla henki­

löillä oli merkitsevästi korkeammat arvot eräissä fysiologi­

sissa funktioissa (esim. maksimaalisessa hapenkulutuksessa), 

tutkittujen ryhmien välinen ero pysyi samana tai jopa pieneni 

iän lisääntyessä. Kun kronologiseen ikään voimakkaimmin korre­

loivista fysiologisista ja psykofysiologisista muuttujista las­

kettiin "funktionaalisen iän" painotettu summaindeksi, harjoi­

telleiden ja harjoittelemattomien väliset erot jäivät sekä kes­

kiarvojen että ikäregressioiden suhteen vähäisiksi. 

Tutkimuksen tulokset osoittavat, että vielä suhteellisen 

vanhallakin iällä voidaan aloittaa liikuntaharjoittelu ja saada 

aikaan fyysisen suorituskyvyn sekä lihasten energia-aineenvaih­

dunnan, erityisesti aerobisen kapasiteetin paraneminen, joka ei 

oleellisesti poikkea nuoremmilla henkilöillä aikaisemmin tode­

tuista adaptaatiomuutoksista. Kestävyystyyppistä liikuntaa 

pitkäjänteisesti harrastavien fyysinen toimintakykyisyys ja 

luurankolihasten aerobinen kapasiteetti pysyvät jatkuvasti vas­

taavanikäisten harjoittelemattomien keskimääräistä tasoa korke­

ammalla. Fyysinen harjoittelu aktivoi luurankolihaksessa myös 

sen sidekudoksen aineenvaihduntaa. Jopa iho näyttäisi hyper­

trofioituvan ja mekaanisesti lujittuvan harjoituksen vaikutuk­

sesta. Vaikka tutkimustulokset viittaavat siihen, että eri 

funktioiden heikkenemistä iän mukana, ts. vanhenemisprosessia 

sinänsä ei voida estää edes elinikäisen kestävyysharjoittelun 

avulla, monet liikunnan vaikutukset ovat kuitenkin vastakkaisia 

vanhenemismuutoksille. Yhdessä muiden positiivisten terveys­

tottumusten kanssa lisääntyneellä fyysisellä aktiivisuudella 

saattaa olla huomattava merkitys vanhenevien ihmisten hyvinvoin­

nille esimerkiksi tuki- ja liikuntaelimistön rappeutumismuutok­

sia sekä eräitä sydän- ja verisuonisairauksien riskitekijöitä 

ajatellen. 
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